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 Lithium-ion batteries are important in many aspects of modern life from portable electronics to 

electric vehicles. Their high specific energy, light weight, and design flexibility make them especially useful 

compared to other types of battery technologies. However, there remains room for improvement with 

regards to battery stability, safety, and increased capacity. One strategy for making lithium batteries both 

safer and more practical is by using solid polymer electrolytes (SPEs). Not only does the replacement of 

small molecule liquid electrolytes by SPEs significantly reduce the flammability of the battery, SPEs also 

make possible the construction of lighter weight batteries with increased flexibility in form factor. However, 

SPEs have not been widely incorporated into commercial batteries at the current time. Their applications 

are limited primarily due to their relatively low conductivities (~10-5 S/cm) at ambient temperatures.  

 The first project describes the synthesis and characterization of a set of polyester-based polymer 

electrolytes. The polyesters were synthesized using transition metal-catalyzed alternating copolymerization 

of epoxides and anhydrides, which allowed the incorporation of a variety of Li+ ion coordinating functional 

groups including allyl ethers, pendant oligo(ethylene glycol), and esters. The bulk properties of the 

polymers and polymer-salt mixtures were investigated and compared to results from molecular dynamics 

(MD) simulations. The simulations were also used to probe the mechanism of Li+ binding and transport in 

the polyesters. The simulations suggested that the relatively low Li+ conductivity of the polyesters 

compared to PEO was most likely due to a lower than optimal density and spacing of the Li+ binding sites 

in the polyesters.  



 
 

The insights from the polyester study were used to design a set of polyethers to further elucidate 

the source of PEO’s unusually high ionic conductivity, as well as potentially improve the conductivity by 

further optimizing binding site connectivity. The polyethers were synthesized using acyclic diene 

metathesis (ADMET) polymerization, and a set of polymers was made with very specific and systematic 

alterations in structure. By studying the ionic conductivity as a function of temperature, we were able to 

analyze the effect of binding group density and pattern on the ionic conductivity and Li+ ion transport 

mechanism in polyethers.  

The third project was inspired by the search for catalysts to develop novel high performance 

materials. Enantioselective β-diiminate zinc catalysts were designed for the synthesis of highly isotactic 

polycarbonates from CO2 and meso epoxides. The ligand optimization process is described, as well as the 

characterization of the catalyst and isotactic poly(cyclohexene carbonate).  
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CHAPTER ONE 

Strategies for Improving Ionic Conductivity in Solid Polymer Electrolytes 
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1.1 Introduction 

Lithium-ion batteries are a necessity for many aspects of modern life from portable electronics to hybrid 

vehicles. Their high specific energy, light weight, and design flexibility make them especially useful 

compared to other types of batteries.1 However, there remains room for improvement with regards to battery 

stability, safety, and energy density. One strategy for making lithium batteries both safer and more practical 

is by using solid polymer electrolytes (SPEs). Not only does the replacement of volatile small molecule 

electrolytes by SPEs significantly reduce the flammability of the battery, SPEs also have greater ease of 

processing. This allows the construction of lighter weight batteries with increased flexibility in battery 

shape.23 However, SPEs have not been widely incorporated into commercial batteries at the current time. 

Their applications are limited primarily due to their relatively low conductivities (~10-5 S/cm) at ambient 

temperatures. Solid polymer electrolytes could also potentially be used with lithium metal anodes, which 

could increase the energy density of the battery nearly tenfold.4 

The first report of salt conductivity in a polymer was in the 1970s by Wright, who reported the ionic 

conductivity of alkali salts in high molecular weight polyethylene oxide (PEO).5 Extensive research has 

been done since then on solid polymer electrolytes to increase their ambient temperature conductivity. 

Research has also been done on the mechanism of ion transport in polymer electrolytes, with the bulk of 

the existing work on the mechanism of conduction in PEO. Both experimental and theoretical studies have 

shown that the ion conduction is PEO occurs via segmental motion of the polymer chain in the amorphous 

polymer.6,7 This knowledge has led people to pursue two main tactics for improving the ionic conductivities 

in polymer electrolytes: lowering the Tg of the polymer to increase the chain flexibility, and reducing (or 

eliminating) crystallinity in existing materials to maximize the amorphous polymer available for ion 

conduction. We will briefly discuss the strategies used in the literature for achieving these two goals. 

 

1.2 Polymer Architectures 
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1.2.1 Crosslinked Polymers 

Crosslinking potentially serves multiple purposes in a polymer electrolyte, including lowering the 

crystallinity. It is also often used to enhance the dimensional stability of amorphous polymers, though it 

might also make the polymer more complicated to process for certain applications. The most common type 

of crosslinked polymer electrolyte is based on PEO, where important variables include the nature of the 

crosslinker and the crosslinking density.3 The crosslinking density plays a large role in determining the 

segmental motion of the polymer, such that excessive crosslinking can reduce the conductivity by restricting 

segmental motion. Examples of crosslinks that have been used in PEO networks include PEO,8 

poly(siloxane)-based polymers,9 urethane-based linkers10, polyether copolymers,11 acrylate-based linkers,12 

and polyethylene. MacCallum and coworkers reported lightly crosslinked 5000 kDa PEO which was 

rendered completely amorphous at all temperatures due to the crosslinking. The crosslinking raised the Tg 

of the electrolyte slightly, which was used to rationalize the moderate reduction in conductivity after cross-

linking (~5.0 x 10-6 S/cm at 45 C compared to ~7.9 x 10-6 S/cm for the uncrosslinked polymer).13 A recent 

example of a crosslinked system using polyethylene reported by our group demonstrated excellent 

mechanical properties and unprecedented lithium dendrite growth resistance. It should be noted that low 

molecular weight polyethylene glycol was added as a plasticizer to improve the conductivity to practical 

levels (>1.0 x 10-4 S/cm with plasticizer, or 2.5 x 10-5 S/cm with no plasticizer at 25 C).14 These examples 

demonstrate that while crosslinking can achieve the elimination of crystallinity and improve mechanical 

properties, this benefit can be easily outweighed by the concomitant reduction of segmental motion.  

1.2.2 Block Copolymers 

Block copolymers have been used to tune the properties of polymer electrolytes in two ways. The 

first strategy uses block copolymers to lower the overall Tg of the polymer electrolyte. Specifically, by 

incorporating low Tg polymers as blocks with PEO, researchers aimed to increase the segmental mobility 

of the PEO chains and thus increase conductivity. This strategy would also be expected to decrease the 

crystallinity of the PEO blocks to some extent, depending on the block sizes. Notable examples of low Tg 
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polymers that have been used for this purpose include other polyethers or polyether copolymers,15 

polyphosphazenes,16 and polysiloxanes. Polydimethylsiloxane (PDMS) has a Tg of -123 C. Block 

copolymers using PDMS have reported conductivities up to 1.5 x 10-4 S/cm at 25C.17 An extension of the 

block copolymer idea is to randomly incorporate various comonomers into PEO.18 Depending on the 

comonomer, this would be expected to potentially lower the Tg as well as reduce the crystallinity of the 

electrolyte. 

A more recent idea has been to incorporate a high Tg “hard” block with conducting PEO. The aim 

of this strategy is mainly to decouple the ionic conductivity from the overall mechanical properties of the 

polymer. Improved mechanical properties allow the polymers to be formed into freestanding films that 

often have rubbery properties, and some block copolymers have also been demonstrated to deter the growth 

of lithium dendrites. Examples of high Tg polymers used in this fashion include polystyrene,19,20 

poly(urethane urea),21 and syndiotactic poly(propylene).22 Interestingly, studies have also looked at the role 

of microphase separation on the ionic conductivities in the block copolymers.23 While it is important to 

keep in mind that the main goal of this design is not usually improving the ionic conductivity, the best ionic 

conductivities achieved for this type of block copolymer have been relatively low (~10-5 S/cm) at room 

temperature.  

 

1.2.3 Other Polymer Architectures 

Besides crosslinked networks and block copolymers, numerous comb-branched architectures have 

been investigated. Generally, the conducting polymer such as PEO serves as a side chain on a variety of 

backbones. Similarly to the previous systems, the choice of the backbone depends on the final properties 

desired in the comb polymer. Researchers have prepared comb polymers with low Tg backbones such as 

polyphosphazenes,24 and polysiloxanes25 in order to enhance the flexibility of the conducting polymer 

chains. The ambient temperature ionic conductivities for these systems have been reported to be as high as 
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1.0 x 10-4 S/cm for comb polymers with polysiloxane backbone.25 Alternatively, high Tg backbones such as 

poly(itaconic acid) esters26 have been used to improve the mechanical integrity of the polymer electrolyte, 

though the stiffer backbone also tends to lower the conductivity when the side chains are short.1b,27 The 

conductivity of the comb polymer electrolytes generally depends on the length of the PEO side chain and 

the side chain density, where the optimal length of the PEO side chain is reported to be between 5-6 EO 

units.27  

1.3 Non-PEO Polymers 

The majority of the examples discussed so far have used different strategies to increase the conductivity 

of PEO by lowering the Tg and/or decreasing the crystallinity. However, one might argue that the maximum 

conductivity is then limited to the maximum conductivity of low molecular weight amorphous PEG, ~10-4 

S/cm at ambient temperatures. A much smaller body of research has explored the possibility of increasing 

the ionic conductivity by using a different conducting polymer altogether. Examples of alternative 

homopolymers include polyethers such as poly(methylene oxide), poly(propylene oxide), and 

poly(trimethylene oxide). These polymers, while structurally similar to PEO, tend to be much worse at 

solvating lithium salts and thus are not practical to be used as polymer electrolytes.3,28 Polycarbonates29 and 

polyesters30 have also been investigated, but their conductivities thus far have been, at best, an order of 

magnitude lower than PEO. There are a few reports in the literature of using polysulfides31 and 

poly(ethylene imine)32 as polymer electrolytes. However, the polysulfides have not been reported with 

lithium based salts, and their application might be limited by a tendency to form insoluble materials.3 

Poly(ethylene imine) (PEI) is a highly crystalline polymer, and ambient temperature conductivities have 

been reported to be more than an order of magnitude lower than PEO (max. conductivity of 2.0 x 10-6 S/cm 

at 60 C).32  

 

1.4 Conclusions 
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Most of the strategies that have been used to improve the conductivity of solid polymer electrolytes 

boil down to two goals that are based on mechanistic knowledge of ion transport in PEO: to lower the Tg 

of the conducting polymer and/or reduce crystallinity. However, these strategies have produced limited 

improvements at best since the upper limit in conductivity is set by the nature of the conducting polymer 

PEO.27 In order to improve conductivities further, it seems likely that the field will have to find a polymer 

with significantly higher conductivity than PEO. A deeper understanding of the mechanism of ion 

conduction in non-PEO polymers is thus needed to develop new design principles for solid polymer 

electrolytes with improved conductivity.  
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2.1 Introduction 

Solvent-free, solid polymeric electrolytes1 (SPEs) are of interest for the development of safe, stable, 

and cost-effective battery technologies. Candidate SPEs typically require both a strong coordinating affinity 

for the conducting cation and also a suitable distance between coordinating centers.2,3 Consequently, 

poly(ethylene oxide) (PEO) and PEO-based polymers have been extensively characterized, although 

ambient temperature ionic conductivities in such polymers are not satisfactory for many practical 

applications.4,5 Significant theoretical evidence suggests that ion transport in polymers is intrinsically 

coupled to polymer motion.6 In particular, numerous theoretical studies of ion transport in PEO-based SPEs 

have shown that lithium cations are typically coordinated by 4-7 oxygen atoms (from one or two 

independent chains) and diffuse via three principal mechanisms: inter-chain hopping, intra-chain hopping, 

and co-diffusion with polymer chains of molecular weight <10,000 g/mol.  

Efforts to improve lithium-ion conductivity in PEO-based polymers have thus mainly focused on 

disrupting polymer crystallinity and lowering the glass-transition temperature 𝑇g, such as through the use 

of plasticizing additives,7,8 cross-linked, comb, or graft polymer architectures,9 incorporation of 

comonomers into the PEO backbone,10 and polymer blends.11,12 Despite these efforts, ionic conductivities 

in state-of-the-art, PEO-based SPEs remain limited at ambient temperatures.9d Non-PEO-based polymer 

architectures provide new opportunities for enhancing ionic conductivity by altering ion-polymer and 

polymer-polymer interactions and are thus of interest for the design of next-generation SPEs. Ionic 

conductivity characteristics have been experimentally investigated in several novel polymers that include 

polyesters, polyphosphazenes polyamines, polysilanes, polysiloxanes, and polycarbonates.13 However, few 

theoretical studies on the mechanisms of ion transport in such polymers have been performed, and it is not 

known to what extent the transport mechanisms present in PEO are shared in other polymer architectures. 

The design of new SPEs requires an improved understanding of the mechanisms that facilitate lithium-ion 

transport in polymers and the identification of new polymer architectures that efficiently realize these 

mechanisms.  
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Here, experimental synthesis and electrochemical characterization were combined with 

microsecond-timescale molecular dynamics (MD) simulations to investigate lithium-ion transport in six 

new SPEs. Figure 2.1 illustrates a schematic overview of this approach. Modular synthesis produced six 

polyesters that have either of two backbone motifs and one of three side chains (Figure 2.1, top). These 

polymers were then characterized using both simulation and experiment (Figure 2.1, middle), which 

demonstrates the effect of polymer composition and architecture on ionic conductivity (Figure 2.1, bottom). 

By comparing experimental observables with the corresponding quantities from simulation, we identified 

the primary trends regarding polymer architecture and conductivity. Agreement between simulation and 

experiment then provided a connection between macroscopic properties and molecular-level processes, 

which enables a detailed theoretical analysis of the molecular processes that gave rise to the observed trends. 

This complementary approach provides a better understanding of ion transport in novel polymer electrolytes 

than would be obtained from either an independent experimental or theoretical study. 

 

Figure 2.1 Schematic overview of the study. 
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2.2 Summary of Methods 

Six aliphatic polyesters with two different backbone motifs and three different side chains were 

studied (Figure 2.2). The repeat unit for each is an ester with a pendant side chain. For ease of reference, 

the polymers are indexed by number according to the side chain and by letter according to the backbone 

motif. Polymers are indexed as type-1 for a methyl side chain, type-2 for an allyl side chain, and type-3 for 

an ethylene-oxide oligomer (𝑛 = 2) side chain. The backbone motifs are indexed as type-a for polymers 

with a methylene between the two carbonyl groups and type-b for polymers with an oxygen between the 

two carbonyl groups. Comparison between type-a and type-b polymers probes the effect of adding a binding 

site for the lithium cation in the backbone. Similarly, comparison of type-1, -2, and -3 polymers probes the 

effect of including additional binding sites in the side chain. 

The polyesters were synthesized using the transition metal-catalyzed alternating copolymerization 

of epoxides and cyclic anhydrides.14 The polyester backbone structure was varied by copolymerizing 

glutaric anhydride (type-a) or diglycolic anhydride (type-b) with S-propylene oxide (type-1), allyl glycidyl 

ether (type-2), or 2-((2-(2-methoxyethoxy) ethoxy) methyl) oxirane (type-3) as shown in Figure 2.1 (top). 

Table 2.1 provides the number-averaged molecular weight, Mn, and polydispersity index (PDI) for each 

Table 2.1 Polymer properties for simulation and experiment. 

 Simulation Experiment 

 𝑀n 

(kDa) 

a𝑁c 𝑇g 

(°C) 

b𝑟 Mn (kDa) PDI 𝑇g (°C) 

1a 2.54 11 35 0.0062 8.8 1.90 -29 

1b 2.57 11 47 0.0062 8.0 1.72 12 

2a 2.45 12 37 0.0077 10.4 2.00 -44 

2b 2.47 12 49 0.0077 8.9 1.45 -15 

3a 2.57 11 39 0.0103 4.2 1.30 -48 

3b 2.59 11 41 0.0103 6.1 1.77 -26 

PEO 2.38 12 2.0 0.0139 3.35 n/a -60 

aNumber of polymer chains. bNumber of lithium cations per nine polymer backbone atoms 
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Figure 2.2 Polyester structures. Oxygen atoms are colored according to type: carbonyl oxygens are green, 

ester oxygens are orange, ether oxygens in the backbone are purple, and ether oxygens in side chains are 

light blue.

 

polymer. For each polymer, 𝑇g measurements of the neat polymer were made using differential scanning 

calorimetry (DSC). Polymer electrolytes were prepared by mixing neat polymer with lithium 

bis(trifluoromethanesulfonyl) imide (LiTFSI) salt and anhydrous N-methyl-2-pyrrolidone (NMP) in an 

argon glovebox until dissolution at 90 °C. The samples were then dried under vacuum at 90 °C to remove 

excess NMP. Ionic conductivities of the polymer electrolytes were determined from ac impedance 

spectroscopy. Additional details for both the 𝑇g and conductivity measurements are provided in the 

experimental section. 

All MD simulations employed a united-atom force field, with bonding parameters taken from 

CHARMM15 and all other parameters taken from the TraPPE-UA force field;16 compatible lithium-ion 

parameters were obtained from previous simulation studies.17 All simulations were performed using the 

LAMMPS simulation package18 with GPU acceleration.19,20 The equations of motion were evolved using 

the velocity-Verlet integrator with a 1 fs timestep. Particle-particle-mesh Ewald summation was used to 

compute all non-bonded interactions beyond a 14 Å cutoff. The Nosé-Hoover thermostat (100 fs relaxation) 

was used for all NVT simulations, and the Nosé-Hoover barostat (1000 fs relaxation) was used for all NPT 

simulations. Additional details of the simulation protocols and all force-field parameters are provided in the 

Appendix A. 
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2.3 Results and Discussion 

Using both simulation and experiment, we examined the ionic conductivities of each polymer in 

the dilute-ion limit, which minimized complications associated with ion pairing and aggregation. Figures 

2.3a-c present MD simulation results for the mean square-displacement (MSD) of the lithium cation at 363 

K. The slopes of the MSDs on a log-log scale are less than unity, indicating that the transport is not yet in 

the fully diffusive regime even after 150 ns. Comparison of polymer 1a and 1b (Figure 2.3a) reveals that 

lithium-ion diffusion is slowed by the presence of the ether oxygen on the backbone. However, this effect 

is largely mitigated by the presence of side chains with oxygen atoms, as seen by comparing polymer 2a 

and 2b (Figure 2.3b), and likewise for polymer 3a and 3b (Figure 2.3c). Comparison of polymer 3a and 1b 

shows that the differences in polymer architecture considered here at most affect the lithium-ion diffusion 

by a factor of about 4. In contrast, the rate of lithium-ion transport is at least an order-of-magnitude faster 

in PEO than in any of the polyesters. In particular, the relative span of the subdiffusive regime, which is the 

near-plateau region in the MSD plots, reveals that the lithium cation is restricted to its local solvation 

environment for substantially longer times in the polyesters compared to PEO.  

For comparison with experiment, the MSD results in Figure 2.3(a-c) were used to compute 

approximate lithium-ion conductivities using the Nernst-Einstein equation21 and the apparent lithium-ion 

diffusivity evaluated at 150 ns.6a Figure 2.3d compares these results with experimental dilute ionic 

conductivities at the same temperature and effective concentration as the simulations (Table 2.1). Figure 

2.3d reveals good agreement between dilute-ion conductivities obtained using experiment and those 

obtained from MD simulations. This correlation for the relative ordering of conductivities suggests that the 

lithium-ion dynamics are mechanistically similar between simulation and experiment. However, the dilute-

ion conductivities obtained from simulation are systematically lower than the corresponding experimental 

measurements; for example, the conductivity for PEO obtained from simulation is (9 ± 4) × 10−6 

compared to (2 ± 1) × 10−4 S/cm. This is possibly due to the fact that the MD conductivity results reflect 
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Figure 2.3 Ion transport properties in the dilute-ion limit at 363 K. Lithium-ion mean square-displacement 

(MSD) from MD simulations in PEO and the (a) type-1 polymers, (b) type-2 polymers, and (c) type-3 

polymers. The data for PEO are reproduced in each panel. (d) A comparison of experimental and simulated 

ionic conductivities; both sets of data are normalized by the corresponding conductivity in PEO. The error 

bars in (a)-(c) report the standard error of the mean obtained from block-averaging four 500 ns trajectories 

for each polymer.; error bars in (d) report the sample standard deviation.

 

only contributions from the lithium cation whereas the experimental measurements include both cation and 

anion contributions; it is also possibly due to inaccuracies of the employed MD force field. Furthermore, 

the molecular weights of the polymer chains are smaller in the simulations than in the experimental samples, 

though we do not expect this difference to have a substantial effect on conductivity based on our knowledge 

of the molecular weight-dependence on polymer electrolyte conductivity.22,23 Polymer 1b is the only 

qualitative outlier in the correlation between experimental and simulation results. This is likely due to the 

fact that polymer 1b is notably more solid in experiment, whereas this is not the case for the MD simulations. 

Even so, the experimental conductivities are all within a factor of three and an order-of-magnitude smaller 

than PEO. Thus, both experimental and simulation results indicate that the effect of varying polymer 
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architecture in the polyesters is somewhat minor compared to the mechanistic advantage that apparently 

exists for PEO. 

 

Figure 2.4 . (a) 𝑇𝑔 obtained via experiment using DSC (open symbols) and via MD using simulated 

dilatometry (filled symbols). (b) Correlation between dilute-ion conductivity and the inverse temperature 

difference from 𝑇𝑔 at 𝑇 = 363 K (experimental measurements). The dashed line indicates the linear fit of 

the data for the polyesters.

Figure 2.4a and Table 2.1 provide both experimental and simulated values of 𝑇g, which is often 

used as a proxy for the segmental mobility of polymer chains. 2,24 Figure 2.4a illustrates that the 

experimental and simulation data are qualitatively similar by plotting the data relative to the glass-transition 

temperature for PEO, 𝑇g,PEO. Consistently, 𝑇g is lower for type-a polymers relative to type-b polymers, 

which suggests that adding a polar ether oxygen between the two carbonyls decreases segmental mobility. 

The experimental data also show a weak but consistent side-chain dependence. Namely, increasing side-

chain length (type-1 < type-2 < type-3) leads to a slight reduction in 𝑇g, possibly due to a plasticizing effect 

by the side chains or simply because the flexible side chains constitute a larger volume fraction of the 

polymer;2,9d,25 this particular trend is not as evident in the simulated 𝑇g data. 

For the experimental data, Figure 2.4b reveals the degree of correlation between ionic conductivity 

and 𝑇g by plotting the dilute-ion conductivities (on a logarithmic scale) against 1000(𝑇 − 𝑇g)
−1

. This 

analysis is similar to a typical Vogel-Fulcher-Tammann ionic conductivity plot,2,26 except that a range of 

polymers (and thus a range of 𝑇g) is examined at a fixed temperature rather than the conductivity of a given 
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polymer over a range of temperatures. The dashed line is the linear fit of the data for the polyesters only. 

Although there is an overall tendency for polymers with lower 𝑇g to have higher ionic conductivities, the 

correlation is not well-characterized by a single line. In particular, the figure shows strikingly that PEO 

exhibits anomalously high conductivity among this set of polymers when only the effects associated with 

changes in 𝑇g (i.e., polymer segmental mobility) are considered. We emphasize that the corresponding 

analysis performed using the simulation data yields identical conclusions (Appendix A). This apparent 

anomaly in the conductivity of PEO can be understood if the connectivity of lithium-ion solvation sites is 

additionally considered. 

Using the results from the MD simulations, we investigated the mechanistic features of lithium-ion 

solvation and diffusion in the various polymer electrolytes to better understand the anomalously high 

conductivity of PEO. Figure 2.5 presents an analysis of the lithium-ion coordination environments that are 

observed in the MD simulations. Representative MD snapshots of common lithium-ion coordination 

environments are shown in Figure 2.5a for each polymer. It is well-known from previous MD studies that 

lithium cations are coordinated by one or two contiguous chain segments in PEO;6a,6b examples of both of 

these binding motifs are shown at the top of Figure 2.5a. Interestingly, PEO is the only polymer among 

those studied here for which the lithium cation is frequently solvated by a single contiguous chain segment. 

This is surprising, given that the backbone composition for the type-b polymers is similar to PEO. Figure 

2.5a also reveals that the ester oxygens on the backbone are not typically present in the lithium-ion solvation 

shell for any of the polyesters.  

Comparison of the type-1, -2, and -3 polymers reveals that the side chain can drastically alter how 

the lithium cation is solvated by the polymer chain. For type-1 polymers, the side chain has no affinity for 

the lithium cation, and the cation predominantly coordinates with carbonyl oxygens on the polymer 

backbone. For type-2 and -3 polymers, oxygen atoms on the side chain do interact with the lithium cation. 

In fact, type-3 polymers coordinate lithium cations entirely with the PEO-like side chains.  
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Figure 2.5 Analysis of lithium-ion coordination data from MD simulations at 363 K. (a) 

Representative snapshots of lithium-ion binding motifs observed in the MD simulations. The 

lithium cation is shown in silver, carbon atoms are black, and the oxygen atoms are colored 

according to the scheme in Figures 2.2 and 2.6b. (b) The average number of oxygen atoms (left y-

axis) and polymer chains (right y-axis) in the first solvation shell of the lithium cation. Vertical bars 

report the number of different oxygen types; markers report the number of coordinating chains in 

the solvation shell. Note that backbone ether contributions to the type-a polymers arise due to 

interactions with the terminal groups of the polymer chains. (c) Frequency of occurrence for 

lithium-ion binding motifs, where the binding motifs are according to the number of each oxygen 

type and the number of coordinating chains. The first three numbers refer to the number of carbonyl, 

ester, and ether oxygen atoms, respectively; the number following the dash refers to the number of 

different contiguous polymer chain segments (i.e., 402-2 indicates a motif with four carbonyl 

oxygens, zero ester oxygens, and two ether oxygens from two different chains). Only binding 

motifs that constitute more than 5% of the ensemble are explicitly listed; the remainder are included 

in ‘other.’ (d) Cation-oxygen radial distribution functions 𝑔Li+,O(𝑟) for different oxygen types in 

the type-a polymers and in PEO. The 𝑔Li+,O(𝑟) for each oxygen type is normalized with respect to 

the total oxygen number density in the polymer. Following the dataset for polymer 1a, each 

subsequent dataset is shifted vertically (by 5 units) and horizontally (by 1 Å) for clarity. All 

statistical properties are calculated from snapshots taken at 100-ps intervals during the MD 

trajectory. A threshold distance of 3.25 Å from the lithium cation is used to identify constituents of 

the first lithium-ion solvation shell. 
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To provide a more quantitative view of the lithium-ion solvation environments, Figure 2.5b shows 

the average composition of the lithium-ion coordination environment in each polymer. Interestingly, the 

statistics for the type-3 polymers are nearly identical to each other and similar to those of PEO. There is 

also marked similarity between the PEO snapshot with two coordinating chains and the snapshots for the 

type-3 polymers in Figure 2.5a. Whereas PEO coordinates the lithium cation with one or two chains, two 

to four polymer chains typically coordinate the lithium cation in the polyesters. Compared to the other 

polyesters, the type-3 polymers require fewer chains to coordinate the lithium cation, likely due to the 

coordinating ability of the PEO-like side chains. Additionally, a comparison of polymer 1a with 1b, and 

likewise for polymer 2a with 2b, indicates that fewer chains participate in lithium-ion coordination when 

polymers have an additional oxygen atom in the backbone. It is worth noting that the only ether contribution 

for the type-a polymers is due to the terminal groups of the polymer chain (see Appendix A). However, 

additional simulations reveal that this is a minor effect that marginally improves the degree of correlation 

observed with the experimental measurements. 

To elucidate the compositional differences in the lithium-ion coordination environment for each 

polymer, Figure 2.5c presents the frequency with which different lithium-ion binding motifs are observed 

in the simulations. The binding motifs are identified by the number of each type of oxygen in the lithium-

ion solvation shell and by the number of chains that participate in lithium-ion coordination. An array of 

binding motifs is observed in the type-1 and -2 polymers. In contrast, only one or two binding motifs are 

observed for polymers 3a, 3b, and also PEO. These results reveal a trend in which lithium cations that 

coordinate with more polymer chains also have more diversity in the observed binding motifs. It is 

interesting that the major binding motif for both the type-3 polymers and PEO is 006-2, or six ether oxygen 

atoms from two different polymer chains, even though PEO exhibits substantially higher conductivity. 

These results indicate that the composition of the first lithium-ion solvation shell does not fully explain the 

trends in Figure 2.3d. 
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To characterize the lithium-ion solvation environment beyond the first lithium-ion solvation shell, 

Figure 2.5d presents pair radial distribution functions (RDFs) for the lithium cation and each type of oxygen 

atom in the type-a polymers and in PEO; the corresponding RDFs for the type-b polymers are shown in the 

Appendix A. Figure 2.5d reveals that the types of oxygen atoms that are present in the first peak, which is 

the lithium-ion solvation shell as discussed for Figures 2.6(a-c), are absent or depleted in the second peak. 

For the type-1 and -2 polymers, the first peak, which occurs at approximately 2 Å, has only backbone 

contributions from carbonyl and ether oxygens; the second peak, which occurs at 4-4.5 Å, is mostly 

comprised of ester oxygens. For type-3 polymers, side-chain ether oxygens are found in the first peak but 

not in the second. This difference in composition between the first and second solvation shells suggests one 

reason for the faster lithium-ion diffusion in PEO. Namely, diffusion events in which the lithium cation 

escapes from its existing coordination environment to a neighboring environment are more likely to occur 

in PEO because the composition of atoms in the second solvation shell is similar to the first. Consequently, 

a binding motif comprised of atoms in the first solvation shell is roughly equal in free energy to a binding 

motif that has some atoms in the first solvation shell exchanged for atoms in the second. In contrast, for the 

polyesters, atoms in the second peak are not typically represented in the binding motifs enumerated in 

Figure 2.5c, which indicates that binding motifs with those atoms are energetically less favorable. 

To understand how these differences in lithium-ion solvation affect the conductivity, Figure 2.6 

illustrates the displacement and coordination environment of the lithium cation in a long MD simulation for 

PEO and for polymer 3b. Figures 2.6a and b illustrate changes in lithium-ion coordination environment by 

tracking the indices of oxygen atoms that are within 3.25 Å of the lithium cation. In particular, each oxygen 

atom in the system is labeled sequentially, starting at one end of a polymer chain and continuing to the end 

of that chain before proceeding to the next; the oxygen atoms are consecutively labeled from 1-648 for PEO 

and from 1-759 for polymer 3b. What appear as solid lines in the figure are actually formed from the markers 

of contiguous oxygen indices, as seen in the inset; thicker lines typically consist of five or six markers, and 
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Figure 2.6 Analysis of changes in lithium-ion coordination with changes in lithium-ion position. Lithium-

ion coordination environment for (a) PEO and (b) polymer 3b (markers denote coordination with oxygen 

for at least half of a 100-ps interval). The horizontal gray lines demarcate separate polymer chains. The 

inset in (a) illustrates the coordination over a 40 ns segment in the trajectory. Lithium-ion displacement 

from initial position in (c) PEO and (d) polymer 3b. The gray curve indicates the instantaneous displacement 

from the initial position, and black curve indicates the rolling average over 100-ps intervals. Vertical, red 

lines highlight inter-chain hopping events.

 

thinner lines typically consist of three markers. Figures 2.6c and d show changes in the lithium-ion position 

by tracking the net displacement of the lithium cation from its initial position. 

From Figures 2.6a and b, it is clear that one characteristic of PEO is that the lines fluctuate and drift 

during the simulation, whereas the lines for polymer 3b are comparatively static. This drift in oxygen indices 

is a signature of intra-chain hopping of the lithium cation to adjacent monomers along the polymer 

backbone. Notably, PEO is the only polymer studied that illustrates this behavior. Intra-chain hopping 

events are not observed in the type-3 polymers because the lithium cation is localized to the side chains. 

Similarly, the lithium cation is localized between the two carbonyl groups on the backbone for the type-1 

and -2 polymers, which also do not exhibit significant intra-chain hopping events (see Appendix A). 

Because intra-chain hopping is not a viable mechanism in the polyesters, lithium cations are limited 

to diffusion via inter-chain hopping events and co-diffusion with the polymer chains. Changes in 

coordination that correspond to inter-chain hopping events are highlighted by the vertical, red dashed lines 

in Figure 2.6. Figures 2.6c and d illustrate that significant lithium-ion displacements often coincide with 
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these events. However, the lithium cation in polymer 3b is limited to local fluctuations during time intervals 

between inter-chain hopping events. It is evident that inter-chain hopping is a rare event that occurs on the 

100-nanosecond timescale, even in PEO. Thus, the presence of intra-chain hopping in PEO is the primary 

reason for the faster lithium-ion diffusion compared to the polyesters. 

To illustrate why these mechanistic differences arise, Figure 2.7a shows viable cation solvation 

sites in polymer 3a, 3b, and PEO, which are obtained from snapshots of the corresponding MD simulations 

for each polymer. Here, viable solvation sites are considered to be arrangements of atoms in the polymer 

that are consistent with common binding motifs found in Figure 2.5c; for the polymers in Figure 2.7a, sites 

are defined as the centroid of a set of five or more ether oxygen atoms if each oxygen is also within 3.7 Å 

of that centroid. Sites are connected in the figure if they are closer than 3 Å to provide a qualitative 

understanding of available hopping events. It is clear that far fewer viable solvation sites are identified in 

the type-3 polymers than for PEO; similarly sparse networks characterize the type-1 and -2 polymers 

(Appendix A). In contrast to the isolated clusters in the polyesters, PEO features a well-connected network 

of viable solvation sites by virtue of the compositional overlap between first and second solvation shells for 

the lithium cation (Figure 2.5d). 

To quantify the degree to which the various polymers exhibit connected networks of solvation sites, 

Figure 2.7b provides the density of 3 Å connections between solvation sites, termed the connectivity, for

 

Figure 2.7 Analysis of lithium-ion solvation sites. (a) Viable solvation sites (green spheres) in 

representative configurations of polymer 3a, polymer 3b, and PEO. Sites connected by lines if they are 

within 3 Å to illustrate the relative connectivity. The polymer configuration is shown in the transparent 

representation. (b) The connectivity density of lithium-ion solvation-site networks for each polymer. 

Reported data are obtained from averaging over sixteen MD trajectory snapshots. 
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each polymer. It is evident that the connectivity for PEO is an order-of-magnitude greater than any of the 

polyesters. The similarity between Figure 2.7b and Figure 2.3d is striking, indicating a strong relationship 

between connectivity and lithium-ion conductivity. The concept of connectivity provides an intuitive and 

potentially powerful explanation for the efficiency of the intra-chain hopping mechanism in PEO. In an 

intra-chain hopping event, the lithium cation effectively migrates up or down one polymer chain by 

exchanging a small number of solvating oxygen atoms. Here, this process is represented as a transition 

along an edge in the solvation-site network. Unlike the polymer architecture of the polyesters, the topology 

of PEO facilitates these transitions among solvation sites. 

 

2.4 Conclusions 

This study combines experimental and theoretical approaches to investigate the mechanisms of 

lithium-ion transport in six new polyester-based polymer electrolytes as well as PEO. The modifications to 

polymer architecture considered are shown to significantly alter the lithium-ion solvation environment and 

effectively change whether the lithium-ion transport is side-chain- or backbone-mediated. These changes 

affect the ionic conductivity by a factor of three. In contrast, the ionic conductivities of the polyesters are 

about an order-of-magnitude lower than in PEO (Figure 2.3d). Because the glass-transition temperature of 

PEO is only modestly lower than that of some of the polyesters, the observed trends with ionic conductivity 

are not adequately explained on the basis of polymer segmental mobility (Figure 2.4b). 

To understand the anomalous diffusivity of PEO, the MD simulations were employed to perform 

an extensive analysis of the lithium-ion solvation and diffusion mechanisms in the various polymers. We 

found that PEO is the only polymer studied that frequently coordinates a lithium cation with a single chain 

or exhibits significant intra-chain hopping of the lithium cations. This is primarily because the first and 

second lithium-ion solvation shells differ significantly in composition for all of the polyesters (Figure 2.5d). 

Lithium-ion diffusion in the polyesters thus relies upon inter-chain hopping events, which occur 

infrequently on the 100-nanosecond timescale, and co-diffusion with the polymer chains, which is 
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intrinsically slow (Figure 2.6). This analysis reveals that the anomalously high conductivity of PEO (Figure 

2.3d) can be easily understood in terms of a description of lithium-ion diffusion based on the density and 

proximity of viable solvation sites (Figure 2.7a). Whereas PEO features a well-connected network of viable 

solvation sites, the polyesters have isolated clusters of sites that hinder efficient lithium-ion conduction. A 

simple metric of connectivity predicts an order-of-magnitude higher conductivity for PEO than the 

polyesters (Figure 2.7b). Knowledge of the solvation structure, including attributes of the second solvation 

shell, the connectivity between solvation sites, and the number of chains involved in the coordination 

appears to provide a powerful tool for the design of future SPEs. 

 

2.5 Experimental Section 

 

2.5.1 General Considerations 

All air and water sensitive compounds were handled under dry nitrogen using a Braun Labmaster 

Glovebox or standard Schlenk line techniques. 1H and 13C NMR spectra were recorded on a Varian INOVA 

400 (1H, 400 MHz) or Varian INOVA 500 (1H, 500 MHz) spectrometer. 1H NMR spectra were referenced 

with residual non-deuterated solvent shifts (CHCl3= 7.26 ppm) and 13C NMR spectra were referenced by 

solvent shifts (CDCl3= 77.16 ppm). Gel permeation chromatography (GPC) was performed using an 

Agilent PL-GPC 50 integrated system (2 x PLgel Mini-MIX C columns, 5 micron, 4.6 mmID) equipped 

with a refractive index detector. The GPC columns were eluted with tetrahydrofuran at a rate of 0.3 mL/min 

at 30 ºC, and samples were calibrated relative to polystyrene standards. Differential scanning calorimetry 

(DSC) was performed on a Mettler-Toledo Polymer DSC instrument equipped with a Julabo chiller and 

autosampler. DSC polymer samples were prepared in crimped aluminum pans. All of the polymers were 

analyzed using the following DSC protocol: heating under nitrogen from -70 °C to 200 °C at 10 °C/min, 

cooling from 200 °C to -70 °C at 10 °C/min, and then heating from -70 °C to 200 °C at 10 °C/min. The data 

were processed using StarE software, and all reported glass transition temperatures were obtained from the 
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second heating cycle. 

Calcium hydride (90%, Strem) was used as received to dry the epoxides. (S)-Propylene oxide 

(Sigma-Aldrich) and allyl glycidyl ether (Sigma-Aldrich) were dried over calcium hydride for 3 days, 

vacuum-transferred to a dry Schlenk adapted flask, and degassed via 3 freeze-pump-thaw cycles. The 

synthesis of 2-((2-(2-methoxyethoxy)ethoxy)methyl)oxirane is described below. The purified 2-((2-(2-

methoxyethoxy)ethoxy)methyl)oxirane was dried over calcium hydride overnight, distilled into a dry 

Schlenk adapted flask, and degassed via 3 freeze-pump-thaw cycles. Glutaric anhydride (Acros, 97%) was 

purified by suspending in dichloromethane and washing with saturated aqueous sodium bicarbonate. The 

organic layer was dried over Na2SO4, filtered, and concentrated. The residue was washed with ether, then 

dried under reduced pressure and sublimed. Diglycolic anhydride (Alfa Aesar, 97%) was purified by 

sublimation. All epoxides and anhydrides were stored in the glovebox immediately following purification. 

Metal precursor Co(NO3)2·6H2O (>99% purity) was purchased from Strem and stored in a desiccator. 

Toluene and dichloromethane were purchased from Fisher Scientific and purified using a Phoenix solvent 

drying system. Bis(triphenylphosphine)iminium chloride (PPNCl) was purchased from Sigma-Aldrich and 

recrystallized by layering dichloromethane and diethyl ether. NMR solvents were purchased from 

Cambridge Isotopes and stored over 3 Å molecular sieves. All other reagents were purchased from 

commercial sources and used as received. 

2.5.2 Synthetic Procedures 

 

Synthesis of 2-((2-(2-methoxyethoxy)ethoxy)methyl)oxirane 

Sodium hydride (60% in mineral oil, 5.65 g, 141 mmol) was added to a 250 mL round bottom flask 

under nitrogen, then 160 mL of dried, degassed THF was added via cannula. The flask was cooled to 0 °C, 

and diethylene glycol (13.3 mL, 113 mmol) was added dropwise. The reaction was stirred for 30 minutes 

at 0 °C, and then epichlorohydrin (22.1 mL, 282 mmol) was added dropwise. The reaction was warmed to 

room temperature, refluxed for 2 hours under nitrogen, and then cooled to room temperature and stirred 

overnight. The reaction was quenched with ~20 mL ethanol, filtered through a pad of Celite, and then 
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concentrated to give a cloudy yellow oil. The crude product was distilled under reduced pressure to yield 

12.6 g (63% yield) of the product as a clear liquid. The 1H NMR matched those previously reported in the 

literature.27 1H NMR spectrum in ppm (CDCl3, 400 MHz): δ 3.68 (dd, 1H, J=3.0, 11.6); 3.51-3.65 (m, 6H); 

3.42-3.47 (m, 2H); 3.33 (q, 1H, J=5.9, 11.7 Hz); 3.27 (s, 3H); 3.05 (m, 1H), 2.68 (t, 1H, J=4.7 Hz), 2.50 

(dd, 1H, J=2.7, 5.0 Hz).  

Synthesis of Catalysts 

The synthesis of catalyst 1 is described below. The ligand for catalyst 2 (N, N’-bis (3, 5-tert-butyl-

salicylidene)-1,2-cyclohexadiimine) was synthesized following literature procedures,28 and the synthesis of 

the complex is described below. 

 

Salicylaldehyde Synthesis 

The salicylaldehyde was synthesized from 5-methyl-3-fluorophenol using a modified Duff reaction 

as reported by Jacobsen et al.29 The product was purified by column chromatography (10% ether in hexanes 

to 15% ether in hexanes) to yield the product as a yellow crystalline solid in 18% isolated yield. The 1H 

NMR spectrum of the ligand precursor, 5-methyl-3-fluorosalicylaldehyde, matched that previously reported 

in the literature.30 1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 11.05 (s, 1H); 9.81 (s, 1H); 7.14 (dd, 

J=2.1, 8.7, 1H); 7.06 (dd, J=3.1, 7.6, 1H), 2.27 (s, 3H). HR/MS: calculated 154.04301 g/mol; found 

154.06623 g/mol.  
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Figure 2.8 1H NMR spectrum of 5-methyl-3-fluorosalicylaldehyde in CDCl3. 

 

 

Figure 2.9 13C NMR spectrum of 5-methyl-3-fluorosalicylaldehyde in CDCl3
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N, N’-Bis(3-methyl-5-fluoro-salicylidene)-1,2-cyclohexadiimine Synthesis 

The salicylaldehyde (431.4 mg, 2.8 mmol) was dissolved in 7 mL of absolute EtOH at room 

temperature. The racemic trans-1,2-diaminocyclohexane (168 μL, 1.4 mmol) was added, and a yellow 

precipitate was observed after about 10 minutes of stirring. The reaction was stirred at room temperature 

overnight. The mixture was diluted with 2 mL of water, and the yellow solid was isolated by vacuum 

filtration. The solid was dried under vacuum to give the ligand in 82% yield (445.9 mg). 1H NMR 

spectrum in ppm (CDCl3, 500 MHz): δ 13.27 (s, 1H); 8.18 (s, 2H); 6.87 (dd, J=2.9, 9.0, 2H); 6.70 (dd, 

J=3.0, 8.3, 2H); 3.31 (m, 2H); 2.23 (s, 6H); 1.40-2.00 (m, 8H). 13C NMR spectrum in ppm (CDCl3, 125 

MHz): δ 164.10; 155. 49; 154.93; 127.76; 120.37; 117.46; 113.87; 72.77; 33.19; 24.25; 15.71. HR/MS: 

calculated 387.18786 g/mol (M+H); found 387.18735 g/mol. 

 

Figure 2.10 1H NMR spectrum of N, N'-bis(3-methyl-5-fluoro-salicylidene)-1,2-cyclohexadiimine in 

CDCl3.
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Figure 2.11 13C NMR spectrum of N,N'-bis(3-methyl-5-fluoro-salicylidene)-1,2-cyclohexadiimine in 

CDCl3.

(F-salcy)Cobalt(III)NO3 Complex Synthesis 

The (F-salcy)cobalt(III)NO3 complex was synthesized according to literature procedure.31 The N, 

N’-bis(3-methyl-5-fluoro-salicylidene)-1,2-cyclohexadiimine (350 mg, 0.906 mmol), was dissolved in 

DCM in a flame-dried Schlenk flask under nitrogen. In a separate flame-dried flask, Co(NO3)2·6H2O was 

dehydrated by heating to 60 °C under reduced pressure until the color changed from red to light pink, then 

dissolved in anhydrous, degassed ethanol and added to the ligand solution via cannula. The mixture was 

stirred for 15 minutes under nitrogen, then exposed to dry air by attaching a drying tube charged with 

Drierite. The reaction was stirred under dry air overnight to oxidize the complex. The reaction then was 

evacuated to dryness, washed with pentanes, and dried under reduced pressure. The resulting dark green 

powder (396.4 mg, 86% isolated yield) was stored in a glovebox under nitrogen. 1H NMR spectrum (C5D5N, 

500 MHz): δ 8.83 (2H); 7.39 (2H); 4.16 (1H); 3.21 (1H); 2.83 (6H); 1.5-2.3 (8H). 13C NMR spectrum 

(C5D5N, 125 MHz): δ 167.27; 161.53; 154.41; 139.66; 134.06; 117.31; 116.40; 71.55; 30.85; 25.35; 18.01. 

HR/MS: calculated 443.09813 g/mol (for salcyCo+); found 443.09727 g/mol. 
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Figure 2.12 1H NMR spectrum of (F-salcy)cobalt(III)NO3 complex in C5D5N. 

 

Figure 2.13 13C NMR spectrum of (F-salcy)cobalt(III)NO3 complex in C5D5N.
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(tert-Butyl-salcy)Cobalt(III)NO3 Complex Synthesis 

The (tert-Butyl-salcy)Cobalt(III)NO3 complex was synthesized following the same procedure as in 

4.3 using the N, N’-bis(3, 5-tert-butyl-salicylidene)-1,2-cyclohexadiimine ligand.  

 

2.5.3 Copolymerization Procedures 

 

Synthesis of Polymer 1a 

In the glovebox, catalyst 1(12.6 mg, 0.025 mmol), PPNCl (14.4 mg, 0.025 mmol), glutaric 

anhydride (850 mg, 7.5 mmol), and 0.66 mL toluene were added to a dry 4mL scintillation vial equipped 

with a stirbar. The epoxide (S)-propylene oxide (0.61 mL, 8.7 mmol) was added via syringe, and the vial 

was sealed with a Teflon lined cap. The reaction vial was then removed from the glovebox and stirred at 

50 °C for 19 h. The polymerization was quenched with a solution of 5 equiv. (relative to catalyst) p-

toluenesulfonic acid in acetone, diluted with a minimum volume of dichloromethane, and precipitated into 

hexanes. The precipitation process was repeated until no residual monomer was observed by 1H NMR 

spectroscopy. The polymer was dried under reduced pressure at room temperature overnight. 

 

Synthesis of Polymer 1b 

Catalyst 1 (9.6 mg, 0.019 mmol), PPNCl (10.7 mg, 0.019 mmol), diglycolic anhydride (650 mg, 

5.6 mmol), and 0.5 mL toluene were added to a dry 4 mL scintillation vial with a stirbar. The epoxide (S)-

propylene oxide (0.52 mL, 7.4 mmol) was added via syringe, and the vial was sealed with a Teflon lined 

cap. The reaction was stirred for 20 h at 55 °C, and quenched with 5 equiv. of p-toluenesulfonic acid in 

acetone (relative to catalyst), and precipitated in methanol. The polymer was dried under vacuum at room 

temperature overnight.  

 

Synthesis of Polymer 2a 
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Catalyst 1 (7.1 mg, 0.014 mmol), PPNCl (8.0 mg, 0.014 mmol), glutaric anhydride (480 mg, 4.2 

mmol), and 0.5 mL toluene were added to a dry 4 mL scintillation vial with a stirbar. The epoxide allyl 

glycidyl ether (0.5 mL, 4.2 mmol) was added via syringe, and the vial was sealed with a Teflon lined cap. 

The reaction was stirred at 55 °C for 22 h and quenched with 5 equiv. of p-toluenesulfonic acid (relative to 

catalyst) in acetone. The polymer was precipitated in MeOH and dried under vacuum at room temperature 

overnight. 

Synthesis of Polymer 2b 

Catalyst 1 (7.1 mg, 0.014 mmol), PPNCl (8.0 mg, 0.014 mmol), diglycolic anhydride (489 mg, 4.2 

mmol), and 0.3 mL toluene were added to a dry 4 mL scintillation vial with a stirbar. Allyl glycidyl ether 

(0.5 mL, 4.2 mmol) was added via syringe, and the vial was sealed with a Teflon lined cap. The reaction 

was stirred at 25 °C for 25 h, and quenched with 5 equiv. of p-toluenesulfonic acid (relative to catalyst) in 

acetone. The polymer was precipitated in methanol and dried under vacuum at room temperature overnight. 

 

Synthesis of Polymer 3a 

Catalyst 1 (6.8 mg, 0.013 mmol), PPNCl (7.7 mg, 0.013 mmol), glutaric anhydride (450 mg, 3.9 

mmol), and 0.3 mL toluene were added to a dry 4 mL scintillation vial with a stirbar. The epoxide 2-((2-(2-

methoxyethoxy)ethoxy)methyl)oxirane (500 mg, 4.6 mmol) was added via syringe, and the vial was sealed 

with a Teflon lined cap. The reaction was stirred at 55 °C for 25 h, and quenched with 5 equiv. of p-

toluenesulfonic acid (relative to catalyst) in acetone. The polymer was precipitated in hexanes and dried 

under vacuum at room temperature overnight. 

 

Synthesis of Polymer 3b 

Catalyst 2 (4.0 mg, 0.0080 mmol), PPNCl (4.6 mg, 0.0090mmol), diglycolic anhydride (458 mg, 

4.0 mmol), and 0.3 mL toluene were added to a dry 4 mL scintillation vial with a stirbar. The epoxide 2-

((2-(2-methoxyethoxy)ethoxy)methyl)oxirane was added via syringe, and the vial was sealed with a Teflon 
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lined cap. The reaction was stirred at 55 °C for 28 h, and quenched with 5 equiv. of p-toluenesulfonic acid 

(relative to catalyst) in acetone. The polymer was precipitated in hexanes and dried under vacuum at room 

temperature overnight. 

 

2.5.4 NMR Spectra for Polyesters 

Polymer 1a 

1H NMR spectrum (CDCl3, 500 MHz): δ 5.13 (m, 1H); 4.18 (dd, J=3.4, 11.7 Hz, 1H); 4.03 (dd, 

J=6.6, 11.8 Hz, 1H); 2.38 (dt, J=7.4, 7.4, 11.4 Hz, 4H); 1.93 (tt, J=7.3, 7.3, 7.4, 7.4 Hz, 2H); 1.24 (d, J=6.5 

Hz, 3H). 13C NMR spectrum (CDCl3, 125 MHz): δ 172.67; 172.34; 68.34; 66.14; 33.44; 33.09; 20.12; 

16.66. 

 

Figure 2.14 1H NMR spectrum of polymer 1a in CDCl3. 
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Figure 2.15 13C NMR spectrum of polymer 1a in CDCl3. 

Polymer 1b 

1H NMR spectrum (CDCl3, 500 MHz): δ 5.21 (br s, 1H); 4.20 (m, 4H); 3.98-4.43 (m, 2H); 1.26 (d, 

J=5.9, 3H). 13C NMR spectrum (CDCl3, 125 MHz): δ 169.47; 169.19; 68.97; 68.09; 67.89; 66.25; 16.41.  

 

Figure 2.16 1H NMR spectrum of polymer 1b in CDCl3. 
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Figure 2.17 13C NMR spectrum of polymer 1b in CDCl3. 

 

Polymer 2a 

1H NMR spectrum (CDCl3, 500 MHz): δ 5.83 (m, 1H); 5.27-5.33 (m, 1H); 5.18 (m, 2H); 4.33 (m, 

1H); 4.14 (m, 1H); 3.97 (br s, 1H); 3.53 (m, 2H); 2.37 (m, 4H); 1.92 (m, 2H). 13C NMR spectrum (CDCl3, 

125 MHz): δ 172.54; 172.23; 134.26; 117.54; 72.35; 70.35; 68.23; 62.89; 33.25; 32.98; 20.04. 
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Figure 2.18 1H NMR spectrum of polymer 2a in CDCl3. 

 

 

Figure 2.19 13C NMR spectrum of polymer 2a in CDCl3. 
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Polymer 2b 

1H NMR spectrum (CDCl3, 500 MHz): δ 5.83 (m, 1H); 5.27-5.33 (m, 1H); 5.18 (m, 2H); 4.33 (m, 

1H); 4.14 (m, 1H); 3.97 (br s, 1H); 3.53 (m, 2H); 2.37 (m, 4H); 1.92 (m, 2H). 13C NMR spectrum (CDCl3, 

125 MHz): δ 172.54; 172.23; 134.26; 117.54; 72.35; 70.35; 68.23; 62.89; 33.25; 32.98; 20.04.  

 

 

Figure 2.20 1H NMR spectrum of polymer 2b in CDCl3. 
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Figure 2.21 13C NMR spectrum of polymer 2b in CDCl3. 
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Polymer 3a 

1H NMR spectrum (CDCl3, 500 MHz): δ 5.18 (br s, 1H); 4.34 (m, 1H); 4.12 (m, 1H); 3.25-3.80 (m, 

10 H); 3.36 (s, 3H); 2.37 (m, 4H); 1.91 (m, 2H). 13C NMR spectrum (CDCl3, 125 MHz): δ 172.63; 172.34; 

72.02; 71.03; 70.67; 70.64; 70.36; 69.54; 69.62; 63.07; 62.95; 59.14; 33.27; 33.02; 20.04. 

 

Figure 2.22 1H NMR spectrum of polymer 3a in CDCl3. 
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Figure 2.23 13C NMR spectrum of polymer 3a in CDCl3. 
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Polymer 3b 

1H NMR spectrum (CDCl3, 500 MHz): δ 5.83 (m, 1H); 5.27-5.33(m, 1H); 5.18 (m, 2H); 4.33 (m, 

1H); 4.14 (m, 1H); 3.97 (br s, 1H); 3.53 (m, 2H); 2.37 (m, 4H); 1.92 (m, 2H). 13C NMR spectrum (CDCl3, 

125 MHz): δ 172.54; 172.23; 134.26; 117.54; 72.35; 70.35; 68.23; 62.89; 33.25; 32.98; 20.04. 

 

 

Figure 2.24 1H NMR spectrum of polymer 3b in CDCl3. 
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Figure 2.25 . 13C NMR spectrum of polymer 3b in CDCl3. 
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2.5.5 Electrochemical Characterization Details 

Each polymer electrolyte was prepared by mixing neat polymer sample with lithium 

bis(trifluoromethane) sulfonimide (LiTFSI) salt in an argon glovebox (MBraun) in which H2O and O2 levels 

are maintained below 0.1 ppm and 1 ppm, respectively. Dry polymer and LiTFSI salt (Novolyte) were 

dissolved into anhydrous N-methyl-2-pyrrolidone (NMP) upon mixing at 90 C. The caps were removed 

from the vials to allow the NMP to evaporate, leaving behind a homogeneous polymer electrolyte. The 

polymer electrolytes were dried under vacuum for 8 hours at 90 C to remove any excess NMP. Most of 

the dry polymer electrolytes were viscous liquids at room temperature; however, polymer 1b was solid-like 

at room temperature. Stainless steel symmetric cells were prepared for ionic conductivity measurements of 

electrolytes using ac impedance spectroscopy. The dry electrolytes were contained in a cell comprised of a 

254 µm-thick silicone spacer and two 200 µm-thick stainless steel electrodes. Aluminum tabs were secured 

to the electrodes. The entire assembly was hermetically sealed within Showa-Denko pouch material, leaving 

only the tab ends exposed to maintain an air and water-free environment for the polymer electrolyte when 

the cell was removed from the glovebox. 

Complex impedance measurements were acquired using a Biologic VMP3 potentiostat for a 

frequency range of 1 Hz to 1 MHz at an amplitude of 50 mV. A Nyquist plot of the impedance data was fit 

to an equivalent electrical circuit model to determine the electrolyte resistance. After completing the 

resistivity measurements, each cell was disassembled in a glovebox, and the cell thickness was measured 

using a micrometer. The conductivity was then calculated using the measured resistance and the geometry 

of the cell. Finally, the polymer electrolytes were inspected visually to confirm that no electrolyte had 

leaked from the cell during measurement. 
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The Role of Connectivity in Ionic Conductivity: 

An Analysis of Polyether Backbone Structure and Function 
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3.1 Introduction 

 

Solid polymer electrolytes are essential for the development of safe and practical lithium based batteries.1 

Since the first measurement of ionic conductivity in poly(ethylene oxide) in the 1970s by Wright,2 extensive 

research has been done on different types of polymer electrolytes and polymer architectures.34-9 It is generally 

agreed that there are three essential characteristics for an effective polymer electrolyte: (a) electron donors to 

solvate and coordinate to the Li cations; (b) low barriers to bond rotation to facilitate segmental motion of the 

polymer backbone, and; (c) suitable spacing of the coordinating centers.10 The first and third criteria describe 

potential structural considerations for a polymer electrolyte, while the second is related to bulk properties resulting 

from interactions between polymer chains.  

In practice, researchers have focused on two main strategies which are related to point (b): lowering the 

Tg of the polymer to increase the chain flexibility, and reducing (or eliminating) crystallinity in existing materials 

to maximize the amorphous polymer available for ion conduction. These approaches are based on experimental 

and theoretical studies that have shown that ion conduction is PEO occurs via segmental motion of the polymer 

chain in the amorphous regions.11,12 While many other polymers have been studied, relatively few systems have 

reported higher conductivities than PEO. Furthermore, systems that do have comparable or higher conductivities 

often use PEO as the conducting part of the polymer matrix, 8b,9b,13 which limits the conductivity that can be 

achieved (~10-4 S/cm at room temperature).14 In order to improve conductivities further, it is likely the field will 

have to investigate new polymers that have different donor groups and/or varied spacing of the coordinating groups 

compared to PEO. 

Changing the spacing of the coordinating centers can significantly affect the polymer’s ability to solvate 

and conduct ions. One example is the literature on the variation of spacing for the coordinating oxygens in 

polyethers. A comparison between PEO, poly(methylene oxide) (PMO), and poly(trimethylene oxide) (PTMO) 

reveals drastically different behavior with the simple addition or removal of a methylene group in the repeat unit.3,10 

Despite the similarity in structure between these polyethers, the altered spacing of the polar groups has a significant 

effect on the rigidity of the chain and how the polymer interacts with the cations. Additionally, while different 

types of coordinating groups have been investigated, it is often hard to decouple the effect of the coordinating 

group from effects due to changes in other variables such as the spacing of the coordinating centers or the barrier 



51 

 

to bond rotation of the polymer chains.  

We recently reported a cross-functional study of ion transport mechanisms in novel polyester-based 

polymer electrolytes with different types of potential lithium binding sites on the polymer backbone and side 

chains.15 The significantly higher conductivity of PEO relative to the polyesters was explained using the concept 

of connectivity, a quantitative measure of the density of possible lithium ion solvation sites in the polymer matrix. 

Connectivity is likely the result of a combination of polymer properties including the chain mobility (often 

measured by the Tg) as well as the type, distribution, and overall density of the lithium binding sites along the 

polymer chain (Figure 3.1).  

 

 

Figure 3.1 Schematic of the relationship between polymer structure and connectivity 

 
This work attempts to further clarify the relationship between ionic conductivity and connectivity by 

analyzing the effect of systematically changing the spacing and pattern of a single type of Li+ coordinating group 

in a linear polymer. We synthesized a family of polyethers with repeat units of oligo (ethylene glycol) (2, 3, or 4 

ethylene glycol units) alternating with a short polyethylene segment of varied length (Scheme 3.1). 

Electrochemical characterization was used to analyze the polymer properties and the mechanism of lithium ion 

transport, which was also compared to PEO. This synergistic approach allowed us correlate alterations in polymer 

structure to changes in macroscopic properties such as the ionic conductivity and glass transition temperature. 
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Scheme 3.1 Synthesis of saturated polyethers via Acyclic Diene Metathesis (ADMET) polymerization 

 

3.2 Results and Discussion 

We chose to synthesize our polyethers via Acyclic Diene Metathesis (ADMET) polymerization.1617 The 

monomers, with the exception of the two x = 6 monomers, could be synthesized in one step from the facile reaction 

of the commercially available PEG oligomers (di-, tri-, or tetraethylene glycol) with allyl bromide to yield the 

monomers for x = 4 polymers, or with 5-bromo-1-pentene to yield the x = 8 monomers. The x = 6 monomers were 

synthesized by an alternative route starting from mesyl-terminated tri- and tetraethylene glycol, which was reacted 

with 3-butene-1-ol. This alternative procedure was used because 4-bromo-1-butene, when used as the electrophile, 

was prone to elimination reactions which lowered the yields of the desired product.  

Grubbs first generation metathesis catalyst (GI) was used as the catalyst for the polymerization, which 

yielded polymers with Mn’s ranging from 2.5 kDa to 19.0 kDa depending on the monomer. The reactivity of the 

monomers showed some dependence on the number of carbons in the linker, x, with the longest spacer (x=8 

carbons) giving the highest molecular weight polymer. This trend is consistent with the literature on ADMET 

polymerization of oxygen-containing dienes using Schrock-type catalysts, where a minimum of 3 methylene 

groups was required between the alkene and ether oxygens in order to prevent potential coordination to the 

catalyst.1819 In comparison to previous work using Schrock-type catalysts, the higher functional group tolerance of 

the Grubbs first generation catalyst allowed us to synthesize polymers with shorter spacers (x=4 and 6) than had 

previously been demonstrated via ADMET.18 Another advantage of using Grubbs first generation catalyst was the 

reduced propensity for olefin migration and isomerization reactions, which were observed in the end-groups of 

some polymers (see experimental section).20 The unsaturated polyethers were hydrogenated using Crabtree’s 

catalyst.  
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The properties of the neat polyethers were studied using differential scanning calorimetry (DSC). The 

glass transition temperatures were compared between the polymers as a proxy for the segmental mobility of the 

polymer chain. For the 3 polymers with 4 carbons in the linker (Table 3.1, entries 2-4), the polyethers all had Tg’s 

that were at least 10 C lower than PEO of a comparable molecular weight (Mn = 5,0 kDa, entry 1). The decrease 

in Tg compared to PEO makes sense, since we would expect the Tg of the saturated ADMET polyethers to be a 

weighted average of the Tg of polyethylene,  128 C,21 and the Tg of PEG, ~ 65 C. The Tg values were very 

similar between the x = 4 polymers (~ 72 C), regardless of the number of ethylene glycol units. Polymer 

[C4EO2]n was the only fully amorphous polymer at all temperatures, with no melting transitions observed (entry 

2). All of the polyethers with longer linker lengths, x = 6 and x = 8, were semi-crystalline (entries 5-8). The 

crystallinity precluded our observation of a Tg for these neat polyethers. However, we were able to observe the 

glass transition in the polymer electrolytes with LiTFSI (Table 3.2). The x = 6 polyethers have Tm’s below room 

temperature (entries 5 and 6), and behave as viscous liquids at ambient temperatures. The x = 8 polyethers have 

melting transitions at or above ~23 C (entries 7 and 8), and have the consistency of waxy solids at room 

temperature. As expected, all of the polyethers synthesized have significantly lower Tm’s relative to PEO.  

 

Table 3.1 Properties of ADMET Polymers and PEO 

 

Entry Polymer x y Mn(kDa)a PDI a Tg
b (C) Tm

 b (C) 

1 PEOc n.a. n.a. 5.0 1.08 -60.0d 60.0d 

2 [C4EO2]n 4 2 3.1 2.0 -72.2 n/a 

3 [C4EO3]n 4 3 7.4 1.3 -72.8 -2.8 

4 [C4EO4]n 4 4 2.5 1.5 -72.0 1.5 

5 [C6EO3]n 6 3 4.7 1.4 n.d.e 13.4 

6 [C6EO4]n 6 4 7.1 1.6 n.d. e 8.0 

7 [C8EO3]n 8 3 12.9 1.8 n.d. e 24.7, 33.4 

8 [C8EO4]n 8 4 19.0 1.8 n.d. e 23.4 
aMn and polydispersity index (PDI) were measured by gel permeation chromatography (GPC) in THF at 40 C, 

calibrated with polystyrene standards. bMeasured by DSC. cCommercially available PEO from Sigma-Aldrich. 
dThe neat polymer DSC measurement was done using PEO (Sigma-Aldrich) with a molecular mass of 4.6 kDa. 

All electrochemical measurements were done with 5.0 kDa PEO. en.d. = not detected. 
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Ionic conductivity was measured using ac impedance spectroscopy for polymer electrolytes prepared with 

lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt. All polymer electrolytes were prepared at a Li:O ratio 

(r) of 0.08. This concentration was chosen to be near the optimal concentration for PEO.22 We expected the 

polymers to have a maximum concentration near the same Li:O due to precedence in the literature for similar 

block copolymers.16 The conductivity was measured from 27 C to 110 C (Figure 3.2). The Tg’s of the r = 0.08 

polymer and salt mixtures were also measured by DSC (Table 3.2). It is worth noting that over the molecular 

weight range we examined, the conductivity of most of the polyethers was not expected to have a strong molecular 

weight dependence based on previous studies done using PEO.23 However, it is possible that [C4EO4]n and 

[C4EO2]n may have shown some conductivity enhancement due to their relatively low molecular weight. 

Generally, conductivity at a temperature T,  (T), in a polymer electrolyte can be expressed as: 

𝜎(𝑇) = 𝑛𝑞𝜇 

where n is the number of charge carriers, q is the charge, and µ is the mobility.10 In the case of PEO and the 

ADMET polyethers, we would expect q to be the same for all the polymers since the same Li salt was used. The 

mobility µ depends on both the mechanism of ion transport and the connectivity of the polymer electrolyte, and 

the number of charge carriers n depends on the total mass% of LiTFSI in the polymer. Since the polymer 

electrolytes were prepared at the same Li:O ratio, all of the ADMET polyethers had a lower mol% LiTFSI in the 

total polymer compared to PEO. The mol% of LiTFSI in the total polymer is expected to be proportional to the 

mass fraction of polyethylene glycol (PEG) units in each repeat unit. Thus at a single Li:O ratio, we would expect 

the ADMET polyethers to have a conductivity that is lower than PEG simply due to the lower number of charge 

carriers. Furthermore, if µ is also constant across the polyethers, we would expect the conductivity at a given T to 

be proportional to the mass fraction of PEG in the polymer. Any deviation from this trend might be due to 

connectivity or a difference in the mechanism of ion transport compared to PEO.  

In partial agreement with this analysis, all of the polyethers with the exception of [C4EO4]n had lower 

conductivity than PEO at all temperatures by a factor of approximately 0.1 to 2.5. Additionally, the glass transition 

temperatures of the r = 0.08 polymer mixtures were uniformly lower than the Tg of PEO by 3.5 to 14.3 C (Table 

3.2). While we might expect a lower Tg to increase the mobility of the ions by increasing the mobility of the 
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polymer backbone, it appears that the effect of increasing the segmental mobility by adding alkyl linkers was

 

Figure 3.2 Plots of ionic conductivity as a function of temperature for all polyethers at r=0.08. The conductivity 

of 5.0 kDa PEO at r=0.08 is also shown for reference purposes. (a) Conductivity from ac impedance spectroscopy 

as a function of temperature. (b) Normalized conductivity as a function of temperature, where the conductivity 

was normalized by dividing by the mass fraction of PEG in the polymer. 

 
generally outweighed by other effects such as a decreased density of binding sites. This conclusion can be made 

clearer by dividing the conductivity by the mass fraction of PEG to normalize for the lower conductivity resulting 

from a lower overall LiTFSI concentration. When the conductivity is thus normalized to give norm, the 

conductivities for the ADMET polymers have a much narrower distribution with most polymers falling below 

PEO (Figure 3.2b). 

An alternative way to visualize this relationship is by plotting the conductivities calculated at a single T-

Tg as a function of the mass fraction of PEG, where the conductivity is calculating using the parameters obtained 

fitting to the Vogel-Tammann-Fulcher (VTF) equation (Table 3.2). By fitting to a single T-Tg value, the effect of 

differences in Tg on the conductivity can be eliminated. The T-Tg value of 70 K was chosen, since that would result 

in T being close to ambient temperature for all the polymers (Figure 3.3). The conductivity shows a positive 

correlation with the mass fraction of PEG, and most of the polymers appear to fall within error of PEO. This trend 

supports the idea that mobility µ, and thus possibly also the mechanism of ion conduction, is also very similar 

between PEO and most of the ADMET polyethers. It is worth nothing that the trend is not necessarily expected to 
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be linear since there are many possible contributions to the differences in conductivity besides the mass fraction 

of PEG.  

 

Figure 3.3 Conductivity at T-Tg = 70 K plotted as a function of mass fraction PEG. The conductivity values were 

calculated using the VTF parameters in Table 3.2.  

 

 The temperature dependence of the ionic conductivity was analyzed by fitting the conductivity data to the 

Vogel-Tammann-Fulcher (VTF) equation, which is commonly used to describe ionic conductivity in glassy 

polymer systems (Figure 3.4): 

𝜎𝑇
1
2 = 𝐴exp [

−𝐸𝑎
𝑅(𝑇 − 𝑇0)

] 

 

where Ea is the activation energy, A is the prefactor, R is the gas constant, T is the temperature in Kelvin, and T0 is 

the equilibrium Tg, which was chosen to be 50 K below the measured Tg of the polymer electrolyte. The VTF 

parameters of the ADMET polyethers and PEO are summarized in Table 3.2.  

The activation energy, Ea, is similar for the polyethers although PEO has the lowest activation energy. This 

suggests that the energetic barrier for ion conduction is similar for all the polymers, which is not surprising given 
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that the ion conduction is occurring through a single type of coordinating center, the PEO-type ether oxygen. By 

extension, this tells us that any differences in mobility are unlikely to be due to a difference in ion conduction 

mechanism.  

 

Figure 3.4 VTF plot and fitting parameters for ADMET polyethers and PEO  

 
The prefactor A, is proportional to the maximum number of charge carriers in the polymer electrolyte. 

The values of A show a broader distribution across the different types of polymers compared to the activation 

energy. [C4EO4]n has the highest prefactor by almost a factor of 0.5 compared to lowest A value for [C6EO4]n 

(entries 4 and 6, respectively). We might expect A, which is proportional to the charge carrier density, to 

correlate with the mass fraction of PEG in each polymer. However, a strong trend is not observed between A and 

the mass fraction of PEG in the polymer or the absolute conductivity, . Thus, we are not able to further 

elucidate any conductivity trends for the polyethers using our parameters from the VTF analysis.  
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Table 3.2 VTF Parameters and Tg values of Polymers at r=0.08.  

Entry Polymer Mass fraction 

PEG a 
Tg,r=0.08 (C)b Ea (kJ/mol) A 

(S/cm) 
x10-5 (S/cm) 

at 27 C 

1 PEO 1.00 -38.0c 7.95 9.5 8.020.469 

2 [C4EO2]n 0.73 -41.5 9.3 9.0 3.720.011 

3 [C4EO3]n 0.78 -43.3 9.6 10.2 3.950.297 
4 [C4EO4]n 0.81 -49.7 9.1 11.0 9.880.700 
5 [C6EO3]n 0.70 -52.3 10.1 9.6 4.290.1640 
6 [C6EO4]n 0.74 -46.6 8.9 5.1 5.391.02 
7 [C8EO3]n 0.63 -50.7 9.7 5.7 3.240.554 
8 [C8EO4]n 0.68 -50.4 9.8 9.7 5.090.328 

aMass fraction PEG = (mass of ethylene glycol in repeat unit)/(total mass of repeat unit). bTg of the polymer and 

LiTFSI mixture at r = 0.08 concentration, as measured by DSC. cTg of PEO with r = 0.067. 

 

This study highlights the limitations of drawing mechanistic conclusions from standard experimental 

analyses of polymer electrolytes. More specifically, we compared the conductivity trends to the glass transition 

temperature, mass fraction PEG, and overall oxygen density. The conductivity appeared to correlate mainly to the 

mass fraction of PEG, with increased PEG content leading to increased conductivity. The glass transition 

temperature did not appear to play a role in the conductivity in this family of polyethers.  

It is possible that the anomalous conductivities might have some dependence on the binding site patterns, 

which are not taken into account when analyzing by mass fraction PEG or overall oxygen density. A plot of the 

VTF conductivity calculated at T - Tg = 70 K as a function of linker length suggests the pattern of the oxygens 

might be important for the conductivity (Figure 3.5a). For the polymers with 4 ethylene glycol units in a row per 

repeat units (4 EG), the conductivity drops off steeply between 4 and 6 carbons in the linker, with a less extreme 

decrease in conductivity between 6 and 8 carbons. For the polymers with 3 ethylene glycol units in a row (3 EG), 

the trend is less strong, though there also appears to be a negative correlation between the conductivity and the 

length of the alkyl linker. When the conductivity is normalized by the mass fraction of PEG to reduce differences 

in conductivity due to different carrier densities (Figure 3.5b), the aforementioned trends still hold. This suggests 

that the conductivity decrease as the linker length is increased is not simply due to a reduction of carrier density.
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Figure 3.5 VTF conductivity (calculated for T - Tg = 70 K), plotted as a function of number of carbons in the alkyl 

linker. The data is plotted separately for the polymers with 3 ethylene glycol units in a row (3 EG), and 4 ethylene 

glycol units in a row (4 EG). (a) VTF conductivity (calculated for T - Tg = 70 K) as a function of number of carbons 

in linker. (b) VTF conductivity (calculated for T - Tg = 70 K) that has been normalized by the mass fraction of 

PEG, plotted as a function of the number of carbons in the linker.  

 

It is worth noting that while we do not currently have a better way to further probe the role of binding 

site pattern experimentally, the binding site pattern would be taken into account in the theoretical calculation of 

the connectivity of the polymer electrolyte using molecular dynamics. It is also possible that the differences in 

connectivity within this set of polymers is too small to measure a difference experimentally as well as using 

computational methods. We are currently further exploring these possibilities using simulations to calculate the 

connectivity of the ADMET polymers.   

 

3.3 Conclusions 

 

We synthesized a family of polyethers and measured the ionic conductivities across a range of 

temperatures to look at the effect of binding site density and pattern on ionic conductivity. As predicted, we 

observed a distribution of conductivities while Tg and the mechanism of ion conduction remained relatively close 

to PEO. Most of the ADMET polyethers showed conductivity values determined primarily by the mass ratio of 

PEG in the polymer. We were also unable further elucidate the reasons for the trends using the VTF parameters, A 

and Ea, but there may be some influence of the binding site pattern on the conductivities. These polymers are the 

current focus of more detailed investigations including molecular dynamics simulations to further analyze the 
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relationship between the experimental conductivities and the connectivity of the Li+ binding sites. 

3.4 Experimental Section 

3.4.1 General Considerations 

All manipulation of air and water sensitive compounds were carried out under dry nitrogen using a Braun 

Labmaster Glovebox or standard Schlenk line techniques. 1H and 13C NMR spectra were recorded on Varian 

INOVA 400 (1H, 400 MHz) or Varian INOVA 500 (1H, 500 MHz) spectrometers. 1H NMR spectra were referenced 

with residual non-deuterated solvent shifts (CHCl3=7.26 ppm), and 13C NMR spectra were referenced by the 

deuterated solvent shifts (CDCl3=77.16 ppm).  

 Flash column chromatography was performed using silica gel with particle size 40-64 μm, 230-400 mesh. 

Gel permeation chromatography (GPC) analyses were done using an Agilent PL-GPC 50 integrated system (2 x 

Plgel Mini-MIX C columns, 5 micron, 4.6 mmID) equipped with a refractive index detector. The GPC columns 

were eluted with tetrahydrofuran at a rate of 0.3 mL/min at 30 ºC, and calibration was done using monodisperse 

polystyrene standards.  

 Differential Scanning Calorimetry (DSC) of polymer samples was performed on a TA Instruments Q1000 

modulated differential scanning calorimeter with a 50 chamber autosampling platform. Samples were prepared in 

crimped aluminum pans, and experiments were conducted using the following protocol unless otherwise stated: 

heating under nitrogen from 25 ºC to 200 ºC at 10 ºC/min, cooling from 200 to -100 ºC at 10 ºC/min, and then 

heating from -100 to 200 ºC at 10 ºC/min. The data were processed using Universal Analysis 2000 software, and 

all reported glass transition temperatures (Tg) and melting temperatures (Tm) were obtained from the second heating 

cycle. Thermal gravimetric analysis (TGA) was performed using a TA Instruments Q500 Thermogravimetric 

Analyzer equipped with an autosampler. HRMS Analyses were performed on a Thermo Scientific Exactive 

Orbitrap MS system with an Ion Sense DART ion source.  

 

3.4.2 Materials 

Grubbs first generation catalyst (Sigma-Aldrich or Strem) and Crabtree’s catalyst (Sigma-Aldrich) were 

stored under nitrogen in the glovebox and used as received. Diethylene glycol (Sigma-Aldrich, 99%) was dried 

over activated 3 Å molecular sieves overnight then vacuum distilled. Triethylene glycol (Sigma-Aldrich, 99%) 
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and tetraethylene glycol (Sigma-Aldrich, 99%) were dried over activated 3 Å molecular sieves overnight. 

Tetrahydrofuran (THF) and dichloromethane (DCM) were obtained from Fisher Scientific and dimethylformamide 

(DMF) was obtained from Burdick and Jackson, and the solvents were dried using a Phoenix solvent drying 

system. Alumina beads (F-200, BASF) were activated by heating to 180 °C overnight under reduced pressure, then 

stored in the glovebox. All other reagents were purchased from commercial sources and used as received.  

 
3.4.3. Synthesis of Monomers 

 

Synthesis of Bis-(2-allyloxy-ethyl)-ether (C4EO2) 

Diethylene glycol monoallyl ether was prepared following a literature procedure.24 Under nitrogen, sodium 

hydride (60% in mineral oil, 2.1 g, 30.8 mmol) was added to a 200 mL round-bottom flask equipped with a stirbar, 

and then 50 mL of dried THF was added via cannula. The flask was cooled to 0 ˚C, and 3.0 g diethylene glycol 

monoallyl ether was added. The reaction was stirred for 15 minutes at 0 ˚C, then added allyl bromide (2 mL, 22.6 

mmol). The reaction was warmed to room temperature and stirred overnight. The solvent was removed in vacuo, 

and the residue was suspended in 150 mL of diethyl ether, filtered through Celite, and concentrated. The crude 

product was purified by column chromatography using 25% ether in hexanes as the eluent. The product was 

isolated as a clear oil in 81% yield (2.35 g, 12.6 mmol), and stored over activated alumina beads in the glovebox. 

1H NMR spectrum in ppm (CDCl3, 500 MHz): δ6.00-5.87 (m, 2H); 5.85 (d, J=17.3 Hz, 2H); 5.19 (d, J=10.4 Hz, 

2H); 4.04 (d, J=5.7 Hz, 4H); 5.76-5.54 (m, 8H). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 134.89; 117.23, 

72.38, 70.81, 69.56. HR/MS (DART): calculated for C10H19O3
+ (M+H)+187.1329 g/mol, found 187.1328 g/mol. 

 

Synthesis of Triethylene Glycol Diallyl Ether (C4EO3) 

In the glovebox, sodium hydride (95%, 2.7 g, 112 mmol) was added to a 500 mL vacuum-adapted round 

bottom flask with a stirbar. The flask was sealed and taken out of the glovebox, and THF (200 mL) was added via 

cannula under nitrogen. Triethylene glycol (6.0 mL, 44 mmol) was added dropwise and stirred for 20 minutes at 

room temperature. Allyl bromide (8.0 mL, 92.4 mmol) was added dropwise, and the reaction was stirred overnight. 

The reaction was concentrated in vacuo, and the residue was suspended in 150 mL of ether. The ether layer was 

washed three times with water, dried over magnesium sulfate, and concentrated. The crude product was purified 
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by column chromatography using 50% ether in hexanes as the eluent. The product was obtained in 57% yield (5.76 

g, 25.0 mmol), and stored neat over activated alumina beads in the glovebox. The 1H NMR spectrum of the product 

matched well with literature values.25 1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 5.97-5.84 (ddt, J=5.7 Hz, 

5.7 Hz, 10.5Hz, 21.9 Hz, 2H); 5.26 (dd, J=1.6 Hz, 17.2 Hz, 2H); 5.17 (dd, J=1.24 Hz, 10.4 Hz, 2H); 4.01 (d, J=2.7 

Hz, 4H); 3.71-3.50 (m, 12 H). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 134.88, 117.22, 72.36, 70.76, 

69.54. HR/MS (DART): calculated for C12H23O4
+ (M+H)+ 231.1591 g/mol; found 231. 1590 g/mol.  

 

Synthesis of Tetraethylene Glycol Diallyl Ether (C4EO3) 

Tetraethylene glycol diallyl ether was synthesized following a procedure adapted from the literature.26 In 

the glovebox, sodium hydride (1.24 g, 51.5 mmol) was added to a 100 mL round bottom flask with a stirbar. The 

flask was removed from the glovebox, and 20 mL of dry degassed DMF was added via syringe. The flask was 

cooled to 0 ˚C, and tetraethylene glycol was added dropwise (2.0 g, 10.3 mmol). The reaction was stirred at 0 ˚C 

for 15 minutes, then allyl glycidyl ether (3.48 mL, 40.2 mmol) was added dropwise. The flask was warmed to 

room temperature and stirred overnight. The reaction was quenched with isopropanol, filtered through a Celite 

plug, and diluted with ~100 mL ether. The solution was washed three times with brine, dried over sodium sulfate, 

and concentrated. The crude product was purified by column chromatography with 100% diethyl ether as the 

eluent. The product was obtained in 77% yield (2.18 g, 7.9 mmol), and stored neat over activated alumina beads 

in the glovebox. 1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 5.90 (ddd, J=5.7 Hz, 10.9 Hz, 22.8 Hz, 2H); 5.26 

(dd, J=1.3 Hz, 17.2 Hz, 2H); 5.17 (d, J=10.4 Hz, 2H); 4.01 (d, J=5.7 Hz, 4H); 3.75-3.52 (m, 1H). 13C NMR 

spectrum in ppm (CDCl3, 125 MHz): δ 134.88, 117.22, 72.36, 70.76, 70.72, 69.54. HR/MS (DART): calculated 

for C14H27O5
+ (M+H)+ 275.1853 g/mol; found 275.1850 g/mol.  

 

Synthesis of C6EO3 Monomer 

 

The synthesis of the mesyl-terminated PEG was adapted from a literature procedure.27 Triethylene glycol 

(3 g, 20 mmol) was added to a 300 mL vacuum adapted round bottom flask equipped with a stirbar under nitrogen. 

Dry dichloromethane (100 mL) and diisopropylethylamine (7.7 mL, 44 mmol) were added via cannula, and the 

flask was cooled to 0 ˚C. The solution was stirred for 10 minutes, then methanesulfonyl chloride (3.4 mL, 44 
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mmol) was added. The flask was allowed to warm to room temperature and stirred overnight. The crude reaction 

mixture was washed with 100 mL brine, and the organic layer was concentrated under reduced pressure. The 

residue was partitioned between 100 mL hexanes and 100 mL water. Sodium choride (10 g) was added to the 

aqueous layer, which was extracted with 3x100 mL dichloromethane. The combined organic layers were dried 

over sodium sulfate and concentrated. The crude product was purified by column chromatography using 5% 

methanol in dichloromethane as the eluent. The product was isolated as a yellow oil in 29% yield (1.77 g, 5.8 

mmol), and the 1H NMR spectrum was consistent with the literature. 1H NMR spectrum in ppm (CDCl3, 400 

MHz): δ4.37 (m, 4H), 3.76 (m, 4H), 3.67 (s, 4H), 3.07 (s, 6H). 

In the glovebox, sodium hydride (95%, 253 mg, 10.5 mmol) was added to a 20 mL scientillation vial 

equipped with a stirbar. The vial was sealed with a pierceable Teflon-lined septum cap and brought out of the 

glovebox. Dry THF (5 mL) was added via syringe .The reaction was cooled to 0 ˚C, then 3-butene-1-ol (800 μL, 

9.3 mmol) was added dropwise and stirred for 15 minutes. The mesyl-terminated PEG (1.48 g, 4.8 mmol) was 

dissolved in 5 mL THF, and the solution was added to the vial dropwise. The reaction was warmed to room 

temperature and stirrred overnight. The vial was quenched with H2O and concentrated under reduced pressure. 

Diethyl ether (80 mL) was added to the residue, and the milky suspension was filtered through Celite and 

concentrated. The crude product was purified by column chromatography using 50% ether in hexanes as the eluent. 

The product was isolated as a clear oil in 36% yield (0.90 g, 1.7 mmol), and stored over activated alumina beads 

in the glovebox. 1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 5.82 (ddt, J=6.8 Hz, 6.8 Hz, 10.2 Hz, 17.0 Hz, 

2H); 5.09 (dd, J=1.5 Hz, 17.2 Hz, 2 H); 5.04 (d, J=10.2 Hz, 2H); 3.70-3.58 (m, 12 H); 3.53 (t, J=6.9 Hz, 4H); 2.35 

(q, J=6.8 Hz, 4H). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 135.27, 116.44, 70.77, 70.75, 70.70, 70.26, 

34.25. HR/MS (DART): calculated for C14H27O4
+ (M+H)+ 259.1909 g/mol; found 259.1903 g/mol.  

 

Synthesis of C6EO4 Monomer 

The C6EO4 monomer was synthesized using the same procedure as for C6EO3, except tetraethylene 

glycol was used instead of triethylene glycol. The monomer was purified by column chromatography using 50 to 

75% ether in hexanes as the eluent. The product was isolated as a clear oil in 46% yield (0.66 g, 1.44 mmol), and 

stored over activated alumina beads in the glovebox. 1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 5.81(ddt, 
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J=6.7 Hz, 6.7 Hz, 10.2 Hz, 17.0 Hz, 2H); 5.08 (dd, J=1.8 Hz, 17.2 Hz, 2H); 5.02 (d, J=10.2 Hz, 2H); 3.68-3.56 (m, 

18 H); 3.51 (t, J=6.9 Hz, 4H), 2.34 (qd, J=5.6 Hz, 6.8 Hz, 6.9 Hz, 6.9 Hz, 4H). 13C NMR spectrum in ppm (CDCl3, 

125 MHz): δ 135.27, 116.46, 70.78, 70.74, 70.72, 70.70, 70.26, 34.25. HR/MS (DART): calculated for C16H31O5
+ 

(M+H)+ 303.2166 g/mol; found 303.2165 g/mol.  

 

Synthesis of C8EO3 Monomer 

The synthesis of the C3EO3C3 monomer was adapted from a literature procedure.28 In the glovebox, 

sodium hydride (95%, 288 mg, 12 mmol) was added to a 20 mL scintillation vial equipped with a stirbar. The vial 

was sealed with a pierceable Teflon-lined septum cap and brought out of the glovebox. Under nitrogen, sodium 

iodide (37 mg, 0.24 mmol) and dry THF (5 ml) were added (mg, mmol), and the vial was cooled to 0 ˚C. 

Triethylene glycol (0.54 mL, 4.0 mmol) was added dropwise, and the reaction was stirred until the bubbling ceased 

(~5 minutes). The 5-bromo-1-pentene (1.42 mL, 12 mmol) was added dropwise as a solution in 6 mL THF. The 

reaction was allowed to warm to room temperature and stirred 5 days. The crude reaction mixture was concentrated 

under reduced pressure. The residue was diluted in 10 mL diethyl ether, filtered through Celite, and concentrated. 

The crude product was purified by column chromatography using 33 to 50% diethyl ether in hexanes as the eluent. 

The product was obtained as a clear oil in 31% yield (354 mg, 1.24 mmol) and stored over activated alumina beads 

in the glovebox. 1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 5.82 (ddt, J=6.6 Hz, 6.6 Hz, 10.2 Hz, 16.9 Hz, 

2H); 5.03 (dd, J=1.64 Hz, 17.1 Hz, 2H); 4.97 (d, J=10.2 Hz, 2H); 3.70-3.57 (m, 8H); 3.48 (t, J=6.7 Hz, 4H); 2.12 

(dd, J=7.3 Hz, 14.3 Hz, 4H); 1.69 (m, 4H). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 138.43, 114.81, 70.84, 

70.76, 70.24, 30.37, 28.91. HR/MS (DART): calculated for C16H31O4
+ (M+H)+ 287.2217 g/mol; found 287.2215 

g/mol.  

 

Synthesis of C8EO4 Monomer 

The C8EO4 monomer was synthesized using the same procedure as for C8EO3, except tetraethylene 

glycol was used instead of triethylene glycol. The crude product was purified by column chromatography using 

50 to 75% ether in hexanes as the eluent. The product was isolated as a clear oil in 35% yield (459 mg, 1.4 mmol), 

and stored over activated alumina beads in the glovebox. 1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 5.80 
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(ddt, J=6.6 Hz, 6.6 Hz, 10.2 Hz, 13.3 Hz, 2 H); 5.00 (d, J=17.1 Hz, 2H); 4.94 (d, J=10.1 Hz, 2H); 3.78-3.52 (m, 

12H); 3.45 (t, J=6.7 Hz, 4H); 2.10 (dd, J=7.0 Hz, 14.3 Hz, 4H); 1.67 (m, 4H). 13C NMR spectrum in ppm (CDCl3, 

125 MHz): δ 138.41, 114.81, 70.83, 7074, 70.23, 30.36, 28.90. HR/MS (DART): calculated for C18H35O5
+ (M+H)+ 

331.2479 g/mol; found 331.2477 g/mol.  

 

3.4.4 Synthesis of Polymers 

 

Representative ADMET Procedure for Unsaturated Polyethers 

In the glovebox, Grubbs first generation catalyst (11.2 mg, 13.6 μmol) was added to a 100 mL vacuum-

adapted round bottom flask equipped with a 1' stirbar. Neat triethylene glycol diallyl ether (200 mg, 0.87 mmol) 

was added via Pasteur pipet. Dry, degassed dichloromethane (~0.5 mL) was used to rinse the sides of the flask and 

pipet. The flask was sealed and brought outside of the glovebox. On the Schlenk line, the dichloromethane was 

removed under reduced pressure at room temperature while stirring. After ~1 minute, the reaction was left open to 

vacuum and heated to 50 ˚C for 2 hours. The polymerization was quenched by cooling the reaction to room 

temperature under nitrogen, then rapidly adding 0.5 mL ethyl vinyl ether via syringe. The reaction was then stirred 

at room temperature for at least 30 minutes before precipitating into 15 mL of stirring hexanes. The hexanes were 

decanted from the precipitated polymer, which was dried at room temperature under reduced pressure. The 

polymer was isolated as a brown tacky goo in 87% yield.  

 

Synthesis of Unsaturated [C4EO2]n Polymer 

The unsaturated [C4EO2]n polymer was synthesized by following the representative ADMET procedure 

with the C4EO2 (400 mg, 2.1 mmol) and Grubbs first generation catalyst (28.3 mg, 34.4 μmol). The 

polymerization was run for 2 hours at 50 ˚C under reduced pressure, and the polymer was precipitated in hexanes 

and isolated as a brown goo in 68 % yield (229.7 mg).  

 

Synthesis of Unsaturated [C4EO3]n Polymer 

The unsaturated [C4EO3]n polymer was synthesized by following the representative ADMET procedure 

with the C4EO3 monomer (400 mg, 1.5 mmol) and Grubbs first generation catalyst (19.2 mg, 23.3 μmol). The 
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polymerization was run for 2 hours at 50 ˚C under reduced pressure, and the polymer was precipitated in hexanes 

and isolated as a brown goo in 64% yield (231.0 mg).  

 

Synthesis of Unsaturated [C6EO3]n Polymer 

 

In the glovebox, Grubbs first generation catalyst (10.2 mg, 12.4 μmol) was added to a 100 mL vacuum-

adapted round bottom flask equipped with a 1' stirbar. Neat C6EO3 monomer (200 mg, 0.77 mmol) was added 

via Pasteur pipet. Dry, degassed dichloromethane (~0.5 mL) was used to rinse the sides of the flask and pipet. The 

flask was sealed and brought outside of the glovebox. On the Schlenk line, the dichloromethane was removed 

under reduced pressure at room temperature while stirring. After ~1 minute, the reaction was left open to vacuum 

and heated to 50 ˚C for 2 hours. After 2 hours, a solution of Grubbs first generation catalyst (1.3 mg, 1.6 μmol) in 

0.5 mL dry, degassed dichloromethane was added via syringe under nitrogen, and the polymerization was 

continued for 2 hours at 50 ˚C under vacuum. The polymerization was quenched by cooling the reaction to room 

temperature under nitrogen, then rapidly adding 0.5 mL ethyl vinyl ether via syringe. The reaction was then stirred 

at room temperature for at least 30 minutes before precipitating into 15 mL of stirring hexanes. The hexanes were 

decanted from the precipitated polymer, which was dried at room temperature under reduced pressure. The 

polymer was isolated as a brown goo in 71% yield (125.8 mg). 

 

Synthesis of Unsaturated [C6EO4]n Polymer 

The unsaturated [C6EO4]n polymer was synthesized following the same procedure as for the 

unsaturated [C6EO3]n polymer, except using the C6EO4 monomer (200 mg, 0.66 mmol) and Grubbs first 

generation catalyst (8.7 mg, 10.6 μmol), followed by a second addition of Grubbs catalyst in 0.5 mL 

dichloromethane after 2 hours (1.3 mg, 1.6 μmol). The reaction was quenched with ethyl vinyl ether 2 hours 

after the second addition of catalyst and stirred for at least 30 minutes. The polymer was isolated as a brown goo 

in 81% yield (147.4 mg).  

 

Synthesis of Unsaturated [C8EO3]n Polymer 

 

In the glovebox, Grubbs first generation catalyst (10.3 mg, 12.5 μmol) was added to a 100 mL vacuum-
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adapted round bottom flask equipped with a 1' stirbar. Neat C8EO3 monomer (220 mg, 0.77 mmol) was added 

via Pasteur pipet. Dry, degassed dichloromethane (~0.5 mL) was used to rinse the sides of the flask and pipet. The 

flask was sealed and brought outside of the glovebox. On the Schlenk line, the dichloromethane was removed 

under reduced pressure at room temperature while stirring. After ~1 minute, the reaction was left open to vacuum 

and heated to 50 ˚C for 1 hour. The polymerization was quenched by cooling the reaction to room temperature 

under nitrogen, then rapidly adding 0.5 mL ethyl vinyl ether via syringe. The reaction was then stirred at room 

temperature for at least 30 minutes before precipitating into 15 mL of stirring hexanes. The hexanes were decanted 

from the precipitated polymer, which was dried at room temperature under reduced pressure. The polymer was 

isolated as a brown tacky goo in 56% yield (109.0 mg). 

 

Synthesis of Unsaturated [C8EO4]n Polymer 

The unsaturated [C8EO4]n polymer was synthesized following the same procedure as for the unsaturated 

[C8EO3]n except using the C8EO4 monomer (220 mg, 0.66 mmol) with Grubbs first generation catalyst (9.0 

mg, 10.9 μmol). The polymerization was run for 1 hour, quenched with ethyl vinyl ether, and precipitated in 

hexanes. The polymer was isolated as a brown tacky goo in 78% yield (156.7 mg).  

 

Representative Hydrogenation Procedure 

 

In the glovebox, unsaturated [C4EO3]n polymer (from C4EO3 monomer, 600 mg unsaturated polymer, 

3.0 mmol repeat units) and Crabtree's catalyst (52 mg, 65 µmol) were dissolved in 100 mL dry dichoromethane. 

The solution was added to a Fischer-Porter bottle with a stirbar, and the reactor head was attached. The Fischer-

Porter bottle was removed from the glovebox and charged with 30 psig of hydrogen. The reaction was stirred at 

room temperature for 20 hours, then the reactor was vented to atmospheric pressure. The solvent was removed 

under reduced pressure to yield the hydrogenated polymer as a brownish grey tacky goo in quantitative yield.  

 

Procedure for Removal of Ruthenium Residues from Polymer 

 

The procedure for removing residual Ru was adapted from a literature procedure.29 The polymer was 

dissolved in dichloromethane to give a concentration of ~50 mg/mL. Activated carbon (Darco KB 100 mesh wet 
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powder, Sigma-Aldrich) was added (100 mass % relative to polymer), and the suspension was stirred at room 

temperature overnight. The slurry was filtered through a plug of Whatman glass microfiber filter paper cotton 

wool, then concentrated under reduced pressure.  

 

3.4.5 NMR Spectra of Polymers 

 

NMR Spectrum of Unsaturated [C4EO2]n  

1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 6.25 (m, endgroup); 5.90 (m, endgroup); 5.85-5.75 (m, 

trans alkene, 2H including cis alkene); 5-72-5.69 (m, cis alkene); 5.30-5.15 (m, endgroup); 4.75 (m, endgroup); 

4.35-4.10 (m, 4H); 3.75-3.50 (m, 8H); 1.54 (dd, J=1.5, 6.7 Hz, endgroup). 13C NMR spectrum in ppm(CDCl3, 125 

MHz): δ 129.66, 129.52, 71.33, 70.80, 69.71, 69.65, 67.93.  

 

Figure 3.6 1H NMR spectrum of unsaturated [C4EO2]n in CDCl3.  
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Figure 3.7 13C NMR spectrum of unsaturated [C4EO2]n in CDCl3. 

 

 

 

 
NMR Spectra of [C4EO2]n  

1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 3.68-3.52 (m, 8H); 3.51-3.42 (m, 4H); 1.70-1.58 (m, 4H); 

1.25 (br s, endgroup); 0.90 (t, J=7.4 Hz, endgroup). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 71.28, 70.78, 

70.24, 26.44.  
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Figure 3.8 1H NMR spectrum of [C4EO2]n in CDCl3. 

 

Figure 3.9 13C NMR spectrum of [C4EO2]n polymer in CDCl3. 

 

NMR Spectra of Unsaturated [C4EO3]n  

1H NMR spectrum in ppm (CDCl3, 400 MHz): δ 6.27 (dd, J=29.8, 12.6 Hz, endgroup); 5.85-5.75 (m, trans 

alkene, 2H including cis alkene); 5.73-5.67 (m, cis alkene); 4.80-4.67 (m, endgroup); 4.10-3.95 (m, 4H); 3.71-3.51 

(m, 13 H); 2.18 (q, J=7.2, 7.2, 7.2 Hz, endgroup); 1.53 (dd, J=6.7, 1.5 Hz, endgroup). 13C NMR spectrum in ppm 
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(CDCl3, 125 MHz): δ 129.66, 129.49, 71.32, 70.72, 69.66, 69.59, 66.99, 28.37 (endgroup).  

 

 

Figure 3.10 1H NMR spectrum of unsaturated [C4EO3]n polymer in CDCl3. 

 

Figure 3.11 13C NMR spectrum of unsaturated [C4EO3]n polymer in CDCl3. 

 

NMR Spectra of [C4EO3]n  

1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 3.70-3.51 (m, 12 H); 3.50-3.40 (m, 4H); 1.69-1.56 (m, 
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4H); 0.90 (t, J=7.4, 7.4 Hz, endgroup). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 71.26, 70.73, 70.19 26.39.  

 

Figure 3.12 1H NMR spectrum of [C4EO3]n polymer in CDCl3. 

 

Figure 3.13 13C NMR spectrum of [C4EO3]n polymer in CDCl3. 

 

NMR Spectra of Unsaturated [C4EO4]n 

1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 5.89 (ddt, J=17.2, 10.4, 5.7 Hz, endgroup); 5.79-5.75 (m, 

trans alkene, 2H including cis alkene); 5.70-5.67 (m, cis alkene); 5.27-5.12 (m, endgroup); 4.10-3.93 (m, 4H); 
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3.73-3.47 (m, 18H); 1.52 (dd, J = 6.7, 1.6 Hz, endgroup). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 129.59, 

71.26, 70.71, 70.70, 70.67, 69.65, 69.59, 66.97.  

 

Figure 3.14 1H NMR spectrum of unsaturated [C4EO4]n polymer in CDCl3. 

 

Figure 3.15 13C NMR spectrum of unsaturated [C4EO4]n in CDCl3. 

 

NMR Spectra of [C4EO4]n  

1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 3.70-3.53 (m, 19H); 3.50-3.42 (m, 4H); 1.68-1.56 (m, 
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4H); 0.89 (t, J=7.4, 7.4 Hz, endgroup). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 71.28, 70.78, 70.24, 

26.44  

 

Figure 3.16 1H NMR spectrum of [C4EO4]n polymer in CDCl3. 

 

Figure 3.17 13C NMR spectrum of [C4EO4]n polymer in CDCl3. 

 

NMR Spectra of Unsaturated [C6EO3]n 

1H NMR spectrum in ppm (CDCl3, 500 MHz): δ 5.87-5.76 (m, endgroup); 5.53-5.41 (m, 2H); 5.13-4.97 
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(m, endgroup); 3.69-3.56 (m, 13H); 3.46 (td, J = 7.1, 1.5 Hz, 4H); 2.35 (dd, J = 12.7, 7.1 Hz, 2H); 2.28 (dt, J = 

7.1, 6.3 Hz, 2H). 13C NMR spectrum in ppm(CDCl3, 125 MHz): δ 128.50, 127.64, 71.26, 70.98, 70.75, 70.73, 

70.71, 70.28, 70.21, 33.18, 28.12. 

 

 

Figure 3.18 1H NMR spectrum of unsaturated [C6EO3]n polymer in CDCl3. 
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Figure 3.19 13C NMR spectrum of unsaturated [C6EO3]n polymer in CDCl3. 

 
NMR Spectra of [C6EO3]n 

1H NMR spectrum in ppm (CDCl3, 400 MHz): δ 3.68 – 3.53 (m, 12H); 3.43 (t, J = 6.7 Hz, 4H); 1.87 (br 

s, endgroup); 1.62 – 1.51 (m, 4H); 1.39 – 1.27 (m, 4H); 0.90 (t, J = 7.4 Hz, endgroup). 13C NMR spectrum in ppm 

(CDCl3, 125 MHz): δ 71.54, 70.73, 70.72, 70.18, 29.72, 26.10. 

 

Figure 3.20 1H NMR spectrum of [C6EO3]n polymer in CDCl3. 
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Figure 3.21 13C NMR spectrum of [C6EO3]n polymer in CDCl3. 

 

NMR Spectra of Unsaturated [C6EO4]n 

1H NMR spectrum in ppm (CDCl3, 400 MHz): δ 5.88-5.75 (m, endgroup); 5.53-5.40 (m, 2H); 5.14-4.98 

(m, endgroup); 3.66-3.55 (m, 17H); 3.45 (td, J = 7.1, 1.5 Hz, 4H); 2.34 (dd, J = 12.7, 7.0 Hz, 2H); 2.28 (ddd, J = 

10.8, 7.0, 1.4 Hz, 1H), 1.70 (dd, J = 6.3, 1.3 Hz, endgroup). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 

128.48, 127.63, 71.25, 70.97, 70.71, 70.26, 70.20, 33.16, 28.10. 
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Figure 3.22 1H NMR spectrum of unsaturated [C6EO4]n polymer in CDCl3. 

 

 

Figure 3.23 13C NMR spectrum of unsaturated [C6EO4]n polymer in CDCl3. 

 
NMR Spectra of [C6EO4]n 

1H NMR spectrum in ppm (CDCl3, 400 MHz): 3.68-3.53 (m, 4H); 3.44 (t, J = 6.8 Hz, 4H); 1.65-1.50 (m, 

2H); 1.42-1.25 (m, 2H); 0.91 (t, J = 7.4 Hz, endgroup). 13C NMR spectrum in ppm (CDCl3, 125 MHz): δ 71.57, 

70.75, 70.72, 70.19, 29.74, 26.12. 
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Figure 3.24 1H NMR of [C6EO4]n polymer in CDCl3. 

 

 

Figure 3.25 13C NMR spectrum of [C6EO4]n polymer in CDCl3. 

 

NMR Spectra of Unsaturated [C8EO3]n 

1H NMR spectrum in ppm (CDCl3, 400 MHz): δ 5.87-5.75 (m, endgroup); 5.46-5.37 (m, trans alkene, 2H 

when combined with cis alkene); 5.36 (t, J = 4.6 Hz, cis alkene); 5.06-4.90 (m, endgroup); 3.69-3.51 (m, 12H); 
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3.44 (td, J = 6.7, 2.1 Hz, 4H); 2.21-1.92 (m, 4H); 1.70-1.56 (m, 4H). 13C NMR spectrum in ppm (CDCl3, 125 

MHz): δ 130.14, 129.72, 70.97, 70.74, 70.24, 70.22, 29.70, 29.58, 29.16, 23.82. 

 

 

Figure 3.26 1H NMR of unsaturated [C8EO3]n polymer in CDCl3. 

 

 

Figure 3.27 13C NMR spectrum of unsaturated [C8EO3]n polymer in CDCl3. 

 
NMR Spectra of [C8EO3]n 
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13H NMR spectrum in ppm (CDCl3, 400 MHz): 3.69-3.53 (m, 12H); 3.43 (t, J = 6.8 Hz, 4H); 1.80 (br s, 

endgroup); 1.62-1.49 (m, 4H); 1.28 (br s, 8H); 0.88 (br s, endgroup). 13C NMR spectrum in ppm (CDCl3, 125 

MHz): δ 71.65, 70.75, 70.73, 70.18, 29.76, 29.58, 26.18. 

 

Figure 3.28 1H NMR spectrum of [C8EO3]n polymer in CDCl3. 

 

 

Figure 3.29 13C NMR spectrum of [C8EO3]n polymer in CDCl3. 
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NMR Spectra of Unsaturated [C8EO4]n 

1H NMR spectrum in ppm (CDCl3, 400 MHz): δ 5.87-5.74 (m, endgroup); 5.43-5.36 (m, trans alkene, 2H 

when combined with cis alkene), 5.36 (t, J = 4.6 Hz, cis alkene); 5.13-4.98 (m, endgroup); 3.67-3.54 (m, 17H); 

3.44 (td, J = 6.7, 2.2 Hz, 4H); 2.43-2.22 (m, 4H); 1.68-1.56 (m, 4H). 13C NMR spectrum in ppm (CDCl3, 125 

MHz): δ 130.14, 129.72, 70.97, 70.74, 70.24, 70.22, 29.70, 29.58, 29.15, 23.82. 

 

 

Figure 3.30. 1H NMR spectrum of [C8EO4]n polymer in CDCl3. 
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Figure 3.31 13C NMR spectrum of [C8EO4]n polymer in CDCl3. 

 

NMR Spectra of [C8EO4]n 

1H NMR spectrum in ppm (CDCl3, 400 MHz): 3.67-3.53 (m, 16H); 3.43 (t, J = 6.8 Hz, 4H); 1.83 (br s, 

endgroup); 1.64-1.49 (m, 4H); 1.28 (br s, 8H); 0.91-0.84 (m, endgroup). 13C NMR spectrum in ppm (CDCl3, 125 

MHz): δ 71.66, 70.74, 70.71, 70.18, 29.75, 29.58, 26.18. 
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Figure 3.32 1H NMR spectrum of [C8EO4]n polymer in CDCl3. 

 

Figure 3.33 13C NMR spectrum of [C8EO4]n polymer in CDCl3. 
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Analysis of Polymer Endgroups 

 

 

Figure 3.34 Comparing terminal olefin and allyl ether endgroups in [C4EO2]n polymer.  

 

Grubbs metathesis catalysts are known to form ruthenium hydride species that can lead to side reactions, 

resulting in the migration of olefins. In the case of the polymers with 1 methylene unit between the ethylene glycol 

and the alkene, the migration of the olefin would result in the formation of an allyl ether. Depending on the 

polymerization conditions, we were able to see varying amounts of the allyl ether alkenes in our polymers. 

Furthermore, when the migration involved the formation of an allyl ether endgroup (vs. an internal allyl ether), we 

were able to identify a peak (F) at δ 1.54 corresponding to the methyl group of the endgroup (see Figure 3.33). 

Thus, we were able to quantify the amount of migration of the internal olefin by comparing the integrations of the 

allyl alkenes (D, E) to the integration of F. For samples with isomerization primarily of endgroups and no internal 

olefin migration, one would expect to see D/E/F in a 1:1:3 ratio. For samples with significant migration of the 

internal olefin, the relative ratio of D and E would be much larger. In general, we were able to eliminate the 

migration of the internal olefin by avoiding excessive heat and reaction times, as well as using carefully purified 

monomer.  
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Figure 3.35 Observation of internal olefin migration by 1H NMR in [C4EO2]n polymer. 

  
3.4.6. Analysis of Polymer Thermal Stability 

 

Representative TGA Thermograms 

 

 

 

 
Weight% Remaining 95 50 5 

Temperature (C) 286.16 368.35 408.78 

 

Figure 3.36 TGA thermogram of unsaturated [C4EO3]n polymer 
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Weight% Remaining 95 50 5 

Temperature (C) 277.47 363.24 379.15 

 

 
3.4.7. Electrochemical Characterization Details 

Each polymer electrolyte was prepared by mixing neat polymer sample with lithium 

bis(trifluoromethane)sulfonimide (LiTFSI) salt in an argon glovebox (MBraun) in which H2O and O2 levels are 

maintained below 0.1 ppm and 1 ppm, respectively. Dry polymer and LiTFSI salt (Novolyte) were mixed with 

anhydrous dimethylformamide (DMF) until dissolved. The solvent was allowed to evaporate from the mixtures at 

90 °C, leaving behind a homogeneous polymer electrolyte. The polymer electrolytes were further dried under 

vacuum for 8 hours at 90 °C to remove excess solvent. Stainless steel symmetric cells were prepared for ionic 

conductivity measurements of electrolytes using ac impedance spectroscopy. The cell comprised of a 254 μm-

thick silicone spacer and two 200 μm-thick stainless steel electrodes, and aluminum tabs were secured to the 

electrodes. The entire assembly was hermetically sealed within Showa-Denko pouch material with only the tab 

ends exposed to maintain an air- and water-free environment for the polymer electrolyte.  

Complex impedance measurements were obtained using a Biologic VMP3 potentiostat over a frequency 

range of 1 Hz to 1 MHz at an amplitude of 50 mV. A Nyquist plot of the impedance data was fit to an equivalent 

electrical circuit model to determine the electrolyte resistance. After completing the resistivity measurements, each 

Figure 3.37 TGA thermogram of [C4EO3]n polymer 
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cell was disassembled in a glovebox, and the cell thickness was measured using a micrometer. The conductivity 

was then calculated using the measured resistance and the geometry of the cell. Finally, the polymer electrolytes 

were inspected visually to confirm that no electrolyte had leaked from the cell during measurement. 
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CHAPTER FOUR 

 

Copolymerization of CO2 and meso Epoxides Using Enantioselective -Diiminate Catalysts: 

A Route to Highly Isotactic Polycarbonates 
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4.1 Introduction 

Stereoselective polymerization is a powerful technique for the synthesis of high performance 

materials.1 By using the appropriate catalyst or initiator to control the stereochemistry of the polymer main-

chain, readily available monomers can be transformed into novel materials with distinct properties. Two 

such monomers are carbon dioxide and epoxides, which can be copolymerized in an alternating fashion to 

produce polycarbonates.2,3 Notably, achiral meso epoxides such as cyclohexene oxide (CHO) can be 

desymmetrized during the copolymerization by selective SN2-type ring-opening at either the R or S 

stereocenter to give isotactic polycarbonates (Scheme 4.1).4 In the case of CHO, enantioselective 

polymerization affords isotactic poly(cyclohexene carbonate) (iPCHC), which is semi-crystalline and 

therefore anticipated to have improved mechanical properties compared to its atactic counterpart.1,5 

 

Scheme 4.1 Alternating copolymerization of cyclohexene oxide and CO2 to form iPCHC, and hydrolysis 

to yield enantioenriched CHD.

In addition, enantiopure iPCHC can be hydrolyzed to give optically pure trans-1,2-cyclohexanediol 

(CHD) which may be used as a ligand moiety,6 a chiral auxiliary,7 and in electronic materials and porous 

crystals (Scheme 4.1).8,9 Another potential advantage of iPCHC in contrast to most commercial polymers 

is its chemical recyclability. Thermal decomposition of enantiopure iPCHC gives optically pure cyclic 

cyclohexene carbonate (cCHC), which can be purified and repolymerized to iPCHC.10,11,12 The potential 

applications of iPCHC and its enantiopure small molecule derivatives, as well as its recyclability, have 

motivated us to develop practical enantioselective catalysts for the alternating copolymerization of CHO 
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and other meso epoxides with carbon dioxide Several catalyst systems have been reported for the synthesis 

of iPCHC.4 In 1999, Nozaki and co-workers reported the first example of enantioselective copolymerization 

of CHO and CO2 using a 1:1 mixture of ZnEt2 and a chiral amino alcohol, (S)-α,α-diphenylpyrrolidine-2-

yl-methanol.4a The resulting polymer was perfectly alternating with a Tm of 282 °C, and hydrolysis of the 

polycarbonate with base yielded the CHD in up to 73% ee.4c,13 In 2000, our laboratory reported a class of 

C1-symmetric imine-oxazoline zinc complexes that produced iPCHC as well as alternating copolymers of 

cyclopentene oxide (CPO) and CO2 under mild conditions.4b The optimized catalyst produced iPCHC with 

units of 72% ee and a Tm of 220 °C. Other examples utilizing zinc include a dinuclear complex reported by 

Ding and co-workers in 2005,4d as well as a series of C1-symmetric amido-oxazoline-ligated complexes 

reported by Du and coworkers4e that yielded iso-enriched PCHC with repeat units of 18% ee and 42% ee, 

respectively. Examples of homogeneous catalysts based on metals besides zinc include chiral aluminum 

catalysts reported by Sugimoto and coworkers, which produced iPCHC with units of up to 82% ee when 

combined with bulky Lewis bases.4f,4g In 2012, Lu and coworkers reported a family of C1-symmetric cobalt 

salen catalysts for the production of iPCHC with repeat units of up to 96% ee and a Tm of 216 °C, a 

significant achievement in this field.4h Interestingly, the enantioselectivities of some of the cobalt catalysts 

were enhanced by the addition of chiral induction agents such as (S)-2-methyltetrahydrofuran and (S)-

propylene oxide to the polymerizations. More recently, Lu and coworkers described the use of chiral 

dinuclear cobalt salen catalysts for the synthesis of iPCHC of 98% ee with a Tm of 272 °C.4i On the basis 

of these recent successes, we became interested in developing easily accessible catalysts that yield iPCHC 

of high molecular weight and tacticity. Herein, we report the design, synthesis, and optimization of an 

enantioselective zinc β–diiminate (BDI) catalyst capable of producing semi-crystalline iPCHC with high 

isotacticity and narrow polydispersity (PDI) under mild conditions. The polymerizations exhibit living 

characteristics, allowing the production of high molecular weight iPCHC (up to 130 kDa) as well as block 

copolymers of iPCHC with the alternating copolymer of CO2 and CPO. 
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4.2 Results and Discussion 

Zinc BDI complexes were chosen as our starting point for catalyst development based on their well-

defined nature, living behavior, and high activity for the alternating copolymerization of CHO and carbon 

dioxide.14 Furthermore, the BDI ligand framework provides many synthetic opportunities for steric and 

electronic tuning. Mechanistic studies on a C2v-symmetric zinc BDI system have shown that a carbonate 

propagating group ring-opens the epoxide in an SN2-like fashion in a bimetallic enchainment step.14a 

Without stereochemical control during the ring-opening, the carbonate is equally likely to attack at the R or 

S stereocenter of CHO. The PCHC thus obtained is atactic with a 50:50 ratio of R,R:S,S diol repeat units 

(Figure 4.1a). On the basis of this knowledge, we hypothesized that a C2-symmetric catalyst would yield 

isotactic polymer due to the homotopic active sites in the bimetallic transition state. We initially tested C2-

symmetric BDI ligands such as those originally reported by Schaper and co-workers.15 However, the zinc 

complexes derived from these ligands are unreactive for the alternating copolymerization of CHO and 

carbon dioxide, which is consistent with the findings for structurally similar zinc bisoxazoline complexes.4b 

We propose that this lack of reactivity occurs due to the formation of an unreactive dimer or a coordinatively 

saturated bis-ligate (Figure 4.1b).  

Hybrid ligands with overall C1-symmetry were then designed based on a strategy similar to that 

previously reported from our group.4b The ligands are formed by the nucleophilic attack of deprotonated 

N-aryl imines onto chiral imidoyl chlorides (see experimental section). The imidoyl chlorides are 

synthesized from a range of commercially available enantiopure primary amines, and the steric constraints 

of the N-aryl imines can be tuned by varying the substitution on the aniline precursor.16 The modular 

synthesis of the C1 ligand set allowed us to readily vary both ligand substituents to determine the structure-

activity relationships of the corresponding catalysts. 

However, in the C1 system the number of potential reactive dimers increases to four, compared to 

one reactive dimer for the C2 system (Figure 4.1c). The anti-dimer is favored by using bulky R1 and R2 

groups. Steric repulsion between the R1 and R2 groups on each ligand reduces the probability of the syn- 
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Figure 4.1 Overview of design strategy for C1-symmetric zinc β-diiminate catalysts compared to C2v- and 

C2-symmetric catalysts. 
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dimers, which have the bulky groups facing each other. The relative sterics of R1 and R2 can be tuned to 

eliminate the “anti-R2” state and favor binding of the epoxide and propagating chain near R1. Finally, kR1 

can be increased relative to kS1 (or vice versa) by tuning the geometry of the chiral center to preferentially 

ring-open at the R (or S) stereocenter of CHO. We anticipated that this strategy would create a situation 

where the overall kR1 exceeded the overall kS1 (or vice versa), thereby yielding a highly isotactic PCHC 

from a C1-symmetric catalyst. The design strategy is explained graphically in Figure 4.1c, and the structure-

activity relationships are reported herein. 

The effect of varying the sterics of the N-aryl group (Ar, Chart 4.1) was initially tested for the 

alternating copolymerization of CHO and CO2. For a number of different R1 and R2 groups, Ar = 2,6-

dimethylphenyl gave the best combination of enantioselectivity and turnover frequency (TOF). Increased 

steric bulk in the 2,6-position of the N-aryl group (Ar = 2,6-diethylphenyl) typically reduced the 

enantioselectivity, while decreased steric bulk in the 2,6-position (Ar = Ph) reduced the TOF when R1 and 

R2 were held constant. Upon selecting 2,6-dimethylphenyl as the N-aryl group, the chiral substituent was 

then varied. The resulting complexes were tested for the copolymerization of CHO and CO2 (Chart 4.1  

 

Chart 4.1 Structures of first generation (G1) and second generation (G2) catalysts.

.  
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Table 4.1 Enantioselective copolymerization of cyclohexene oxide and CO2 using Zn β-diiminate 

catalystsa 

 

Entry Cat. CHO 
(g) 

[CHO]/Zn trxn 
(h) 

Trxn 
(°C) 

Yieldb 
(g) 

TOFc 
(h−1) 

Mn
d 

(kDa) 
Mw/Mn ere 

(x:y) 
%eee 

1f 1 0.97 400 18.0 22 0.37 6.3 11 1.4 91:9 82 
2 2 0.97 400 55.0 22 0.25 1.2 7 1.1 8:92 84 
3f 3 0.97 400 18.0 22 0.63 14.0 39 1.3 92:8 84 
4 4 0.97 400 5.5 22 0.58 26.0 19 1.1 12:88 76 
5 5 0.97 400 0.9 22 0.72 190 34 1.2 93:7 86 
6 5 9.70 4000 46.0 22 6.70 45.0 130 1.3 93:7 86 
7 5 1.46 400 12.0 0 1.00 23.0 35 1.3 94:6 88 
8 6 0.97 400 1.5 22 0.89 160 45 1.2 95:5 90 
9 6 0.97 400 3.2 0 0.56 56.0 40 1.2 96:4 92 

10 6 4.85 2000 28.0 0 1.30 13.0 34 1.3 96:4 92 
11 7 0.97 400 1.8 22 0.42 70.0 16 1.3 96:4 92 
12 7 4.85 2000 28.0 0 0.38 3.9 10 1.3 97:3 94 

a[CHO] = 5 M in toluene. bIsolated yield, reactions were stopped at low conversion to maintain consistent 

stirring. cTurnover frequency: moles of CHO consumed per mole of Zn per hour. dDetermined by gel-

permeation chromatography in THF at 30  °C versus polystyrene standards. eEnantiomeric ratio or excess 

of the trifluoroacetate-derivatized 1,2-cyclohexanediol obtained upon hydrolysis of polymer. fThe polymer 

in entry 1 contained 88% carbonate linkages, and the polymer in entry 3 contained 96% carbonate linkages. 

The polymers in all other entries contained >99% carbonate linkages as determined by integration of 

the methine resonances in the 1H NMR spectrum of polymer (CDCl3, 400 MHz).5 
 

and Table 4.1). Catalyst 1, which contains an enantiopure sec-phenethyl substituent, gave iPCHC of 82% 

ee at 22 C. However, 1 was relatively slow with a TOF of 6.3 h−1 (Table 4.1, entry 1). Enlarging the phenyl 

ring to a 1-naphthyl, as in 2, increased the enantioselectivity to 84% ee, but the TOF was reduced to 1.2 h−1 

(entry 2). Enlarging the N-aryl substituents to ethyl from methyl groups, as in 3, resulted in similar 

enantioselectivity with a slight increase in turnover number (TON) and TOF (entry 3). Interestingly, upon 

enlarging the chiral substituent by changing the methyl group of the sec-phenethyl to an ethyl, as in catalyst 

4, we noticed a distinct increase in TON and TOF while maintaining enantioselectivity (entry 4). This key 

finding led us to test the effect of increased steric bulk near the stereocenter, with the goal of increasing 

both rate and enantioselectivity. A number of other commercially available enantiopure primary amines 

with greater steric bulk and rigidity were tested. Catalyst 5, with a trans-2-benzyloxycyclohexyl substituent, 
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showed almost an order of magnitude higher activity than any of the first generation (G1) catalysts. It 

produced iPCHC with a TOF of 190 h-1 and 86% ee, an enantioselectivity slightly better than the most 

enantioselective G1 catalysts (entry 5). Catalyst 5 also exhibited good activity when the catalyst loading 

was reduced to 0.025 mol %. At lower catalyst loadings, no decrease in ee was observed, and iPCHC with 

molecular weight of up to 130 kDa was obtained (entry 6). The high TOF of 5 also facilitated lowering the 

reaction temperature to 0 C, which increased the ee to 88% (entry 7). 

The ether substituent of the optically pure, trans-cyclohexyl derivative was then varied to give other 

second generation (G2) catalysts. Catalyst 6, which has a C6F5 substituent, yielded uniform iPCHC with a 

molecular weight of 45 kDa, the highest molecular weight under the same conditions as entries 1 – 5 (entry 

8). In comparison, catalyst 7, which contains a triisopropylsilyl ether substituent, was slightly slower but 

produced the highest isotacticity at 22 C (92% ee, entry 11). Catalysts 6 and 7 were also screened at 0 C, 

which improved the selectivities to 92% ee and 94% ee respectively, with no dependence on catalyst loading 

(entries 9, 10 and 12). In all cases tested, the preferred stereochemistry at the polymer main-chain was 

observed to incidentally be opposite that of the stereocenters on the ligand, i.e. S-configured catalyst yielded 

R,R-configured repeat units. 

The effect of changing reaction conditions was then examined. Aprotic solvents such as 

dichloromethane, benzene, tetrahydrofuran, dioxane, and cyclohexene oxide had little to no effect on 

enantioselectivity for catalyst 5.17 Reducing the polymerization temperature for catalyst 5 resulted in higher 

enantioselectivity, but also significantly reduced TOF and was thus practical to only 0 °C. While increasing 

the CHO concentration improved the reaction rates at the lower temperatures, significant amounts of 

polyether were formed below 0 °C for neat polymerizations using catalysts 6 and 7. Varying the CO2 

pressure from 2-8 atm had no observed effect on the polymer tacticity or polymerization rate at 22 °C. The 

tacticity of the PCHC was constant at all levels of conversion of the epoxide. Overall, we conclude that 

catalyst 6 at 0 °C gives the best performance in terms of TOF, enantioselectivity, and controlled molecular 
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weight. However, the high activity, availability of the amine starting material, and ease of isolation of the 

highly crystalline catalyst make 5 an attractive alternative. 

Various epoxides were also screened using 5 under the same conditions as Table 4.1, entries 1 – 5 

to establish substrate scope. Alicyclic epoxides like CHO, CPO, and 4-vinylcyclohexene oxide were all 

reactive toward the copolymerization. Hydrolysis of isotactic poly(cyclopentene carbonate) (iPCPC) 

afforded 1,2-trans-cyclopentane diol in 86% ee, which is similar to the optical purity observed with the 

CHO copolymerizations (Scheme 4.2). Aliphatic epoxides such as propylene oxide (PO) and cis-butene 

oxide were unreactive toward the copolymerization. To confirm this result, PO was used as the solvent to 

copolymerize CO2 and CHO with negligible effect on the reaction rate. The polymer produced showed only 

3% incorporation of PO by 1H NMR spectroscopic analysis. Cyclooctene oxide did not polymerize with 

CO2 in the presence of 5.18 A diblock copolymer of CO2/CHO and CO2/CPO was synthesized by allowing 

complete consumption of CHO, followed by the addition of CPO to continue chain growth (Scheme 4.2). 

This reaction demonstrates the controlled behavior of catalyst 5, and will permit the study of more complex 

polymer architectures. A random copolymer made using 5 with a mixture of 200 eq. CHO and 200 eq. CPO 

showed an incorporation ratio of 7.6:1 at 93% conversion of CHO, documenting that CHO is the more 

readily consumed monomer. This approach of incorporating ‘ring-size defects’ may be used to tune the 

melting temperature.19 No polyether linkages were detected in any of the block or random copolymers. 

 

Scheme 4.2 Synthesis of isotactic poly(cyclopentene carbonate) (iPCHC) and diblock copolymer using 

catalyst 5.

 

Solid state structures of complexes 1, 3, 4 and ent-5 were identified by x-ray crystallography 

(Figure 4.2). All four catalysts exhibit dimeric structures in anti conformation. The cores of 1and 3  
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Figure 4.2 ORTEP molecular structures of catalysts 1, 3, 4, and ent-5 with hydrogen atoms omitted for 

clarity, and thermal ellipsoids drawn at 40% probability. 

consist of a 6-membered ring containing two zinc centers bridged by acetates; one acetate bridges with both 

its oxygens in a κ2μ fashion while the other bridges through one oxygen of the acetate as a κ1μ ligand. The 

Zn...Zn separations in 1 and 3 are 3.5960(6) and 3.5401(4) Å, respectively. This arrangement and the 

relatively short Zn...Zn separations suggest that the acetates bind the dimer relatively tightly.14a The solid 

state structures of 4 and ent-5 exhibit several differences from 1 and 3. In the structures of 4 and ent-5, two 

κ2μ acetates form an 8-membered ring with the zinc centers, as contrasted to the 6-membered ring in 1 and 

3. The respective Zn...Zn separations are 4.0568(7) and 4.2792(4) Å for 4 and ent-5, approximately 0.5 Å 

longer than the Zn...Zn separations in 1 and 3. Catalysts 1 and 3, which show the smaller 6-membered core 

and Zn...Zn separations, are relatively slow to copolymerize CO2 and CHO under similar conditions (Table 

4.1, entries 1, 3-5). Catalyst 4 proceeds at approximately twice the rate of catalyst 3, and 5 is the fastest by 
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almost an order of magnitude. This trend in reactivity correlates with the trend observed in the Zn...Zn 

separations in the crystal structures.14a We hypothesize that the Zn...Zn separation and core size in the 

precatalyst correlates with dimer lability, which favors catalyst reactivity. This hypothesis is supported by 

the solution-state structures of the catalysts. The relatively slow catalysts 1, 2, and 3 exhibit spectra 

consistent with an anti-dimer as the sole species on the NMR timescale at 22 °C. On the other hand, 1H 

NMR spectroscopic analysis shows a mixture of species in solution for the faster catalysts 4, 5, 6, and 7 at 

22 °C, suggesting that the dimers are fluxional at this temperature on the NMR timescale. Given this 

observation, extensive NMR spectroscopic studies were performed on catalyst 5 (see experimental section). 

We observed that 5 equilibrates between anti- and syn-dimers, and that the anti-dimer is the predominant 

species by a ratio of 1.8 : 1 at −75 °C. This measurement does not, however, indicate which Zn species is 

the (more) active catalyst.20 

We hypothesized that semi-crystalline iPCHC would have improved thermal and mechanical 

properties compared to atactic PCHC. To our knowledge, there are five previously reported melting 

temperatures of 207, 216, 220, 282, and 272.4 °C for iPCHC with CHC units of 84,4h 96,4h 72,4b 70,4a and  

 

Scheme 4.3 Synthesis of iPCHC with >99% ee CHC units via recycling of iPCHC to cCHC, and ring-

opening polymerization with (EtZnOiPr)4

98% ee,4i respectively. However, a systematic study of the relationship between Tm and % ee has not been 

reported. A series of iPCHC samples with tacticities ranging from 78 to >99% ee were analyzed by 
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differential scanning calorimetry (DSC), thermal gravimetric analysis (TGA), and wide angle X-ray 

diffraction (WAXD). The >99% ee polymer was synthesized by ring-opening polymerization of >99% ee 

cCHC with (EtZnOiPr)4 (Scheme 4.3 and experimental section). It should be noted that thermolysis of 

iPCHC and crystallization of the resulting cCHC results in enantiomerically-enriched cCHC, as well as a 

potential mode for recycling iPCHC. 

The melting points measured by DSC ranged from 234 °C up to 267 °C on first heating cycles with 

a positive correlation between the Tm and the ee of the iPCHC repeat units (Figure 4.3). This relationship 

appears roughly linear over this tacticity range and is consistent with behavior observed in the polyethylene-

copolymer literature where Tm decreases with increasing mole-fraction of comonomer due to a disruption 

of crystallinity.19 

 

Figure 4.3 Correlation between % ee of cyclohexene carbonate units and Tm of the iPCHC. The Mn's of the 

polymers ranged from 34 to 45 kDa with the exception of the >99% ee sample (Mn=11 kDa). See 

experimental section for polymer details. 
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In all cases the melting temperatures coincided with the onset of partial decomposition, as 

confirmed by TGA, so the second heating cycles failed to reproduce identical melting behavior. The 

existence of an authentic melting event was confirmed by several experimental observations. First, a Tg 

followed by a crystallization peak was observed during approximately 30% of first heating cycles (see 

experimental section). Both of these events disappear upon annealing at 180 °C for 25 minutes. We attribute 

this phenomenon to experimental variations occurring during polymer precipitation, which may kinetically 

trap the polymer in the amorphous phase. Second, as long as the extent of decomposition was minimal, a 

crystallization peak was observed during the cooling cycle. Third, when decomposition was minimized on 

the first heating cycle, a less intense, slightly reduced Tm was observed on the second heating cycle. Lastly, 

WAXD was used to quantify the % crystallinity of annealed and unprocessed polymer samples over a range 

of tacticities (Figure 4.4). WAXD data collected on samples before and after annealing (180 °C, 25 minutes) 

illustrate the changes in morphology observed upon annealing (Figure 4.4). For the annealed polymers, 

crystallinity was calculated to be approximately 35% for samples produced using catalysts reported here.  

 

Figure 4.4 WAXD analysis for iPCHC samples with units of 83, 90, and >99% ee, as prepared by 

precipitation in MeOH (left) and after annealing at 180 C for 25 minutes (right). See experimental section 

for polymer details.
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The >99% ee iPCHC (Mn = 11 kDa) was approximately 39% crystalline after annealing. Previous reports 

show similar, although slightly less well resolved, diffraction patterns.4h,21 

It is worth noting that although there is no obvious trend between % crystallinity and % ee of the 

polymer, the different thermal histories of the polymer samples must be considered since we were unable 

to melt the polymers prior to WAXD analysis due to possible thermal degradation. The Td was measured 

by TGA. Decomposition temperatures at 50% loss of mass (Td50) measured for assorted iPCHC samples 

ranged from 257 °C up to 286 °C with no dependence on isotacticity. The decomposition product was 

identified by heating a sample of iPCHC on a hotplate to 250 °C. The sample changed from a white solid 

to a clear liquid with concomitant off-gassing of the cyclic cyclohexene carbonate. The decomposition 

product was collected in a cold trap, and the identity was verified by 1H NMR spectroscopy.22 The Tds of 

our isotactic polymers are lower than some reports in the literature.4h,23 The Td for an atactic sample was 

282 °C, consistent with previous reports.24 We do not currently have an explanation for the differences 

between the thermal behavior (Tm or Td) observed here and that reported by others.4a,4h,25 

 

4.3 Conclusions 

We report the design and optimization of a new family of enantioselective zinc catalysts for the 

controlled synthesis of iPCHC. Iterative catalyst optimization yielded catalysts 5, 6, and 7, which show 

TOFs up to 190 h−1 at 22 °C and produce polymers with repeat units of >90% ee. The maximum ee at 22 

°C was 92% ee using catalyst 7, and polymer with repeat units of 94% ee and a PDI of 1.3 was obtained 

using7 at 0 °C. Catalyst 6 shows the best combination of activity and enantioselectivity. The presence of a 

bulky enantiopure ether substituent improves both the enantioselectivity and activity. Based on the X-ray 

crystal structures and NMR spectroscopic analysis of the solution-state structures, we propose that the bulky 

chiral substituent results in the formation of a labile dimer with faster polymerization rates.14a Melting 

temperatures ranged from 234 °C up to 260 °C for polymer samples with isotacticities ranging from 78% 
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ee up to 92% ee. WAXD measurements supported the existence of crystalline domains in the iPCHC 

samples. Our current focus includes optimizing the recycling of iPCHC via thermal depolymerization to 

enantioenriched cyclohexene carbonate (Scheme 4.3), as well as using this catalyst library to further 

develop our understanding of the relationship between isotacticity and mechanical properties in iPCHC. In 

this context, defects are occasionally introduced to commercial polyolefins to tune materials properties and 

facilitate processing.26 A similar strategy may be useful for the stereoregular polycarbonates. For instance, 

a useful iPCHC may have just enough isotacticity to be semi-crystalline, but the degree of crystallinity 

should not be so high that it hampers processing. By optimizing the polymer properties via microstructure 

control, polycarbonates such as iPCHC could become products that use CO2 as a monomer.27 Ongoing 

mechanical testing of our polymers may shed light on this question. 

 

4.4 Experimental Section 

4.4.1 General Considerations 

Unless stated otherwise all synthetic manipulations were carried out using standard Schlenk 

techniques under a nitrogen atmosphere or in an MBraun Unilab glovebox under an atmosphere of purified 

nitrogen. Reactions were carried out in oven-dried glassware cooled under vacuum. Anhydrous toluene, 

hexanes and tetrahydrofuran were purchased from Fisher Scientific and sparged vigorously with nitrogen 

for 40 minutes prior to first use. The solvents were further purified by passing them under nitrogen pressure 

through two packed columns of neutral alumina (tetrahydrofuran was also passed through a third column 

packed with activated 4Å molecular sieves) or through neutral alumina and copper (II) oxide (for toluene 

and hexanes). All solvents used for recrystallization were purified to ensure that they were air and water 

free.28 All non-dried solvents used were reagent grade or better and used as received. 1H NMR and 13C 

NMR spectra were recorded on a Varian 400, 500 or 600 MHz instrument with shifts reported relative to 

the residual solvent peak. 19F NMR spectra were recorded on a Varian 400 or 500 MHz instrument with 
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shifts referenced to an external standard of neat CFCl3 (0 ppm). NMR solvents were purchased from 

Cambridge Isotope Laboratories and used as received. Midwest Microlabs performed elemental analysis. 

High-resolution mass spectrometry (HRMS) analyses were performed by the Mass Spectrometry Lab at the 

University of Illinois at Urbana-Champaign. Analysis by gel permeation chromatography (GPC) was 

carried out using an Agilent PL-GPC 50 integrated system, (2 x PLgel Mini-MIX C columns, 5 micron, 4.6 

mmID) equipped with UV and refractive index detectors. The GPC columns were eluted with 

tetrahydrofuran at 30 °C at 0.3 mL/min and were calibrated with monodisperse polystyrene standards. Gas-

Liquid chromatography (GLC) analyses were performed on a Hewlett Packard 6890 gas chromatograph 

equipped with a Supelco β-Dex225 column and a flame ionization detector. Helium (Airgas, UHP grade) 

was used as carrier gas. Differential scanning calorimetry (DSC) of polymer samples was performed on a 

Mettler-Toledo Polymer DSC instrument equipped with a Julabo FT 100 chiller and autosampler. Typical 

DSC samples were prepared in aluminum pans and the experiments were performed under nitrogen with a 

heating rate of 10 °C/min from 25 °C to 260 °C. Data was processed using StarE software. 

Carbon dioxide (Airgas, 99.999% purity) was dried over 3 Å molecular sieves overnight before 

use. Diethyl zinc (Aldrich) was stored in a glove box and used as received. Epoxides were dried under N2 

over freshly pulverized CaH2 for several days, and then distilled and purified by 3 cycles of freeze-pump-

thaw. Chiral primary amines were purchased from either Sigma-Aldrich or Alfa-Aesar and were ≥98% ee. 

If discolored, they were distilled prior to use. All other chemicals were purchased from Sigma-Aldrich, 

Acros, or Alfa-Aesar and used as received. Flash column chromatography was performed with silica gel 

(particle size 40-64 μm, 230-400 mesh) using mixtures of ethyl acetate and hexanes as eluent unless stated 

otherwise. 

 

4.4.2 Synthetic Procedures 
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Scheme 4.4 Generalized synthetic steps to obtain BDI-Zn catalysts. 

 

Preparation of Amines 

General Procedure A: Synthesis of (1S,2S)-cyclohexanaminoethers. 

(1S,2S)-cyclohexanamino-2-ethers were synthesized from the corresponding (1S,2S)-2-

cyclohexanolamine (SS-CHA) (>99 %ee), which were prepared using the method of Jacobsen.29 In a glove 

box, a Schlenk flask was charged with SS-CHA (8.68 mmol, 1.00 g) and sodium hexamethyldisilazide (8.68 

mmol, 1.59 g). Under inert conditions on the bench, THF (approx 15 mL) was added to the Schlenk flask 

with stirring. After 1 h, the flask was cooled to 0 °C, and the electrophile (8.68 mmol) was added dropwise, 

neat. The resulting mixture was stirred at 70 °C overnight. A precipitate formed. The resulting mixture was 

cooled to room temperature and extracted with 3 x 30 mL diethyl ether and 50% saturated NaCl brine. The 

organic layers were combined, dried over MgSO4, and filtered. The solvent was removed to yield crude 

product.  

(1S,2S)-2-(perfluorophenoxy)cyclohexanamine. General Procedure A was performed 

at the 43.4 mmol (5 g SS-CHA) scale using hexafluorobenzene (8.07 g) as the 

electrophile. It yielded a cream solid which was recrystallized from 50 mL hexanes at -

25 °C and filtered cold. The first crop of 7.38 g was obtained as tiny cream crystals in 

60% yield. 1H NMR (CDCl3): δ 3.84-3.86 (m, 1H), 3.02-2.91 (m, 1H), 2.1-2.1 (br s, 

2H), 2.07-1.87 (m, 2H), 1.87-1.61 (m, 2H), 1.61-1.07 (m, 4H). 19F NMR (CDCl3): δ -155.25 (d, J = 20.5 

Hz, 2F), -163.08 (t, J = 21.8 Hz, 1F), -163.31– -163.61 (m, 2F). 
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(1S,2S)-2-((triisopropylsilyl)oxy)cyclohexanamine. Following general procedure A at 

the 12.5 mmol scale (1.44 g SS-CHA) using triisipropylsilylchloride (2.41 g) as the 

electrophile, 3.38 g of a crude yellow oil was obtained. This was distilled at < 400 mTorr. 

A small forerun (45-55 °C) was discarded, and the main fraction was retained as 2.49 g of 

colorless oil (75-85 °C). 1H NMR (CDCl3): δ 3.41-3.31 (m, 1H), 2.67-2.46 (m, 1H), 2.0-1.75 (m overlapping 

br s, 4H), 1.76-1.57 (m, 2H), 1.46-0.82 (m with overlapping resonances, 25H). 

Preparation of Imidoyl Chlorides. 

 

General Procedure B: Imidoyl chlorides were prepared following the established literature procedure.30 

Carbon tetrachloride (4 mL, approx. 41 mmol), triphenylphosphine (3.26 g, 12.4 mmol), and triethylamine 

(0.7 mL, 4.97 mmol) were combined in a round bottom flask of excess capacity. It was cooled to 0 °C under 

N2. Trifluoroacetic acid (0.365 mL, 4.76 mmol) was added and stirred 10 minutes. The amine of choice 

(4.97 mmol) was then added neat or dissolved in minimal CCl4 or toluene, and the mixture was brought to 

room temperature with stirring. A reflux condenser was affixed to the reaction vessel, and the mixture was 

brought to reflux slowly, using 10 °C increments. It was refluxed for 6 h with a drying tube affixed to the 

top of the condenser. It was brought to room temperature after 6 h, and the mixture was filtered through 

Celite, and the pad was rinsed with copious hexanes. The liquor was combined and evaporated to leave the 

crude product. The crude product was distilled, and the final product was stored in a desiccator. The authors 

noticed that an EXOTHERM occurs in this reaction near 70 °C on warming to reflux. Slow heating of the 

reaction mixture in glassware of excess capacity mitigated problems or runaway reactions. Take adequate 

precautions. 

 

(S)-2,2,2-trifluoro-N-(1-phenylethyl)acetimidoyl chloride. Following general procedure B 

using 5 g (41.3 mmol) (S)-1-phenylethanamine, the title compound was isolated as a tan oil 

with some residual solids. Filtering the crude product through a plug of cotton and distilling 
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the resulting oil (~200 mTorr, 30-40 °C) yields 5.26 g of a colorless oil in 54% yield, which was stored in 

a desiccator. 1H NMR (CDCl3): δ 7.28-7.24 (m, 2H), 7.22-7.08 (m, 3H), 4.79 (q, J = 6.6 Hz, 1H), 1.25 (d, 

J = 6.6 Hz, 3H). 19F NMR (CDCl3): δ -71.42 (s, 3F). 

 

(R)-2,2,2-trifluoro-N-(1-(naphthalen-1-yl)ethyl)acetimidoyl chloride. Following 

general procedure B using 2.49 g (14.5 mmol) (R)-1-(-(naphthalen-1-yl)ethanamine, 

the title compound was afforded as a light brown oil with some residual solids. 

Filtering the crude product through a plug of cotton and distilling the resulting oil 

(~200 mTorr, 68-78 °C) yields 2.74 g of a colorless oil in 66% yield, which was stored in a desiccator. 1H 

NMR (CDCl3): δ 8.16 (d, J = 8.3 Hz, 1H), 7.96-7.90 (m, 1H), 7.83 (d, J = 8.2 Hz, 1H), 7.76 (d, J = 7.1 Hz, 

1H), 7.65-7.45 (m, 3H), 1.72 (d, J = 6.7 Hz, 3H). 19F NMR (CDCl3): δ -71.392 (s, 3F). 

 

(R)-2,2,2-trifluoro-N-(1-phenylpropyl)acetimidoyl chloride. Following general 

procedure B using 5.03 g (37.2 mmol) (R)-1-phenylpropan-1-amine, the title compound 

was afforded as a tan oil with some residual solids. Filtering the crude product through a 

plug of cotton and distilling the resulting oil (20 mm Hg, 56-62 °C) yields 5.92 g of a 

colorless oil in 64% yield, which was stored in a desiccator. 1H NMR (CDCl3): δ 7.47-7.27 (m, 5H), 4.77 

(t, J = 6.8 Hz, 1H), 2.00-1.84 (m, 2H), 0.87 (t, J = 7.4 Hz, 3H). 19F NMR (CDCl3): δ -71.410 (s, 3F).   

 

N-((1S,2S)-2-(benzyloxy)cyclohexyl)-2,2,2-trifluoroacetimidoyl chloride. Following 

general procedure B using 3.22 g (15.7 mmol) (1S,2S)-2-(benzyloxy)cyclohexanamine, 

the title compound was afforded as a tan oil with some residual solids. Filtering the crude 

product through a plug of cotton and distilling the resulting oil (~200 mTorr, 85-94 °C) 

yields 3.46 g of a colorless oil in 69% yield, which was stored in a desiccator. 1H NMR 
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(CDCl3): δ 7.35-7.22 (m, 5H), 4.53 (dd, J = 42.6, 11.9 Hz, 2H), 3.79 (ddd, J = 11.5, 9.1, 4.2 Hz, 1H), 3.51 

(ddd, J = 10.3, 8.9, 4.2 Hz, 1H), 2.21-2.11 (m, 1H), 1.85-1.68 (m, 3H), 1.59-1.43 (m, 1H), 1.43-1.23 (m, 

3H). 19F NMR (CDCl3): δ -71.608 (s, 3F). 

 

2,2,2-trifluoro-N-((1S,2S)-2-(perfluorophenoxy)cyclohexyl)acetimidoyl chloride. 

Following general procedure B using 6 g (21.3 mmol) (1S, 2S)-2-

(perfluorophenoxy)cyclohexanamine, the title compound was afforded as a crude tan 

oil. Distillation of the oil (~200 mTorr, 2 inch Vigreux column, 60-70 °C) yields 4.25 

g of a colorless oil in 50% yield, which was stored in a desiccator. 1H NMR (CDCl3): 

δ 4.29-4.18 (m, 1H), 4.02-3.89 (m, 1H), 2.34-2.21 (m, 1H), 1.97-1.86 (m, 1H), 1.85-1.74 (m, 2H), 1.71-

1.57 (m, 1H), 1.53-1.28 (m, 3H). 19F NMR (CDCl3): δ -72.103 (s, 3F), -155.53 (d, J = 20.0, 2F), -163.2- -

163.46, (m, 1F), -163.59- -163.80 (m, 2F). 

 

2,2,2-trifluoro-N-((1S,2S)-2-((triisopropylsilyl)oxy)cyclohexyl)acetimidoyl chloride. 

Following general procedure B using 1.94 g (7.15 mmol) (1S,2S)-2-

((triisopropylsilyl)oxy)cyclohexanamine, the title compound was afforded as a tan oil 

with some residual solids. Filtering the solids through a plug of cotton and distilling the 

resulting oil (~200 mTorr, 78-86 °C) yields 1.31 g of a pale yellow oil in 47% yield, 

which was stored in a desiccator. 1H NMR (CDCl3): δ 3.89 (ddd, J = 10.1, 8.2, 4.3 Hz, 1H), 3.70-3.62 (m, 

1H), 2.07-1.94 (m, 1H), 1.87-1.63 (m, 3H), 1.51-1.26 (m, 4H), 1.15-0.89 (m, 21H). 19F NMR (CDCl3): 

δ -71.737 (s, 3F). 

 

Preparation of BDIs. 

General Procedure C: Ligands were prepared by adding the appropriate aryl imine (2.41 mmol) (N-(2,6-

diethyl)phenyl-acetimine or N-(2,6-dimethyl)phenyl-acetimine)31 to a solution of lithium diisopropyl amide 
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(4.82 mmol) at -78° C in THF (~ 10 mL). The LDA was prepared in situ by combining n-butyl lithium 

(1.6M in hexanes, 4.82 mmol) with diisopropyl amine (5.54 mmol) at 0° C and stirring for 20 minutes. The 

reaction mixture was allowed to stir for 20 minutes at -78° C, at which time the corresponding imidoyl 

chloride (2.19 mmol) was added. This is similar to the literature procedure.32 The reaction mixture was 

allowed to warm to room temperature over 30 minutes, and quenched with aq. NH4Cl. The mixture was 

extracted using diethyl ether. Organics were combined, dried, and the solvent removed to the crude product 

as an oil. The crude ligand was purified by flash chromatography on silica gel. 

 

Ligand 1: 2,6-dimethyl-N-(5,5,5-trifluoro-4-(((S)-1-phenylethyl)amino)pent-3-

en-2-ylidene)aniline. The crude product, a brown oil, was obtained using general 

procedure C. Imidoyl chloride was used at the 4.6 mmol scale, and all other reagents 

were scaled proportionately. The crude product was purified by flash 

chromatography on silica using 4:6 CHCl3/hexanes. The title compound was obtained as a yellow oil in 

58% yield (0.92 g). Rf = 0.83. 1H NMR (CDCl3): δ 10.90 (d, J = 9.4 Hz, 1H), 7.34-7.13 (m, 5H), 7.05 (d, J 

= 7.5 Hz, 2H), 6.92 (t, J = 7.4 Hz, 1H), 5.31 (s, 1H), 4.86-4.68 (m, 1H), 2.06 (s, 3H), 2.01 (s, 3H), 1.72 (s, 

3H), 1.48 (d, J = 6.7 Hz, 3H). 19F NMR (CDCl3): δ -65.085 (s, 3F). 13C NMR (CDCl3): δ 166.85, 148.21, 

145.01, 142.19 (q, J = 30.6 Hz), 128.46, 127.91, 127.85, 127.45, 127.17, 126.90, 125.49, 123.04, 120.92 

(q, J = 277.3 Hz), 93.89 (q, J = 6.0 Hz), 54.10, 25.28, 21.72, 18.34, 18.19. HRMS (ESI) m/z calculated for 

C21H24F3N2
+ (M + H+) 361.1887, found 361.1897. 

 

Ligand 2: 2,6-dimethyl-N-(5,5,5-trifluoro-4-(((R)-1-(naphthalen-1-

yl)ethyl)amino)pent-3-en-2-ylidene)aniline. The crude product, a brown 

oil, was obtained using general procedure C. Imidoyl chloride was used at 

the 3.5 mmol scale, and all other reagents were scaled proportionately. The 

crude product was purified by flash chromatography on silica using 7.5% ether/pentane. The title compound 
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was obtained as a yellow wax in 89% yield (1.28 g). Rf = 0.69. 1H NMR (CDCl3): δ 11.11 (d, J = 9.2 Hz, 

1H), 8.03 (d, J = 8.3 Hz, 1H), 7.86 (d, J = 7.4 Hz, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.56-7.44 (m, 3H), 7.39 (t, 

J = 7.6 Hz, 1H), 7.09 (d, J = 7.4 Hz, 2H), 6.95 (t, J = 7.5 Hz, 1H), 5.65-5.54 (m, 1H), 5.39 (s, 1H), 2.127 

(s, 3H), 2.119 (s, 3H), 1.78 (s, 3H), 1.59 (d, J = 6.7 Hz, 3H). 19F NMR (CDCl3): δ -65.482 (s, 3F). 13C 

NMR (CDCl3): δ 167.26, 148.39, 142.24 (q, J = 29.9 Hz), 141.44, 133.96, 129.99, 129.08, 128.08, 128.03, 

127.62, 127.55, 127.08, 126.27, 125.62, 125.59, 123.21, 122.69, 122.17, 120.98 (q, J = 277.4 Hz), 94.73 

(q, J = 6.1 Hz), 50.76 (q, J = 2.1 Hz), 25.20, 21.95, 18.53, 18.40. HRMS (ESI) m/z calculated for 

C25H26F3N2
+ (M + H+) 411.2043, found 411.2046.   

 

Ligand 3: 2,6-diethyl-N-(5,5,5-trifluoro-4-(((S)-1-(naphthalen-1-

yl)ethyl)amino)pent-3-en-2-ylidene)aniline. The crude product, a 

red/brown oil, was obtained using general procedure C. Imidoyl chloride was 

used at the 2.8 mmol scale, and all other reagents were scaled proportionately. 

The crude product purified by flash chromatography on silica using 2:8 dichloromethane:hexanes.  The title 

compound was obtained as a yellow oil in 36% yield (0.45 g). Rf = 0.62. 1H NMR (CDCl3): δ 11.16 (d, J = 

8.3 Hz, 1H), 8.03 (d, J = 7.9 Hz, 1H), 7.91-7.82 (m, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.56-7.44 (m, 3H), 7.43-

7.35 (m, 1H), 7.12 (d, J = 8.2 Hz, 2H), 7.08-7.01 (m, 1H), 5.68-5.53 (m, 1H), 5.38 (s, 1H), 2.61-2.32 (m, 

4H), 1.78 (s, 3H), 1.59 (d, J = 6.6 Hz, 3H), 1.18 (q, J = 7.6 Hz, 6H). 19F NMR (CDCl3): δ -65.368 (s, 3F). 

 

Ligand 4: 2,6-dimethyl-N-(5,5,5-trifluoro-4-(((R)-1-phenyl propyl) amino) 

pent-3-en-2-ylidene)aniline. The crude product, a gold oil, was obtained using 

general procedure C. Imidoyl chloride was used at the 4.3 mmol scale, and all 

other reagents were scaled proportionately. The crude product purified by flash 

chromatography on silica using 1:19 ethyl acetate:hexanes. The title compound was obtained as a yellow 

oil in 80% yield (1.3 g). Rf = 0.65. 1H NMR (CDCl3): δ 11.10 (d, J = 9.3 Hz, 1H), 7.38-7.22 (m, 5H), 7.16-
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7.10 (m, 2H), 7.03-6.96 (m, 1H), 5.38 (s, 1H), 4.66 (dd, J = 14.8, 8.2 Hz, 1H), 2.14 (d, J = 3.5 Hz, 6H), 

1.92-1.70 (m, 5H), 0.98 (t, J = 7.4 Hz, 3H). 19F NMR (CDCl3): δ -64.847 (s, 3F). 13C NMR (CDCl3): δ 

167.13, 148.35, 145.05, 142.96 (q, J = 29.9 Hz), 128.45, 128.03, 127.97, 127.62, 127.26, 126.96, 126.06, 

123.15, 120.96 (q, J = 277.4 Hz), 93.60 (q, J = 6.0 Hz), 60.36 (q, J = 1.9 Hz), 32.49, 21.79, 18.41, 10.81. 

HRMS (ESI) m/z calculated for C22H26F3N2
+ (M + H+) 375.2043, found 375.2045. 

 

Ligand 5: N-(4-(((1S,2S)-2-(benzyloxy)cyclohexyl)amino)-5,5,5-

trifluoropent-3-en-2-ylidene)-2,6-dimethylaniline. The crude product, a 

yellow oil, was obtained using general procedure C. Imidoyl chloride was used 

at the 4.5 mmol scale, and all other reagents were scaled proportionately. The 

crude product purified by flash chromatography on silica using 3:20 

ether:pentane. The title compound was obtained as a yellow oil in 90% yield (1.8 g). Rf = 0.46 in 4% 

ether/pentane. 1H NMR (CDCl3): δ 10.77 (d, J = 9.6 Hz, 1H), 7.34-7.20 (m, 5H), 7.10-7.01 (m, 2H), 6.92 

(t, J = 7.5 Hz, 1H), 5.30 (s, 1H), 4.58 (dd, J = 11.7, 14.1 Hz, 2H), 3.62-3.51 (m, 1H), 3.27-3.18 (m, 1H), 

2.08-1.99 (m, 4H), 1.99-1.91 (m, 4H), 1.74-1.63 (m, 4H), 1.63-1.55 (m, 1H), 1.49-1.14 (m, 4H). 19F NMR 

(CDCl3): δ -64.761 (s, 3F). 13C NMR (CDCl3): δ 166.90, 148.39, 143.24 (q, J = 29.7 Hz), 139.14, 128.33, 

127.96, 127.91, 127.55, 127.41, 127.38, 123.03, 121.00 (q, J = 277.6 Hz), 92.71 (q, J = 6.0 Hz), 81.04, 

71.95, 57.43, 32.78, 30.07, 23.62, 23.19, 21.75, 18.44, 18.29. HRMS (ESI) m/z calculated for 

C26H32F3N2O+ (M + H+) 445.2462, found 445.2460. 

 

Ligand 6: 2,6-dimethyl-N-(5,5,5-trifluoro-4-(((1S,2S)-2- 

(pentafluorophenoxy)cyclohexyl)amino)pent-3-en-2-ylidene)aniline. 

The crude product, a red oil, was obtained using general procedure C. 

Imidoyl chloride was used at the 3.3 mmol scale, and all other reagents were 

scaled proportionately. The crude product was purified by flash 
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chromatography on silica using 1:1 dichloromethane:hexanes. The title compound was obtained as a stiff 

yellow oil that solidified on standing in 77% yield (1.32 g). Rf = 0.88. 1H NMR (CDCl3): δ 10.80 (d, J = 

7.8 Hz, 1H), 7.05 (d, J = 7.6 Hz, 2H), 6.97-6.89 (m, 1H), 5.30 (s, 1H), 4.04-3.90 (m, 1H), 3.80-3.67 (m, 

1H), 2.15-2.05 (m, 1H), 2.05-1.96 (m, 4H), 1.91 (s, 3H), 1.83-1.71 (m, 1H), 1.69 (s, 3H), 1.67-1.56 (m, 

2H), 1.44-1.19 (m, 3H). 19F NMR (CDCl3): δ -64.761 (s, 3F), -154.9- -155.4 (m, 2F), -163.6- -164.1 (m, 

3F). 13C NMR (CDCl3): δ 166.62, 147.63, 143.32 (q, J = 29.4 Hz), 143.15-143.03 (m), 141.28-140.86 (m), 

139.25-138.82 (m), 138.64-138.05 (m), 137.38-136.68 (m), 136.68-136.09 (m), 133.37-132.68 (m), 128.03, 

127.96, 127.90, 127.68, 123.37, 120.83 (q, J = 278.0 Hz), 93.58 (q, J = 5.8 Hz), 86.23, 57.21, 32.60, 29.92, 

23.32, 22.86, 21.67, 18.38, 17.72. HRMS (ESI) m/z calculated for C25H25F8N2O+ (M + H+) 521.1834, found 

521.1848. 

 

Ligand 7: 2,6-dimethyl-N-(5,5,5-trifluoro-4-(((1S,2S)-2-

((triisopropylsilyl)oxy)cyclohexyl)amino)pent-3-en-2-ylidene)aniline. 

The crude product, a yellow oil, was obtained using general procedure C. 

Imidoyl chloride was used at the 3.1 mmol scale, and all other reagents were 

scaled proportionately. The crude product purified by flash chromatography 

on silica using 1:1 dichloromethane:hexanes. The title compound was obtained as a stiff yellow oil that 

solidified on standing in 89% yield (1.43 g). Rf = 0.9. 1H NMR (CDCl3): δ 10.72 (d, J = 10.5 Hz, 1H), 7.04 

(d, J = 7.5 Hz, 2H), 6.90 (t, J = 7.5 Hz, 1H), 5.27 (s, 1H), 3.76-3.65 (m, 1H), 3.57-3.46 (m, 1H), 2.07-1.93 

(m, 7H), 1.80-1.59 (m, 5H), 1.52-1.40 (m, 2H), 1.40-1.28 (m, 2H), 1.28-1.16 (m, 1H), 1.09-0.92 (m, 21H). 

19F NMR (CDCl3): δ -64.883 (s, 3F). 13C NMR (CDCl3): δ 166.85, 150.60, 148.44, 143.42 (q, J = 29.8 

Hz), 138.01, 127.97, 127.90, 127.59, 127.46, 123.00, 121.78, 121.43, 120.99 (q, J = 277.5 Hz), 92.40 (q, J 

= 6.0 Hz), 81.66, 72.88, 57.72, 34.92, 33.09, 31.60, 30.36, 23.88, 23.44, 21.74, 18.45, 18.36. HRMS (ESI) 

m/z calculated for C28H46F3N2OSi+ (M + H+) 511.3327, found 511.3328. 
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Preparation of Complexes 1 - 7. 

General Procedure D: The corresponding starting BDI ligand (2.5 mmol) was placed in an oven dried 

Schlenk under positive nitrogen flow, evacuated 3 times, and taken into the glove box. Dry toluene was 

added to dissolve the ligand, resulting in a 0.25 M solution. Neat diethyl zinc was added (8.75 mmol, 3.5 

eq.) with stirring. The flask was sealed and quickly placed on a Schlenk line under positive nitrogen pressure 

to avoid build-up of ethane gas. The mixture was warmed to 65 °C and stirred overnight, with noticeable 

evolution of bubbles occurring while warming to 65 °C. Volatiles were then removed from the mixture, 

leaving a yellow/brown oil or solid. Dry pentane was added, resulting in ~ 0.25 M solution. If turbid, the 

solution was filtered under inert conditions. The solution was taken to 0° C, and then 2.38 mmol acetic acid 

(0.95 eq) was added via a 0.25 M stock solution in pentane. The solution was stirred at 0 °C for 10 minutes. 

The solution was allowed to come to room temperature and stirred overnight. In most cases, a dense white 

precipitate formed, which was typically isolated by cannula filtration. 

 

Complex 1: Following general procedure D, scaled to 2.55 mmol ligand, a 

dense white precipitate formed in 10 minutes at room temperature, and stirring 

proceeded overnight. 50% of the solvent was removed in vacuo and the mixture 

was taken to 0 °C. The liquor was cannula filtered, and the resulting solid 

washed 2 times with 1 mL pentane at 0 °C. The precipitate was recrystallized from approximately 20 mL 

cyclohexane to yield discreet white needles in 73% yield (0.90 g). 1H NMR of dimer (C6D6): δ 7.04-6.82 

(m, 16H), 5.25 (s, 2H), 5.05 (q, J = 6 Hz, 2H), 2.11 (s, 6H), 2.02 (s, 6H), 1.90 (s, 3H), 1.39 (s, 6H), 1.15 (d, 

J = 6.5 Hz, 6H), 0.65 (s, 3H). 19F NMR (CDCl3): δ -61.570 (s, 6F). Anal. Calcd for C23H25F3N2O2Zn: C, 

57.10; H, 5.21; N, 5.79. Found: C, 56.75; H, 5.04; N, 5.73. 
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Complex 2: Following general procedure D, scaled to 1.58 mmol ligand, a 

dense white precipitate formed in 10 minutes at room temperature, and 

stirring proceeded overnight. 50% of the solvent was removed in vacuo and 

the mixture was taken back to 0 °C. The liquor was cannula filtered, and the 

resulting solid washed 1 time with 1 mL hexanes at 0 °C. The precipitate was cannula filtered to leave a 

white powder in 69% yield (0.58 g). 1H NMR of dimer (C6D6): 8.14 (d, J = 8.1 Hz, 2H), 7.61 (d, J = 8.3 

Hz, 2H), 7.48 (d, J = 7.8 Hz, 2H), 7.41-7.32 (m, 2H), 7.32-7.21 (m, 4H), 6.91-6.80 (m, 4H), 6.70-6.60 (m, 

4H), 5.99-5.83 (m, 2H), 5.32 (s, 2H), 2.10 (s, 6H), 2.03 (s, 3H), 1.91 (s, 6H), 1.31 (m, 12H), 1.13 (s, 3H). 

19F NMR (CDCl3): δ -62.038 (s, 6F). Anal. Calcd for C27H27F3N2O2Zn: C, 60.74; H, 5.10; N, 5.25. Found: 

C, 59.12; H, 5.21; N, 4.82. 

 

Complex 3: Following general procedure D, scaled to 2.40 mmol ligand, 

a dense white precipitate formed in 10 minutes at room temperature, and 

stirring proceeded overnight. 50% of the solvent was removed in vacuo 

and the mixture was taken back to 0 °C. The liquor was cannula filtered 

leaving white microcrystals, and the resulting solid was recrystallized from approximately 1 mL toluene to 

yield small blocky crystals in 23% yield (0.31 g). 1H NMR of dimer (C6D6): δ 8.08 (d, J = 8.9 Hz, 2H), 

7.59 (d, J = 7.9 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 7.41-7.28 (m, 4H), 7.28-7.17 (m, 2H), 6.98 (d, J = 7.4 

Hz, 2H), 6.91-6.74 (m, 4H), 6.67 (d, J = 7.3 Hz, 2H), 5.95-5.77 (m, 2H), 5.28 (s, 2H), 2.73-2.55 (m, 2H), 

2.54-2.35 (m, 4H), 2.35-2.15 (m, 2H), 1.99 (s, 3H), 1.31 (s, 6H), 1.25-1.08 (m, 15H), 0.91 (t, J = 7.6 Hz, 

6H). 19F NMR (CDCl3): δ -62.081 (s, 6F). Anal. Calcd for C29H31F3N2O2Zn: C, 61.98; H, 5.56; N, 4.99. 

Found: C, 62.04; H, 5.47; N, 4.94.  
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Complex 4: Following general procedure D, scaled to 3.05 mmol ligand, a 

dense white precipitate formed in 10 minutes at room temperature. The liquor 

was removed by cannula filtration. The resulting solid was dissolved in 

approximately 6 mL cyclohexane, and the mixture was filtered through Celite. 

The mixture was concentrated to a volume of about 2.5 mL and allowed to stand at 22 °C overnight. The 

crystalline product was isolated by cannula filtration in 60% yield (0.91 g). 1H NMR of mixture of dynamic 

species at -70 °C, integrated by summing all methine proton resonances (near 5.25) to 1, (C7D8): δ 7.4-6.7 

(m, 8H), 5.27-5.12 (m, 1H), 4.86-4.44 (m, 1H), 2.3-0.8 (m, 17H). 19F NMR (C7D8): δ -60.826, -61.129, -

61.625, -64.526 (several singlets, 3F). Anal. Calcd for C24H27F3N2O2Zn: C, 57.90; H, 5.47; N, 5.63. Found: 

C, 57.98; H, 5.66; N, 5.54.  

 

Complex 5: Following general procedure D, scaled to 3.85 mmol ligand, a 

dense white precipitate formed while stirring at room temperature overnight. 

The mixture was concentrated by 30%, and the remaining liquor was removed by cannula filtration at 0 °C. 

The resulting solid was dissolved in approximately 20 mL benzene, reduced in volume to approximately 7 

mL, and the mixture was cooled to 22 °C. The crystalline product was isolated by cannula filtration in 48% 

yield (1.05 g). 1H NMR of mixture of dynamic species at -70 °C, integrated by summing all methine proton 

resonances (near 5.25) to 1, (C7D8):  δ 7.35-6.75 (m, 8H), 5.28-5.16 (m, 1H), 4.6-2.9 (br m, 4H), 2.02-0.8 

(br m, 20H).  19F NMR (C7D8): δ -72.569, –64.482, -61.397, -60.974 (br) (series of singlets, 3F). Anal. 

Calcd for C28H33F3N2O3Zn: C, 59.21; H, 5.86; N, 4.93. Found: C, 58.90; H, 5.79; N, 4.70.  
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Complex 6: Following general procedure D, scaled to 1.22 mmol ligand, no 

precipitate formed overnight. The mixture filtered through Celite and the 

volatiles removed to leave the product as a yellow crunchy foam in 51% yield 

(0.40 g). 1H NMR of mixture of dynamic species at -70 °C, integrated by 

summing all methine proton resonances (near 5.25) to 1, (C7D8): δ 7.01-6.54 

(m, 3H), 5.53-5.07 (m, 1H), 4.66-3.795 (m, 2H), 2.25-0.25 (m, 20H). 19F NMR (C7D8): δ -60.328, -60.445, 

-60.785, -63.869 (several singlets, 3F), -155.4- -157.1 (m, 2F), -162.9- -166.3 (m, 3F). Anal. Calcd for 

C27H26F8N2O3Zn: C, 50.37; H, 4.07; N, 4.35. Found: C, 50.53; H, 4.34; N, 4.36.  

 

Complex 7: Following general procedure D, scaled to 0.58 mmol ligand and 

using hexanes as the solvent for acetic acid metathesis, no precipitate formed 

after stirring for 2 h at 22 °C and at 55 °C for 3 h. The mixture was filtered 

through Celite and the volatiles removed to leave the product as a tan 

crunchy foam in 63% yield (0.23 g). 1H NMR of mixture of dynamic species at -70 °C, integrated relative 

to the sum of all methine proton resonances (near 5.25) to 1, (C7D8): δ 6.7-7.05 (m, 3H), 5.41-5.08 (m, 1H), 

4.33-3.12 (br m, 2H), 2.6-0.46 (br m, 41H). 19F NMR (C7D8): δ -59.1- -61.02 (br), -63.937, -64.626, -

72.879 (several singlets, 3F). Anal. Calcd for C30H47F3N2O3SiZn: C, 56.82; H, 7.47; N, 4.42. Found: C, 

56.81; H, 7.34; N, 4.39. 

 

4.4.3 Polymerization, Hydrolysis, and Determination of Catalyst Enantioselectivity 
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Scheme 4.5 Polymerization of CHO and CO2, followed by hydrolysis of polymer to cyclohexane diol 

(CHD). 

 

Polymerization of CO2 and cyclohexene oxide. Screening reactions were performed as follows. An oven 

dried Fisher-Porter bottle was taken into the glove box. It was charged with a stir bar, 1.0 mL toluene, 1.0 

mL cyclohexene oxide, and 0.25 mol % catalyst. The vessel was sealed with the reactor head and the 

apparatus was removed from the box. The vessel was placed in a 22 °C water bath and allowed to equilibrate 

for 10 minutes. The vessel was then charged to 8 atm CO2, vented to ~2.4 atm, and recharged to 8 atm. The 

vessel was left open to 8 atm for 1 minute to allow saturation of the reaction mixture. The CO2 pressure 

was then monitored as a gauge of conversion. The reaction was terminated when the mixture became too 

viscous for stirring, with a viscosity approaching that of honey. The vessel was vented to atmospheric 

pressure. The reaction mixture was diluted with ~2 mL CDCl3 for a crude NMR, and then precipitated into 

150 mL rapidly stirring methanol. The resulting white precipitate was isolated by vacuum filtration, dried 

on the filter pad for 15 minutes, and then dried in vacuo at 50 °C for several hours until the mass was 

constant.
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Table 4.2 Polymerization conditions and polymer properties for figures 3 and 4.a 

 
 
Entry Figure Catalyst [CHO] 

(M) 

[CHO]/[Zn] trxn 

(h) 

Trxn 

(°C) 

Mn
d 

(kg/mol) 

Mw/Mn
d % 

eee 

1 3 5 5 400 0.9 22 34 1.2 86 

2 3 6 5 400 1.5 22 45 1.2 90 

3 3 6 5 2000 28.0 0 34 1.3 92 

4 3, 4a ent-5 5 400 1.2 22 44 1.2 83 

5b 3, 4c (EtZnOiPr)4 3.2c 90 16 50 11 1.3 99 

6 4b 7 9.9 2000 3.7 22 60 1.2 90 
aPolymers were synthesized by copolymerization of CO2 and CHO, with exception of entry 5. bSynthesized 

by ring-opening of optically pure cyclic trans-cyclohexene carbonate (see below for polymerization 

procedure). cConcentration of optically pure cyclic (S,S)-1,2-cyclohexene carbonate. dDetermined by GPC 

in THF relative to polystyrene standards at 30 °C. eEnantiomeric excess of the trifluoroacetate-derivatized 

diol obtained upon hydrolysis of the polymer.

 

Polymerization of optically pure trans-cyclohexene carbonate. Optically pure cyclic (S,S)-1,2-

cyclohexene carbonate33 (0.50 g, 3.5 mmol), ethyl zinc isopropoxide (6 mg, 0.04 mmol), and toluene (1 

mL) were mixed in a vial with a stirbar in the glovebox.  On the bench, the vessel was heated to 50 °C and 

stirred for 16 h, at which time the reaction had solidified. The mixture was cooled to room temperature and 

then dissolved in dichloromethane (2 mL).  This mixture was added to rapidly stirring methanol (40 mL), 

and the fine white powder was collected on glass filter paper. The polymer was isolated in 67% yield (0.335 

g), and 1H NMR analysis agreed with NMR spectra reported previously.34,35 

 

Thermolysis of poly(cyclohexene carbonate) to yield trans-cyclohexene carbonate. Isotactic 

poly(cyclohexene carbonate) (0.92 g) of 85% ee was placed into a 50 mL round bottom flask with a Schlenk 

side-arm and a stirbar. The vessel was sealed and vacuum was applied, pulling the vapors though a quick-

trap cooled with liquid nitrogen. The vessel was heated to 250 °C in a sand bath, and a white crystalline 

material collected in the quick trap. After all polymer had disappeared, the apparatus was allowed to cool 

to room temperature, and the material in the quick trap was collected as a white, crystalline solid (0.73 g, 

79%). 1H NMR analysis matched literature.6 The material was recrystallized 4 times from 15% 
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pentane/hexane to give 0.18 g material of 95% ee. At each recrystallization, approximately 100 mg of 

material was withdrawn for hydrolysis and analysis, which accounts for most of the loss in yield.   

 

Hydrolysis of poly(cyclohexene carbonate) to yield trans-1,2-cyclohexanediol. Polycarbonate (approx. 

100 mg polymer, 1 mmol of cyclohexene carbonate repeat units), sodium hydroxide (0.08 g, 2 mmol), and 

methanol (10 mL) were added to a scintillation vial and capped. The mixture was stirred at 57 °C for 3 h. 

The mixture was cooled to 22 °C, and then 3.1 mmol HCl was added via a 2.5 M aqueous stock solution 

with stirring. Volatiles were removed from the resulting mixture to leave a white solid. 1H NMR analysis 

of the diol matched the literature.36 If performed on the 10 mmol scale using iPCHC (86% ee), this 

procedure allowed for the isolation and enantioenrichment of the resulting cyclohexane diol. 

Recrystallization twice from hot acetone yielded cyclohexane diol in 59% yield (relative to the epoxide) 

and 99% ee. 

 

Bis(trifluoroacetyl) derivatization of the trans-1,2-diols.37 Derivatization of the resulting diol could be 

achieved by modifying the hydrolysis procedure described in the previous paragraph. The white solid was 

extracted with 10 mL dichloromethane. A 2 mL aliquot of this solution was dried over MgSO4 and placed 

in a 5 mL vial with a stir bar.  5 drops of pyridine were added with stirring. Then, 5 drops of trifluoroacetic 

anhydride were added. The mixture was allowed to stir for 3 minutes, and then quenched with 2 mL 2 M 

HCl. The organic phase was separated and dried through a 1.5” plug of silica gel in a glass Pasteur pipette 

(diameter ~0.24”) to yield the sample for GLC analysis. 1H and 19F NMR analysis of the isolated colorless 

oil shows that the product is the bis(trifluoroacetyl)ester of the diol, trans-1,2-cyclohexadiyl bis(2,2,2-

trifluoroacetate). 1H NMR (CDCl3): δ 5.11-5.01 (m, 2H), 2.29-2.12 (m, 2H), 1.96-1.75 (m, 2H), 1.68-1.51 

(m, 2H), 1.51-1.30 (m, 2H). 19F NMR (CDCl3): δ −75.447 (s, 6F). 
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GLC of trans-1,2-cyclohexadiyl bis(2,2,2-trifluoroacetate). The sample in dichloromethane (~ 1mg/mL) 

was injected onto a Supelco β-Dex225 column and eluted using a temperature profile of: isotherm at 35 °C 

for 5 min, then 2 °C/min ramp up to 111 °C, then 111 °C isotherm for 1 min. Shown below is the 

chromatogram for a racemic sample, as well as a sample produced by ent-5 (88.8% ee), and 5 (88.5% ee) 

at 0 °C (Table 1, Entry 7).  

 

Peak # Ret. Time [min] Width [min] Area [pA*s] Area % 

1 33.854 0.1533 220.6 49.995 

2 36.619 0.1840 220.7 50.005 

Figure 4.5 GLC trace of racemic trans-1,2-cyclohexadiyl bis(2,2,2-trufluoroacetate) 

 

 
Peak # Ret. Time [min] Width [min] Area [pA*s] Area % 

1 33.717 0.1758 298.8 94.425 

2 36.804 0.0855 17.6 5.575 

Figure 4.6 GLC trace of trans-1,2-cyclohexadiyl bis (2,2,2-trifluoroacetate) (88.8% ee, primarily 

derivatized SS diol) from hydrolysis of polymer produced by ent-5 at 0 C.

  

From SS diol From RR diol 
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Peak # Ret. Time [min] Width [min] Area [pA*s] Area % 

1 33.888 0.0908 30.1 5.755 

2 36.375 0.2549 493.4 94.245 

Figure 4.7 GLC trace of trans-1,2-cyclohexadiyl bis(2,2,2-trifluoroacetate) (88.5 % ee, primarily 

derivatized RR diol) from hydrolysis of polymer produced by 5 at 0 °C. 

 

4.4.4 Polymer Characterization Data 

Representative DSC Thermogram 

 

Figure 4.8 DSC thermogram for polymer reported in Table 1, entry 7. This sample shows a Tg at approx. 

132 °C followed by a crystallization peak at approx. 175 °C, as well as a Tm at approx. 250 °C on the first 

heating cycle (black line). The Tm coincides with the onset of partial polymer decomposition. The second 

heating cycle (blue line) also shows a Tm at approx. 255 °C. 

 

4.4.5 NMR Analysis of Catalyst 5 

NMR analysis of catalyst 5 
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Various 1- and 2-D NMR spectroscopic techniques were used to study the solution state dynamics of 

catalyst 5. At room temperature, 1H and 19F NMR spectra of catalyst 5 showed broad peaks suggestive of 

fluxional behavior. When cooled down to −70 °C, the peaks were able to be resolved such that two distinct 

species could be identified. The low temperature 1H NMR spectrum also showed that the minor complex 

had a single methyl peak from the acetate (corresponding with carbon 26 in figure S18), while the major 

complex had two distinct methyl peaks for two different acetates (carbons 26 and 28). It seemed most likely 

that the species with two different acetates was the anti-dimer (5-anti), but the other species could be either 

the monomer or the syn-dimer (5-syn). DO-NMR spectroscopy at −80 °C was used to compare the 

translation diffusion coefficients of the two species, which appeared to be identical. We concluded from 

the VT 1H NMR and DO-NMR spectra that the dimers 5-syn and 5-anti were in equilibrium, where they 

existed in a 1:1.8 ratio at −76 °C. Further characterization was done at −76 °C using COSY, HSQCAD, 

ROESY, and HMBC spectroscopy to confirm the structural assignments.  

 

 

Figure 4.9 Variable temperature 1H NMR spectra of catalyst 5 in toluene-d8 with hexamethyldisiloxane 

(HMDS) as reference (full spectrum). 
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Figure 4.10 Variable temperature 1H NMR spectra of catalyst 5 in toluene-d8 with HMDS as reference. 

The region between 3.1 and 5.5 ppm was the best resolved and thus used to identify the two species in 

equilibrium. 
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Figure 4.11 1H NMR spectrum of catalyst 5 at −70 °C in toluene-d8 with assignments for the two dimers 

in equilibrium. 
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Figure 4.12 For the DO-NMR experiment, a double-stimulated-echo experiment with bipolar gradient 

pulses was performed on catalyst 5 in toluene-d8 at −80 °C ([Zn]=28.2 M, HMDS as internal standard). A 

Stejkal-Tanner analysis was performed using the averaged integrations of peaks at 5.43 ppm, 4.49 ppm, 

4.17 ppm, and 3.33 ppm for the major isomer, and the averaged integrations of peaks at 5.34 ppm, 4.74 

ppm, 4.55 ppm, and 3.55 ppm for the minor isomer. For comparison, the integration of the HMDS peak at 

0.2 ppm was also included. The Stejkal-Tanner plot shows that the major and minor isomer have essentially 

identical diffusion coefficients, where the diffusion coefficient D is equal to the absolute value of the slope. 

Thus, the DO-NMR results suggest that the equilibrium is between two dimers and not between monomer 

and dimer, since the monomer and dimer would have different diffusion coefficients (and different slopes) 

in the Stejkal-Tanner plot. 
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Figure 4.13 COSY spectrum of catalyst 5 at −76 °C in toluene-d8. 

 

 

Figure 4.14 HSQC spectrum of catalyst 5 at −76 °C in toluene-d8. 
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Figure 4.15 HMBC spectrum of catalyst 5 at −76 °C in toluene-d8. 
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Table 4.3 1H and 13C NMR spectral assignments for catalyst 5. 

Carbon atom # 

(figure S52) 

5-anti 5-syn 
1H NMR  13C {1H} NMR  1H NMR  13C {1H} NMR  

1 4.47, 4.15 69.20 4.72, 4.52 69.81 

2 - 139.92 - 139.74 

3 7.50 125.87 7.50 125.93 

4 7.23 127.90 7.23 127.90 

5 7.08 126.65 7.08 125.12 

6 3.96 64.55 4.03 64.80 

7 nd nd nd nd 

8 nd nd nd nd 

9 nd nd nd nd 

10 1.95, 1.16 30.37 2.11, 1.24 30.67 

11 3.30 82.01 3.53 82.44 

12 - nd - nd 

13 5.41 88.77 5.32 88.08 

14 - 170.69 - 170.57 

15 - 121.28 - nd 

16 1.22 22.55 1.21 22.32 

17 - 146.61 - 146.21 

18 - 130.83 - 131.09 

19 6.82 128.38 6.84 128.68 

20 6.82 nd 6.82 nd 

21 6.82 128.90 6.84 128.05 

22 - 130.89 - 130.49 

23 1.97 18.02 1.66 17.26 

24 2.16 18.27 1.88 18.02 

25 - 179.69 - 180.52 

26 1.81 23.94 1.50 24.55 

27 - 182.53 - - 

28 1.69 23.72 - - 

nd=could not be determined 
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APPENDIX A 

Molecular Dynamics Study of Polyesters: Simulation Details 
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A.1 Simulation Protocol Details 

For PEO and each polymer in Figure 2 of the main text, two sets of simulations were performed. 

The first set was used to estimate the glass-transition temperature Tg for the neat polymer. The second set 

was used to obtain lithium-ion conductivity characteristics in the dilute-ion regime at 363 K. 

To generate starting configurations for both sets of simulations, the following protocol was used. 

First, sixteen independent copies of a simulation cell were created. Each simulation cell contained 11-12 

polymer chains, each with a molecular weight Mn of approximately 2500 g/mol (Table 1.1). Polymer chain 

configurations were generated via a self-avoiding random walk of the backbone atoms according to the 

rotational isomeric state approximation;1 polymer chains were oriented randomly in the periodic, cubic 

simulation cell; the side length of the simulation cell was set such that the initial polymer density was 1.0 

g/cm3. To prepare systems for the study of lithium-ion conductivity, a single lithium cation was randomly 

inserted in four of the sixteen copies of the simulation cell The remaining twelve copies were left without 

a lithium cation to enable study of the neat polymer. To remove any steric clashes in the simulation cell, a 

steepest-descent energy minimization was run for 1,000 steps; the maximum displacement of an atom was 

limited to 0.1 Å per step. The resulting polymer structures were then equilibrated for 10 ns at 500 K and 1 

atm and subsequently equilibrated for 25 ns at 450 K and 1 atm. 

In the first set of simulations, the twelve lithium-free copies of the simulation cell were used to 

perform simulated dilatometry experiments 2,3,4 to estimate Tg. Specifically, the polymer density was 

monitored during cooling from 450 K to 160 K in 10 K increments. To obtain the average density at each 

temperature, 1 ns of dynamics was run at 1 atm and the corresponding temperature, and the last 300 ps of 

each temperature increment was used to obtain the average density. The intersection point between linear 

fits of the high-temperature and the low-temperature branches of the density-temperature curve was used 

to determine the Tg for the polymer. We note that the values of Tg obtained from this method were 

systematically high due to the artificially fast non-equilibrium cooling used in the simulations;2 these results 

thus provide a basis for comparison between polymers, rather than an absolute calculation of Tg. 

In the second set of simulations, the four lithium-containing copies of the simulation cell were 
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equilibrated at 363 K and 1 atm for 50 ns; an average density of the system was computed using the last 10 

ns of each simulation. Using this fixed density for each polymer, NVT production runs of 500 ns were 

performed. 

 

A.2 Repeat Units and Terminal Groups for Polyesters in MD Simulations 

Figure A.1 illustrates the polymer repeat unit (reproduced from Figure 1.2) and terminal groups 

that were used for the MD simulations of the polyesters. Note that if there were no terminal groups, then 

the terminal ether oxygen atoms would occupy the same position in the polymer repeat unit as one of the 

ester oxygen atoms. The tacticity of the methyl side chain in the type-1 polymers was isotactic due to the 

fixed S stereochemistry of the chiral center to which it was attached. For the type-2 and -3 polymers, the 

stereochemistry at the chiral center was chosen randomly as S or R with equal probability such that the 

tacticity of the resulting chain was atactic. 
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Figure A.1 Repeat unit and terminal groups used in MD simulations of the polyesters. 

A.3 Force Field Parameters for Molecular Dynamics Simulations 

In this section, the parameters used to perform the MD simulations are provided. As discussed in 

Chapter 1, the generalized CHARMM bonding parameters were used,5 and the TraPPE-UA force field was 

used for all other inter- and intramolecular interactions between polymer atoms.6 Parameters for the lithium 

cation were obtained from a previous simulation study.7 Figure A.2 provides reference labels for the 

different atom types for assigning the appropriate force field parameters. 
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Figure A.2 Reference labels for atom types in force field parameters. 

Non-bonded Interaction Parameters 

Non-bonded interactions were computed for all intermolecular interactions and for intramolecular 

interactions between atoms separated by four or more bonds and consist of pairwise additive Lennard-Jones 

and Coulombic potentials.  

 

where i and j denote non-bonded atoms, qi and qj are their respective partial charges, rij is the separation 

distance, σij is the Lennard-Jones diameter, and ϵij is the Lennard-Jones well depth. Unlike interactions were 

computed with Lorentz-Berthelot mixing rules: 

 

Coulombic interactions between atoms separated by three bonds (1-4 interactions) were additionally 

computed, but the strength of the interaction was reduced by a factor of 0.5, unless otherwise noted. The 

parameters used in the MD simulations for these interactions are provided in Table A.1. 
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Table A.1 Non-bonded potential parameters.  

 

 

Bonding Potential Parameters 

United atoms separated by a single bond interact via a harmonic bonding potential: 

 

 

where kbond is the bonding force constant, rij is the separation distance between atom i and j, and rij
(0) is the 

corresponding equilibrium bonding distance. The parameters used in the MD simulations for this type of 

interaction are provided in Table A.2. 

Table A.2 Bonding potential parameters for polymer atoms. 

 

Bending Potential Parameters 

United atoms separated by a two bonds interact via a harmonic bending potential: 

 

where kbend is the bending force constant, θijk is the angle between atom i, j, and k, and θijk
(0) is the 



141 

 

corresponding equilibrium angle. The parameters used in the MD simulations for this type of interaction 

are provided in Table A.3. 

Table A.3 Bending potential parameters for polymer atoms. 

 

Torsional Potential Parameters 

 
United atoms separated by three bonds interact via potential given by a cosine series 

 

where c1 , c2, and c3 are constant coefficients, and φijkl is the dihedral angle defined by atoms i, j, k, and l. 

The parameters used in the MD simulations for this type of interaction are provided in Table A.4. 
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Table A.4 Torsional potential parameters for polymer atoms.  

 

 

A.4 Effect of Terminal Group Interactions in Polymer 1a 

As discussed regarding Figure 1.6b, the ether contribution for the type-a polymers must be due to 

the terminal groups of the polymer chain (Figure A.1). This indicated that the lithium cation interacted 

strongly with these terminal groups in some of the MD trajectories. Although this effect should diminish 

for chains with higher molecular weights, these results suggested that the terminal groups can affect the 

lithium-ion coordination environment in electrolytes with short polymer chains, which could be a 

consideration in experimental samples, although the terminal groups of polymer chains are often unknown 
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during synthesis, To assess the degree to which these interactions might have biased the simulation results 

of lithium-ion conductivity, an additional set of simulations were performed for polymer 1a. For this 

additional set of simulations, the procedure for preparation, equilibration, and simulation was identical to 

that outlined in Chapter 1 except for a minor modification to the force field parameters for a subset of atoms. 

Namely, the ether oxygen atoms in the terminal groups were treated as if they were ester oxygens that were 

part of the normal polymer repeat unit. Figure A.3 provides a comparison of results obtained with and 

without the modified treatment of terminal oxygen atoms. Figure A.3a, which includes data from Figure 

3a, reveals that the rate of lithium-ion diffusion in simulations of polymer 1a with the modified treatment 

is slightly slower than the standard treatment of terminal groups by a factor of less than 1.5. Additionally, 

lithium-ion diffusion in polymer 1a with the modified treatment is marginally faster than that in polymer 

1b, though the two results are within error of one another, such that the trends between type-a and -b 

polymers are largely unaffected. The slower diffusion rate with the modified treatment is expected because 

the lithium cation is no longer coordinated by the polymer chain ends, which are expected to be more mobile 

on subdiffusive timescales. Figure A.3b, which is a reproduction of Figure 1.4 with the additional data for 

polymer 1a included, shows that the modified treatment of the terminal atoms somewhat improves the 

correlation with experiment for polymer 1a. Overall, we conclude that the effect of the terminal group 

interactions in polymer 1a is minor. 
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Figure A.3 Analysis of terminal group effects on lithium-ion transport. (a) Lithium-ion mean square-

displacement (MSD) in the dilute ion limit at 363 K for polymer 1a and polymer 1b. (b) Comparison of 

ionic conductivities at 363 K; all data is normalized to the corresponding conductivity of PEO. The asterisk 

denotes results for simulations in which the terminal oxygen atoms are treated as ester oxygens in the 

polymer repeat unit. 

 

A.5 Correlation between Tg and Conductivity in MD Simulations 

Figure A.4 presents the MD simulation analogue of Figure 1.5b. The figure illustrates the same 

trend as in experiment. Namely, the conductivity of PEO, when compared to the polyesters, is far higher 

than can be explained on the basis of its relative glass transition temperature. 
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Figure A.4 Correlation between dilute-ion conductivity and the inverse temperature difference from Tg at 

T=363 K (simulation results). The dashed line indicates the linear fit of the data for the polyesters.  

 

A.6 Radial Distribution Functions for All Polymers 

Figure A.5 presents pair radial distribution functions (RDFs) for the lithium cation and each type 

of oxygen atom for all the polyesters and also PEO. The figure shows that there are clear compositional 

differences between the first and second solvation shells in the polyesters. 
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Figure A.5 Lithium cation-oxygen radial distribution functions gLi+ ,O (r) for different oxygen types in each 

polymer. The gLi+ ,O (r) for each oxygen type was normalized with respect to the total oxygen number density 

in the polymer. Following the dataset for polymer 1a, each subsequent dataset was artificially shifted 

vertically (by 5 units) and horizontally (by 1 Å) for clarity. 

 

A.7 Backbone Localization of Lithium Cation in Type-1 and -2 Polymers 

Figure A.6 shows the lithium-ion coordination environment during individual trajectories for type-

1 and type-2 polymers by tracking the indices of oxygen atoms that are within 3.25 Å of the lithium cation, 

similarly to Figure 7a and 7b of the main text. The data for the type-a polymers reveals that carbonyl 

oxygens (green) predominantly coordinate the lithium cation. For polymer 2a, ether oxygens on the side 

chain (light blue) also coordinate with lithium cation at times but never without the presence of carbonyl 

oxygens. Observations are similar for the type-b polymers except that the ether oxygen that is between the 

two carbonyl groups (purple) also coordinates the lithium cation. Thus, we find that the lithium-cation is 

mostly localized to the polymer backbones for the type-1 and -2 polymers. 
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Figure A.6 Lithium-ion coordination with oxygen atoms during a molecular dynamics trajectory for (a) 

polymer 1a, (b) polymer 1b, (c) polymer 2a, and (d) polymer 2b. The color scheme for the oxygen atoms is 

the same as that in Figure 1.2 and Figure 1.6b. 

 

A.8 Comparison of Solvation Site Networks 

Figure A.7 presents a pictorial representation of viable solvation sites in all the polymers studied. 

Viable solvation sites were identified from polymer configurations if a set of oxygen atoms are each within 

3.7 Å of the centroid of that set. For polymer 1a, sites were identified using sets of five carbonyl oxygens. 

For polymer 1b, sites were identified using sets of four carbonyl and two ether oxygens or sets of three 

carbonyl and three ether oxygens. For polymer 2a, sites were identified using sets of four carbonyl and one 

ether oxygen, sets of three carbonyl and two ether oxygens, sets of two carbonyl and three ether oxygens, 

and sets of one carbonyl and three ether oxygens. For polymer 2b, sites were identified using sets of three 

carbonyl and three ether oxygens, sets of two carbonyl and three ether oxygens, or sets of four carbonyl 

and two ether oxygens. For polymer 3a, sites were identified using sets of five ether oxygens. For polymer 

3b, sites were identified using sets of five ether oxygens. For PEO, sites were identified using of five ether 

oxygens. The figure makes clear, within the limitations of this identification protocol, the sparsity of the 
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solvation-site networks for the polyesters relative to that of PEO. 

 

Figure A.7 Depiction of sites in each polymer that are consistent with the most common binding motifs 

(green circles). Two sites were connected by lines if they were within 3 Å to illustrate the relative 

connectivity densities. The polymer configuration is the transparent representation. 
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APPENDIX B 

X-ray Crystal Data for Zinc β–Diiminate Catalysts 
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B.1 Crystallographic Data for Complexes 1, 3, 4, and ent-5 

 
Crystals for single-crystal X-ray crystallography were transferred from a crystallization vessel 

into a drop of viscous organic oil. Using a nylon loop, a suitable single crystal was chosen, mounted 

on a Bruker X8 APEX II diffractometer (MoKα radiation) and cooled to −100 °C. 

Data collection and reduction were done using Bruker APEX21 and SAINT+2 software 

packages. An empirical absorption correction was applied with SADABS.3 Structures were solved 

by direct methods and refined on F2 by full matrix least-squares techniques using SHELXTL4 

software package. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 

found in a difference Fourier map and refined isotropically. 

For 1 ‘ce4’ the crystal size was 0.3 x 0.1x 0.025 mm
3
. Overall 23467 reflections were collected, 

9308 of which were symmetry independent (Rint = 0.0432); with 6898 ‘strong’ reflections ( Fo > 

4Fo).  Final R1 = 4.38%  

For 3, ‘ce1’ the crystal size was 0.4 x 0.4 x 0.4 mm
3
. Overall 25371 reflections were collected, 

9628 of which were symmetry independent (Rint = 0.0203); with 8845 ‘strong’ reflections ( Fo > 

4Fo).  Final R1 = 2.71%  

For 4 ‘ce10’ the crystal size was 0.4 x 0.1x 0.1 mm
3
. Overall 10724 reflections were collected, 

8828 of which were symmetry independent (Rint = 0.0410); with 6611 ‘strong’ reflections ( Fo > 

4Fo).  Final R1 = 4.34%  

For ent-5 ‘ce5’ the crystal size was 0.4 x 0.3x 0.2 mm
3
. Overall 22854 reflections were collected, 

12299 of which were symmetry independent (Rint = 0.0155); with 11150 ‘strong’ reflections ( Fo > 

4Fo).  Final R1 = 2.54%  
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Table B.1 Crystal data and structure refinement for 1. 

Identification code  ce4 

Empirical formula  C46H50F6N4O4Zn2 

Formula weight  967.64 

Temperature  223(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1) 

Unit cell dimensions a = 11.8212(9) Å = 90° 

 b = 10.6057(8) Å = 97.779(4)° 

 c = 18.6077(17) Å  = 90° 

Volume 2311.4(3) Å
3
 

Z 2 

Density (calculated) 1.390 Mg/m
3
 

Absorption coefficient 1.107 mm
-1

 

F(000) 1000 

Crystal size 0.30 x 0.10 x 0.03 mm
3
 

Theta range for data collection 1.74 to 26.37° 

Index ranges -14<=h<=14, -12<=k<=13, -23<=l<=23 

Reflections collected 19416 

Independent reflections 9308 [R(int) = 0.0432] 

Completeness to theta = 26.37° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9728 and 0.7323 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 9308 / 1 / 592 

Goodness-of-fit on F2 0.984 

Final R indices [I>2sigma(I)] R1 = 0.0438, wR2 = 0.0738 

R indices (all data) R1 = 0.0733, wR2 = 0.0841 

Absolute structure parameter 0.000(10) 

Largest diff. peak and hole 0.252 and -0.285 e·Å
-3
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Table B.2 Atomic coordinates ( x 10
4
) and equivalent  isotropic displacement parameters (Å

2
x 10

3
) 

for 1. U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

Zn(1) 8389(1) 3139(1) 7099(1) 39(1) 

Zn(2) 7098(1) 1378(1) 8426(1) 37(1) 

F(1) 11937(2) 4453(4) 6257(2) 110(1) 

F(2) 12060(2) 4856(3) 7407(2) 95(1) 

F(3) 11557(2) 6283(4) 6638(2) 130(2) 

F(4) 4438(2) 3138(3) 9820(2) 95(1) 

F(5) 5000(3) 1918(3) 10706(2) 104(1) 

F(6) 3853(2) 1227(4) 9799(2) 98(1) 

O(1) 7782(3) 1495(3) 6734(2) 69(1) 

O(2) 6971(3) 421(3) 7542(2) 54(1) 

O(3) 7886(2) 2926(2) 8099(1) 38(1) 

O(4) 8626(3) 4809(3) 8165(2) 70(1) 

N(1) 9991(3) 3501(3) 6970(2) 39(1) 

N(2) 7648(3) 4380(3) 6388(2) 39(1) 

N(3) 5719(3) 1712(3) 8881(2) 42(1) 

N(4) 7994(3) 447(3) 9224(2) 38(1) 

C(1) 7269(4) 587(4) 6932(3) 52(1) 

C(2) 6989(7) -465(6) 6387(3) 134(3) 

C(3) 8139(3) 3992(4) 8454(2) 39(1) 

C(4) 7804(4) 4115(4) 9191(2) 61(1) 

C(5) 11422(4) 5077(5) 6773(4) 74(2) 

C(6) 10204(3) 4646(4) 6746(2) 43(1) 

C(7) 9400(3) 5516(4) 6426(2) 47(1) 

C(8) 8234(3) 5349(4) 6192(2) 43(1) 

C(9) 7680(3) 6307(5) 5649(3) 64(1) 

C(10) 10874(4) 2520(4) 7128(3) 51(1) 

C(11) 10599(9) 1394(13) 6701(6) 43(3) 

C(12) 10389(10) 1430(13) 5958(6) 71(3) 

C(13) 10098(12) 408(17) 5533(6) 95(5) 

C(14) 10009(11) -770(10) 5844(8) 84(3) 

C(15) 10127(12) -878(8) 6580(6) 106(5) 
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C(16) 10429(12) 160(8) 6990(6) 87(4) 

C(11') 10440(20) 1440(30) 6487(15) 42(6) 

C(12') 9927(18) 1760(20) 5818(13) 61(7) 

C(13') 9610(20) 810(20) 5274(15) 88(9) 

C(14') 10000(30) -260(30) 5460(17) 92(11) 

C(15') 10640(20) -600(20) 6131(16) 88(8) 

C(16') 10920(20) 330(30) 6692(17) 98(8) 

C(17) 11011(5) 2224(5) 7935(3) 78(2) 

C(18) 6473(3) 4236(4) 6077(3) 52(1) 

C(19) 5625(4) 4879(5) 6400(3) 62(1) 

C(20) 4502(4) 4662(7) 6109(4) 85(2) 

C(21) 4223(5) 3856(8) 5548(4) 103(2) 

C(22) 5062(5) 3255(7) 5229(3) 91(2) 

C(23) 6207(4) 3411(5) 5489(3) 65(1) 

C(24) 5919(4) 5767(5) 7027(3) 73(2) 

C(25) 7122(4) 2789(5) 5134(3) 77(2) 

C(26) 4784(5) 1972(5) 9986(3) 73(2) 

C(27) 5783(3) 1564(4) 9590(2) 46(1) 

C(28) 6699(3) 1061(4) 10054(2) 48(1) 

C(29) 7685(3) 438(4) 9882(2) 42(1) 

C(30) 8355(4) -293(4) 10488(2) 61(1) 

C(31) 4650(4) 2065(5) 8411(3) 59(1) 

C(32) 4329(4) 996(5) 7872(3) 63(1) 

C(33) 4130(6) 1170(8) 7130(4) 112(2) 

C(34) 3823(9) 170(12) 6664(5) 158(4) 

C(35) 3687(8) -1007(11) 6946(6) 154(4) 

C(36) 3884(6) -1202(7) 7669(5) 120(3) 

C(37) 4206(5) -212(6) 8131(4) 84(2) 

C(38) 4806(5) 3330(5) 8062(3) 95(2) 

C(39) 8954(3) -322(4) 9070(2) 36(1) 

C(40) 8720(3) -1499(3) 8741(2) 41(1) 

C(41) 9641(4) -2177(4) 8541(2) 49(1) 

C(42) 10728(4) -1714(4) 8666(2) 56(1) 

C(43) 10944(4) -562(4) 9009(2) 48(1) 

C(44) 10064(4) 165(4) 9215(2) 42(1) 

C(45) 7537(4) -2041(4) 8631(3) 59(1) 
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C(46) 10309(3) 1411(5) 9585(2) 53(1) 

________________________________________________________________________________ 
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Table B.3 Bond lengths [Å] and angles [°] for 1. 

______________________________________________________________________________________

Zn(1)-O(1)  1.972(3) 

Zn(1)-N(1)  1.979(3) 

Zn(1)-N(2)  1.984(3) 

Zn(1)-O(3)  2.041(2) 

Zn(2)-O(2)  1.920(3) 

Zn(2)-N(3)  1.968(3) 

Zn(2)-N(4)  1.968(3) 

Zn(2)-O(3)  2.021(2) 

F(1)-C(5)  1.373(6) 

F(2)-C(5)  1.332(6) 

F(3)-C(5)  1.317(6) 

F(4)-C(26)  1.326(6) 

F(5)-C(26)  1.331(6) 

F(6)-C(26)  1.362(6) 

O(1)-C(1)  1.221(5) 

O(2)-C(1)  1.247(5) 

O(3)-C(3)  1.323(5) 

O(4)-C(3)  1.206(5) 

N(1)-C(6)  1.319(5) 

N(1)-C(10)  1.475(5) 

N(2)-C(8)  1.318(5) 

N(2)-C(18)  1.439(5) 

N(3)-C(27)  1.319(5) 

N(3)-C(31)  1.485(6) 

N(4)-C(29)  1.325(5) 

N(4)-C(39)  1.457(5) 

C(1)-C(2)  1.514(7) 

C(3)-C(4)  1.483(6) 

C(5)-C(6)  1.506(6) 

C(6)-C(7)  1.397(6) 

C(7)-C(8)  1.400(6) 

C(8)-C(9)  1.518(6) 

C(10)-C(11')  1.69(3) 

C(10)-C(17)  1.520(6) 

C(10)-C(11)  1.447(13) 

C(11)-C(16)  1.439(16) 

C(11)-C(12)  1.372(14) 

C(12)-C(13)  1.358(17) 

C(13)-C(14)  1.387(19) 

C(14)-C(15)  1.362(15) 

C(15)-C(16)  1.359(12) 

C(11')-C(12')  1.36(3) 

C(11')-C(16')  1.33(4) 

C(12')-C(13')  1.44(4) 

C(13')-C(14')  1.26(4) 

C(14')-C(15')  1.41(4) 

C(15')-C(16')  1.44(3) 

C(18)-C(19)  1.411(6) 

C(18)-C(23)  1.403(7) 

C(19)-C(20)  1.383(7) 

C(19)-C(24)  1.504(7) 

C(20)-C(21)  1.355(8) 

C(21)-C(22)  1.379(8) 

C(22)-C(23)  1.384(6) 

C(23)-C(25)  1.496(6) 

C(26)-C(27)  1.538(6) 

C(27)-C(28)  1.397(6) 

C(28)-C(29)  1.413(5) 

C(29)-C(30)  1.502(6) 

C(31)-C(32)  1.527(7) 

C(31)-C(38)  1.512(7) 

C(32)-C(37)  1.384(7) 

C(32)-C(33)  1.380(8) 

C(33)-C(34)  1.388(12) 

C(34)-C(35)  1.372(12) 

C(35)-C(36)  1.350(11) 

C(36)-C(37)  1.378(8) 

C(39)-C(40)  1.401(5) 
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C(39)-C(44)  1.401(5) 

C(40)-C(41)  1.396(5) 

C(40)-C(45)  1.501(5) 

C(41)-C(42)  1.367(6) 

C(42)-C(43)  1.386(6) 

C(43)-C(44)  1.389(5) 

C(44)-C(46)  1.501(6) 

 

O(1)-Zn(1)-N(1) 116.06(13) 

O(1)-Zn(1)-N(2) 104.42(15) 

N(1)-Zn(1)-N(2) 97.68(13) 

O(1)-Zn(1)-O(3) 94.54(11) 

N(1)-Zn(1)-O(3) 122.32(12) 

N(2)-Zn(1)-O(3) 121.63(12) 

O(2)-Zn(2)-N(3) 119.36(14) 

O(2)-Zn(2)-N(4) 110.65(13) 

N(3)-Zn(2)-N(4) 99.09(13) 

O(2)-Zn(2)-O(3) 99.06(11) 

N(3)-Zn(2)-O(3) 115.17(11) 

N(4)-Zn(2)-O(3) 114.28(12) 

C(1)-O(1)-Zn(1) 139.9(3) 

C(1)-O(2)-Zn(2) 135.0(3) 

C(3)-O(3)-Zn(2) 128.8(2) 

C(3)-O(3)-Zn(1) 106.6(2) 

Zn(2)-O(3)-Zn(1) 124.55(12) 

C(6)-N(1)-C(10) 123.6(3) 

C(6)-N(1)-Zn(1) 116.3(3) 

C(10)-N(1)-Zn(1) 120.1(3) 

C(8)-N(2)-C(18) 119.1(4) 

C(8)-N(2)-Zn(1) 120.0(3) 

C(18)-N(2)-Zn(1) 120.8(3) 

C(27)-N(3)-C(31) 123.3(3) 

C(27)-N(3)-Zn(2) 118.0(3) 

C(31)-N(3)-Zn(2) 118.7(3) 

C(29)-N(4)-C(39) 119.8(3) 

C(29)-N(4)-Zn(2) 120.9(3) 

C(39)-N(4)-Zn(2) 119.1(2) 

O(1)-C(1)-O(2) 126.8(4) 

O(1)-C(1)-C(2) 116.8(4) 

O(2)-C(1)-C(2) 116.3(4) 

O(4)-C(3)-O(3) 118.7(4) 

O(4)-C(3)-C(4) 123.5(4) 

O(3)-C(3)-C(4) 117.7(4) 

F(3)-C(5)-F(2) 105.7(5) 

F(3)-C(5)-F(1) 105.0(5) 

F(2)-C(5)-F(1) 106.4(4) 

F(3)-C(5)-C(6) 115.3(4) 

F(2)-C(5)-C(6) 113.6(5) 

F(1)-C(5)-C(6) 110.1(5) 

N(1)-C(6)-C(7) 126.5(4) 

N(1)-C(6)-C(5) 119.4(4) 

C(7)-C(6)-C(5) 114.0(4) 

C(6)-C(7)-C(8) 129.3(4) 

N(2)-C(8)-C(7) 123.0(4) 

N(2)-C(8)-C(9) 120.7(4) 

C(7)-C(8)-C(9) 116.1(4) 

N(1)-C(10)-C(11') 101.6(10) 

N(1)-C(10)-C(17) 108.7(4) 

C(11')-C(10)-C(17) 122.6(11) 

N(1)-C(10)-C(11) 111.8(5) 

C(11')-C(10)-C(11) 12.6(12) 

C(17)-C(10)-C(11) 111.0(6) 

C(16)-C(11)-C(12) 112.7(10) 

C(16)-C(11)-C(10) 125.3(8) 

C(12)-C(11)-C(10) 121.8(11) 

C(13)-C(12)-C(11) 124.1(13) 

C(12)-C(13)-C(14) 120.3(11) 

C(15)-C(14)-C(13) 119.4(10) 

C(16)-C(15)-C(14) 118.7(9) 

C(11)-C(16)-C(15) 124.5(9) 

C(12')-C(11')-C(16') 127(3) 

C(12')-C(11')-C(10) 122(2) 
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C(16')-C(11')-C(10) 109(2) 

C(13')-C(12')-C(11') 121(2) 

C(14')-C(13')-C(12') 113(3) 

C(13')-C(14')-C(15') 127(3) 

C(14')-C(15')-C(16') 121(3) 

C(11')-C(16')-C(15') 110(3) 

C(19)-C(18)-C(23) 122.4(4) 

C(19)-C(18)-N(2) 118.7(4) 

C(23)-C(18)-N(2) 118.8(4) 

C(20)-C(19)-C(18) 116.9(5) 

C(20)-C(19)-C(24) 121.1(5) 

C(18)-C(19)-C(24) 122.0(4) 

C(21)-C(20)-C(19) 121.8(6) 

C(20)-C(21)-C(22) 120.6(5) 

C(23)-C(22)-C(21) 121.3(6) 

C(22)-C(23)-C(18) 116.9(5) 

C(22)-C(23)-C(25) 121.6(5) 

C(18)-C(23)-C(25) 121.4(4) 

F(5)-C(26)-F(4) 106.7(5) 

F(5)-C(26)-F(6) 105.8(4) 

F(4)-C(26)-F(6) 105.6(5) 

F(5)-C(26)-C(27) 114.5(5) 

F(4)-C(26)-C(27) 112.5(4) 

F(6)-C(26)-C(27) 111.1(5) 

N(3)-C(27)-C(28) 126.8(4) 

N(3)-C(27)-C(26) 120.1(4) 

C(28)-C(27)-C(26) 113.1(4) 

C(27)-C(28)-C(29) 129.2(4) 

N(4)-C(29)-C(28) 123.0(4) 

N(4)-C(29)-C(30) 121.0(4) 

C(28)-C(29)-C(30) 116.0(4) 

N(3)-C(31)-C(32) 108.4(4) 

N(3)-C(31)-C(38) 109.4(4) 

C(32)-C(31)-C(38) 114.2(5) 

C(37)-C(32)-C(33) 117.4(6) 

C(37)-C(32)-C(31) 119.1(5) 

C(33)-C(32)-C(31) 123.5(6) 

C(32)-C(33)-C(34) 121.2(8) 

C(35)-C(34)-C(33) 119.3(10) 

C(36)-C(35)-C(34) 120.5(10) 

C(35)-C(36)-C(37) 120.0(8) 

C(36)-C(37)-C(32) 121.4(7) 

C(40)-C(39)-C(44) 122.4(4) 

C(40)-C(39)-N(4) 118.1(4) 

C(44)-C(39)-N(4) 119.3(3) 

C(39)-C(40)-C(41) 117.4(4) 

C(39)-C(40)-C(45) 121.7(4) 

C(41)-C(40)-C(45) 120.8(4) 

C(42)-C(41)-C(40) 121.2(4) 

C(41)-C(42)-C(43) 120.4(4) 

C(44)-C(43)-C(42) 121.2(4) 

C(43)-C(44)-C(39) 117.3(4) 

C(43)-C(44)-C(46) 120.6(4) 

C(39)-C(44)-C(46) 122.0(4)

______________________________________________________________________________________  
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Table B.4 Anisotropic displacement parameters (Å
2
x 10

3
) for 1. The anisotropic 

displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Zn(1) 36(1)  39(1) 42(1)  3(1) 7(1)  -4(1) 

Zn(2) 38(1)  34(1) 38(1)  3(1) 4(1)  -1(1) 

F(1) 54(2)  137(3) 148(4)  26(3) 46(2)  -6(2) 

F(2) 50(2)  80(2) 144(3)  9(2) -27(2)  -13(2) 

F(3) 53(2)  84(2) 246(5)  63(3) -9(2)  -30(2) 

F(4) 97(2)  76(2) 117(3)  -5(2) 39(2)  38(2) 

F(5) 109(3)  139(3) 72(2)  -5(2) 43(2)  44(2) 

F(6) 70(2)  112(3) 122(3)  0(3) 51(2)  -6(2) 

O(1) 103(3)  53(2) 58(2)  -15(2) 35(2)  -34(2) 

O(2) 77(2)  41(2) 47(2)  -6(1) 17(2)  -18(2) 

O(3) 41(1)  32(2) 39(2)  -4(1) 3(1)  -4(1) 

O(4) 97(3)  35(2) 85(3)  -12(2) 38(2)  -21(2) 

N(1) 34(2)  43(2) 41(2)  1(2) 3(2)  2(2) 

N(2) 28(2)  41(2) 49(2)  2(2) 5(2)  -4(2) 

N(3) 38(2)  37(2) 51(2)  7(2) 7(2)  4(2) 

N(4) 46(2)  31(2) 37(2)  0(2) 5(2)  0(2) 

C(1) 59(3)  50(3) 48(3)  -13(2) 13(2)  -9(2) 

C(2) 227(8)  96(5) 96(5)  -63(4) 82(6)  -97(6) 

C(3) 41(3)  31(2) 43(3)  -4(2) -1(2)  -1(2) 

C(4) 80(3)  56(3) 45(3)  -17(2) 9(3)  -9(3) 

C(5) 39(3)  69(4) 110(5)  22(3) -3(3)  -6(3) 

C(6) 30(2)  49(3) 51(3)  4(2) 6(2)  -7(2) 

C(7) 40(2)  38(2) 63(3)  11(2) 9(2)  -6(2) 

C(8) 39(2)  40(2) 50(3)  6(2) 7(2)  10(2) 

C(9) 54(3)  57(3) 78(3)  26(3) 1(2)  7(3) 

C(10) 42(3)  51(3) 57(3)  6(2) 1(2)  8(2) 

C(11) 35(4)  58(6) 31(5)  -9(5) -8(4)  21(4) 

C(12) 78(7)  90(7) 46(6)  -3(6) 15(5)  -17(7) 

C(13) 106(10)  145(14) 38(6)  -40(8) 22(7)  -40(11) 

C(14) 107(9)  54(6) 89(10)  -28(6) 7(8)  -1(6) 

C(15) 193(13)  45(5) 75(8)  -12(5) -1(8)  -12(6) 
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C(16) 150(11)  40(5) 67(7)  0(4) -3(7)  -4(6) 

C(17) 88(4)  75(4) 64(4)  7(3) -15(3)  26(3) 

C(18) 30(2)  68(3) 54(3)  15(2) -3(2)  -2(2) 

C(19) 40(3)  77(4) 67(4)  18(3) 4(3)  5(3) 

C(20) 33(3)  129(6) 92(5)  25(4) 6(3)  4(3) 

C(21) 40(3)  178(8) 86(5)  16(5) -15(3)  -20(4) 

C(22) 66(3)  140(6) 60(4)  -4(4) -13(3)  -19(4) 

C(23) 50(3)  87(4) 54(3)  6(3) -8(2)  -14(3) 

C(24) 59(3)  75(4) 86(4)  5(3) 21(3)  14(3) 

C(25) 79(4)  98(5) 47(3)  -13(3) -7(3)  -4(3) 

C(26) 69(4)  73(4) 80(4)  6(3) 28(3)  17(3) 

C(27) 52(3)  38(3) 51(3)  2(2) 17(2)  7(2) 

C(28) 59(3)  48(3) 39(3)  -3(2) 17(2)  2(2) 

C(29) 55(3)  33(2) 38(3)  1(2) 6(2)  -3(2) 

C(30) 85(4)  54(3) 43(3)  13(2) 13(3)  12(3) 

C(31) 44(3)  65(3) 69(4)  10(3) 10(3)  10(3) 

C(32) 40(3)  79(4) 69(4)  2(3) 0(3)  2(2) 

C(33) 119(6)  133(7) 77(5)  5(5) -12(4)  20(5) 

C(34) 173(9)  197(12) 87(7)  -18(8) -43(6)  43(9) 

C(35) 128(7)  182(11) 135(10)  -59(8) -43(7)  -21(7) 

C(36) 121(6)  109(6) 124(7)  -25(5) -2(6)  -26(5) 

C(37) 78(4)  82(4) 91(5)  -3(4) 9(4)  -18(4) 

C(38) 79(4)  78(5) 123(6)  42(4) -9(4)  12(4) 

C(39) 42(2)  34(2) 32(2)  6(2) 4(2)  4(2) 

C(40) 51(3)  27(2) 43(2)  0(2) 5(2)  -2(2) 

C(41) 63(3)  28(2) 57(3)  -1(2) 12(2)  7(2) 

C(42) 63(3)  43(3) 65(3)  7(3) 18(2)  20(3) 

C(43) 44(3)  51(3) 51(3)  5(2) 8(2)  5(2) 

C(44) 45(3)  41(3) 36(3)  4(2) -4(2)  4(2) 

C(45) 63(3)  34(3) 77(3)  -5(2) 3(2)  -13(2) 

C(46) 51(2)  54(3) 51(3)  -6(3) -5(2)  -5(3) 

______________________________________________________________________________ 
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Table B.5 Hydrogen coordinates (x 10
4
) and isotropic displacement parameters (Å

2
x 10

3
) 

for 1. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H(2A) 7113 -1273 6630 201 

H(2B) 7478 -399 6010 201 

H(2C) 6197 -398 6172 201 

H(4A) 8041 4934 9390 91 

H(4B) 8172 3457 9501 91 

H(4C) 6982 4035 9163 91 

H(7A) 9684 6329 6358 56 

H(9A) 7528 5919 5174 95 

H(9B) 8190 7019 5628 95 

H(9C) 6968 6595 5798 95 

H(10A) 11607 2859 7010 61 

H(12A) 10449 2212 5728 85 

H(13A) 9957 500 5026 114 

H(14A) 9868 -1489 5549 101 

H(15A) 10002 -1654 6800 127 

H(16A) 10533 66 7497 105 

H(12B) 9777 2615 5707 73 

H(13B) 9153 978 4829 106 

H(14B) 9857 -910 5115 110 

H(15B) 10883 -1432 6212 105 

H(16B) 11366 174 7140 118 

H(17A) 11228 2984 8209 117 

H(17B) 11598 1588 8047 117 

H(17C) 10293 1911 8062 117 

H(20A) 3917 5085 6307 102 

H(21A) 3451 3706 5375 124 

H(22A) 4852 2729 4827 109 

H(24A) 6161 6570 6850 109 

H(24B) 6534 5411 7365 109 

H(24C) 5254 5893 7272 109 
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H(25A) 7532 3422 4895 115 

H(25B) 6780 2184 4778 115 

H(25C) 7649 2358 5498 115 

H(28A) 6654 1149 10552 57 

H(30A) 9010 -681 10315 91 

H(30B) 7874 -942 10654 91 

H(30C) 8614 273 10886 91 

H(31A) 4036 2149 8720 71 

H(33A) 4203 1981 6938 134 

H(34A) 3710 297 6159 190 

H(35A) 3454 -1682 6633 185 

H(36A) 3801 -2014 7857 144 

H(37A) 4346 -361 8633 101 

H(38A) 5063 3944 8435 143 

H(38B) 4086 3603 7796 143 

H(38C) 5371 3255 7732 143 

H(41A) 9510 -2967 8315 59 

H(42A) 11334 -2179 8519 67 

H(43A) 11699 -267 9105 58 

H(45A) 7549 -2859 8399 88 

H(45B) 7032 -1481 8325 88 

H(45C) 7264 -2134 9096 88 

H(46A) 11093 1652 9556 79 

H(46B) 10194 1341 10090 79 

H(46C) 9798 2046 9348 79 
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Table B.6 Crystal data and structure refinement for 3. 

Identification code  ce1 

Empirical formula  C58H60F6N4O4Zn2 

Formula weight  1121.84 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P2(1)2(1)2(1) 

Unit cell dimensions a = 13.5462(5) Å = 90° 

 b = 19.2935(7) Å = 90° 

 c = 20.7468(7) Å  = 90° 

Volume 5422.3(3) Å
3
 

Z 4 

Density (calculated) 1.374 Mg/m
3
 

Absorption coefficient 0.955 mm
-1

 

F(000) 2328 

Crystal size 0.40 x 0.40 x 0.40 mm
3
 

Theta range for data collection 1.44 to 25.35° 

Index ranges -8<=h<=16, -23<=k<=21, -20<=l<=24 

Reflections collected 18303 

Independent reflections 9628 [R(int) = 0.0203] 

Completeness to theta = 25.35° 98.4 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7013 and 0.7013 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 9628 / 0 / 677 

Goodness-of-fit on F
2
 1.054 

Final R indices [I>2sigma(I)] R1 = 0.0271, wR2 = 0.0639 

R indices (all data) R1 = 0.0319, wR2 = 0.0660 

Absolute structure parameter 0.005(7) 

Largest diff. peak and hole 0.296 and -0.201 e·Å-3 
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Table B.7 Atomic coordinates ( x 10
4
) and equivalent isotropic displacement parameters (Å

2
x 10

3
) 

for 3. U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

Zn(1) -6936(1) 4661(1) 1066(1) 23(1) 

Zn(2) -4415(1) 5133(1) 1160(1) 24(1) 

F(1) -9503(1) 6309(1) 845(1) 52(1) 

F(2) -10241(1) 5432(1) 437(1) 54(1) 

F(3) -10452(1) 5695(1) 1425(1) 56(1) 

F(4) -2796(1) 5202(1) 3088(1) 58(1) 

F(5) -1518(1) 4851(1) 2565(1) 48(1) 

F(6) -1724(1) 5930(1) 2760(1) 56(1) 

O(1) -6173(1) 4034(1) 532(1) 31(1) 

O(2) -4635(1) 4449(1) 466(1) 36(1) 

O(3) -5846(1) 5257(1) 1412(1) 26(1) 

O(4) -5127(1) 5936(1) 2120(1) 40(1) 

N(1) -7570(2) 4114(1) 1756(1) 27(1) 

N(2) -8093(1) 5180(1) 760(1) 25(1) 

N(3) -3811(1) 5969(1) 761(1) 24(1) 

N(4) -3354(1) 4891(1) 1768(1) 26(1) 

C(1) -5301(2) 4022(1) 329(1) 28(1) 

C(2) -5015(2) 3432(1) -103(1) 44(1) 

C(3) -5880(2) 5719(1) 1886(1) 26(1) 

C(4) -6882(2) 5967(2) 2091(1) 41(1) 

C(5) -8940(2) 3846(2) 2497(1) 38(1) 

C(6) -8465(2) 4260(1) 1957(1) 27(1) 

C(7) -9048(2) 4802(1) 1690(1) 30(1) 

C(8) -8895(2) 5190(1) 1142(1) 28(1) 

C(9) -9770(2) 5655(1) 964(1) 37(1) 

C(10) -7520(2) 6243(1) 220(1) 40(1) 

C(11) -8032(2) 5546(1) 132(1) 29(1) 

C(12) -7498(2) 5079(1) -352(1) 28(1) 

C(13) -6593(2) 5252(1) -600(1) 36(1) 

C(14) -6101(2) 4842(1) -1053(1) 41(1) 

C(15) -6520(2) 4245(2) -1260(1) 40(1) 
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C(16) -7444(2) 4024(1) -1023(1) 34(1) 

C(17) -7881(2) 3402(1) -1238(1) 42(1) 

C(18) -8778(2) 3197(2) -1031(1) 48(1) 

C(19) -9287(2) 3606(2) -579(1) 47(1) 

C(20) -8887(2) 4207(1) -351(1) 34(1) 

C(21) -7951(2) 4440(1) -563(1) 29(1) 

C(22) -7049(2) 3523(1) 2021(1) 32(1) 

C(23) -7074(2) 2906(1) 1671(2) 41(1) 

C(24) -6529(2) 2347(2) 1910(2) 59(1) 

C(25) -5991(2) 2411(2) 2473(2) 68(1) 

C(26) -5985(2) 3019(2) 2801(2) 59(1) 

C(27) -6509(2) 3599(2) 2591(1) 42(1) 

C(28) -7683(2) 2838(1) 1067(2) 47(1) 

C(29) -7422(3) 2264(2) 618(2) 95(2) 

C(30) -6476(3) 4275(2) 2953(2) 55(1) 

C(31) -5623(3) 4406(3) 3374(2) 134(2) 

C(32) -2637(2) 6946(1) 813(1) 39(1) 

C(33) -3112(2) 6295(1) 1076(1) 26(1) 

C(34) -2724(2) 6065(1) 1675(1) 28(1) 

C(35) -2808(2) 5424(1) 1963(1) 28(1) 

C(36) -2207(2) 5353(2) 2589(1) 41(1) 

C(37) -4086(2) 3734(2) 1875(2) 46(1) 

C(38) -3169(2) 4182(1) 1999(1) 31(1) 

C(39) -2278(2) 3854(1) 1665(1) 28(1) 

C(40) -1768(2) 3285(1) 1953(1) 30(1) 

C(41) -2014(2) 3008(1) 2565(1) 35(1) 

C(42) -1488(2) 2467(1) 2826(2) 45(1) 

C(43) -698(2) 2173(1) 2489(2) 48(1) 

C(44) -442(2) 2420(1) 1902(2) 45(1) 

C(45) -955(2) 2982(1) 1615(1) 35(1) 

C(46) -677(2) 3247(1) 1006(2) 41(1) 

C(47) -1178(2) 3786(2) 747(1) 40(1) 

C(48) -1982(2) 4089(1) 1073(1) 34(1) 

C(49) -4169(2) 6242(1) 160(1) 26(1) 

C(50) -3874(2) 5936(1) -421(1) 34(1) 

C(51) -4252(2) 6210(2) -996(1) 41(1) 
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C(52) -4897(2) 6756(2) -992(1) 43(1) 

C(53) -5193(2) 7045(1) -416(1) 39(1) 

C(54) -4845(2) 6794(1) 171(1) 30(1) 

C(55) -3151(2) 5344(1) -449(1) 41(1) 

C(56) -2092(2) 5583(2) -536(2) 58(1) 

C(57) -5173(2) 7096(1) 805(1) 39(1) 

C(58) -5880(2) 7700(2) 776(2) 49(1) 

________________________________________________________________________________ 
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Table B.8 Bond lengths [Å] and angles [°] for 3. 

______________________________________________________________________________________  

Zn(1)-O(1)  1.9387(16) 

Zn(1)-N(2)  1.9657(19) 

Zn(1)-N(1)  1.977(2) 

Zn(1)-O(3)  2.0049(16) 

Zn(2)-N(4)  1.9682(19) 

Zn(2)-O(2)  1.9767(17) 

Zn(2)-N(3)  1.9880(19) 

Zn(2)-O(3)  2.0228(15) 

F(1)-C(9)  1.336(3) 

F(2)-C(9)  1.337(3) 

F(3)-C(9)  1.332(3) 

F(4)-C(36)  1.340(3) 

F(5)-C(36)  1.346(3) 

F(6)-C(36)  1.341(3) 

O(1)-C(1)  1.254(3) 

O(2)-C(1)  1.254(3) 

O(3)-C(3)  1.327(3) 

O(4)-C(3)  1.205(3) 

N(1)-C(6)  1.312(3) 

N(1)-C(22)  1.450(3) 

N(2)-C(8)  1.345(3) 

N(2)-C(11)  1.485(3) 

N(3)-C(33)  1.312(3) 

N(3)-C(49)  1.438(3) 

N(4)-C(35)  1.330(3) 

N(4)-C(38)  1.470(3) 

C(1)-C(2)  1.500(3) 

C(3)-C(4)  1.502(4) 

C(5)-C(6)  1.519(3) 

C(6)-C(7)  1.423(3) 

C(7)-C(8)  1.376(3) 

C(8)-C(9)  1.532(3) 

C(10)-C(11)  1.523(3) 

C(11)-C(12)  1.531(3) 

C(12)-C(13)  1.371(3) 

C(12)-C(21)  1.444(3) 

C(13)-C(14)  1.397(4) 

C(14)-C(15)  1.354(4) 

C(15)-C(16)  1.411(4) 

C(16)-C(17)  1.411(4) 

C(16)-C(21)  1.424(3) 

C(17)-C(18)  1.349(4) 

C(18)-C(19)  1.406(4) 

C(19)-C(20)  1.365(4) 

C(20)-C(21)  1.415(3) 

C(22)-C(23)  1.395(4) 

C(22)-C(27)  1.398(4) 

C(23)-C(24)  1.398(4) 

C(23)-C(28)  1.505(4) 

C(24)-C(25)  1.380(5) 

C(25)-C(26)  1.357(5) 

C(26)-C(27)  1.396(4) 

C(27)-C(30)  1.505(4) 

C(28)-C(29)  1.490(4) 

C(30)-C(31)  1.472(5) 

C(32)-C(33)  1.512(3) 

C(33)-C(34)  1.421(3) 

C(34)-C(35)  1.377(4) 

C(35)-C(36)  1.539(4) 

C(37)-C(38)  1.536(4) 

C(38)-C(39)  1.528(3) 

C(39)-C(48)  1.369(4) 

C(39)-C(40)  1.428(3) 

C(40)-C(41)  1.417(4) 

C(40)-C(45)  1.430(4) 

C(41)-C(42)  1.374(4) 

C(42)-C(43)  1.400(4) 

C(43)-C(44)  1.351(4) 
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C(44)-C(45)  1.420(4) 

C(45)-C(46)  1.415(4) 

C(46)-C(47)  1.353(4) 

C(47)-C(48)  1.410(4) 

C(49)-C(50)  1.401(4) 

C(49)-C(54)  1.406(4) 

C(50)-C(51)  1.401(4) 

C(50)-C(55)  1.506(4) 

C(51)-C(52)  1.370(4) 

C(52)-C(53)  1.380(4) 

C(53)-C(54)  1.392(4) 

C(54)-C(57)  1.506(4) 

C(55)-C(56)  1.519(4) 

C(57)-C(58)  1.511(4) 

 

O(1)-Zn(1)-N(2) 123.93(8) 

O(1)-Zn(1)-N(1) 108.21(8) 

N(2)-Zn(1)-N(1) 99.15(8) 

O(1)-Zn(1)-O(3) 99.85(7) 

N(2)-Zn(1)-O(3) 114.27(7) 

N(1)-Zn(1)-O(3) 111.53(8) 

N(4)-Zn(2)-O(2) 114.76(8) 

N(4)-Zn(2)-N(3) 99.19(8) 

O(2)-Zn(2)-N(3) 107.48(8) 

N(4)-Zn(2)-O(3) 124.18(7) 

O(2)-Zn(2)-O(3) 97.04(7) 

N(3)-Zn(2)-O(3) 113.95(7) 

C(1)-O(1)-Zn(1) 134.82(17) 

C(1)-O(2)-Zn(2) 135.44(16) 

C(3)-O(3)-Zn(1) 128.73(14) 

C(3)-O(3)-Zn(2) 107.68(14) 

Zn(1)-O(3)-Zn(2) 123.03(8) 

C(6)-N(1)-C(22) 120.0(2) 

C(6)-N(1)-Zn(1) 121.12(17) 

C(22)-N(1)-Zn(1) 118.85(16) 

C(8)-N(2)-C(11) 123.8(2) 

C(8)-N(2)-Zn(1) 117.45(15) 

C(11)-N(2)-Zn(1) 118.74(15) 

C(33)-N(3)-C(49) 120.0(2) 

C(33)-N(3)-Zn(2) 118.62(16) 

C(49)-N(3)-Zn(2) 121.29(15) 

C(35)-N(4)-C(38) 121.7(2) 

C(35)-N(4)-Zn(2) 114.61(16) 

C(38)-N(4)-Zn(2) 123.66(16) 

O(1)-C(1)-O(2) 126.1(2) 

O(1)-C(1)-C(2) 117.2(2) 

O(2)-C(1)-C(2) 116.6(2) 

O(4)-C(3)-O(3) 120.3(2) 

O(4)-C(3)-C(4) 122.7(2) 

O(3)-C(3)-C(4) 117.0(2) 

N(1)-C(6)-C(7) 123.2(2) 

N(1)-C(6)-C(5) 120.8(2) 

C(7)-C(6)-C(5) 116.0(2) 

C(8)-C(7)-C(6) 129.6(2) 

N(2)-C(8)-C(7) 127.0(2) 

N(2)-C(8)-C(9) 119.4(2) 

C(7)-C(8)-C(9) 113.6(2) 

F(3)-C(9)-F(1) 105.4(2) 

F(3)-C(9)-F(2) 106.1(2) 

F(1)-C(9)-F(2) 106.3(2) 

F(3)-C(9)-C(8) 113.4(2) 

F(1)-C(9)-C(8) 112.8(2) 

F(2)-C(9)-C(8) 112.2(2) 

N(2)-C(11)-C(10) 109.9(2) 

N(2)-C(11)-C(12) 108.75(18) 

C(10)-C(11)-C(12) 112.6(2) 

C(13)-C(12)-C(21) 118.3(2) 

C(13)-C(12)-C(11) 121.6(2) 

C(21)-C(12)-C(11) 120.1(2) 

C(12)-C(13)-C(14) 122.7(2) 

C(15)-C(14)-C(13) 119.7(3) 

C(14)-C(15)-C(16) 121.2(3) 
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C(15)-C(16)-C(17) 121.3(3) 

C(15)-C(16)-C(21) 119.5(2) 

C(17)-C(16)-C(21) 119.3(2) 

C(18)-C(17)-C(16) 121.8(3) 

C(17)-C(18)-C(19) 119.3(3) 

C(20)-C(19)-C(18) 120.9(3) 

C(19)-C(20)-C(21) 121.2(3) 

C(20)-C(21)-C(16) 117.5(2) 

C(20)-C(21)-C(12) 123.9(2) 

C(16)-C(21)-C(12) 118.6(2) 

C(23)-C(22)-C(27) 122.9(3) 

C(23)-C(22)-N(1) 117.5(2) 

C(27)-C(22)-N(1) 119.5(2) 

C(22)-C(23)-C(24) 117.3(3) 

C(22)-C(23)-C(28) 121.4(2) 

C(24)-C(23)-C(28) 121.3(3) 

C(25)-C(24)-C(23) 120.8(3) 

C(26)-C(25)-C(24) 120.3(3) 

C(25)-C(26)-C(27) 122.2(3) 

C(26)-C(27)-C(22) 116.5(3) 

C(26)-C(27)-C(30) 121.6(3) 

C(22)-C(27)-C(30) 121.9(3) 

C(29)-C(28)-C(23) 117.0(3) 

C(31)-C(30)-C(27) 118.0(3) 

N(3)-C(33)-C(34) 123.5(2) 

N(3)-C(33)-C(32) 121.7(2) 

C(34)-C(33)-C(32) 114.8(2) 

C(35)-C(34)-C(33) 129.0(2) 

N(4)-C(35)-C(34) 127.5(2) 

N(4)-C(35)-C(36) 118.7(2) 

C(34)-C(35)-C(36) 113.7(2) 

F(4)-C(36)-F(6) 105.4(2) 

F(4)-C(36)-F(5) 106.6(2) 

F(6)-C(36)-F(5) 105.5(2) 

F(4)-C(36)-C(35) 111.0(2) 

F(6)-C(36)-C(35) 114.1(2) 

F(5)-C(36)-C(35) 113.6(2) 

N(4)-C(38)-C(39) 111.9(2) 

N(4)-C(38)-C(37) 109.3(2) 

C(39)-C(38)-C(37) 109.3(2) 

C(48)-C(39)-C(40) 119.2(2) 

C(48)-C(39)-C(38) 120.1(2) 

C(40)-C(39)-C(38) 120.7(2) 

C(41)-C(40)-C(39) 123.4(2) 

C(41)-C(40)-C(45) 117.8(2) 

C(39)-C(40)-C(45) 118.8(2) 

C(42)-C(41)-C(40) 121.2(3) 

C(41)-C(42)-C(43) 120.4(3) 

C(44)-C(43)-C(42) 120.3(3) 

C(43)-C(44)-C(45) 121.4(3) 

C(46)-C(45)-C(44) 121.4(3) 

C(46)-C(45)-C(40) 119.7(2) 

C(44)-C(45)-C(40) 118.9(3) 

C(47)-C(46)-C(45) 119.9(3) 

C(46)-C(47)-C(48) 121.0(3) 

C(39)-C(48)-C(47) 121.4(2) 

C(50)-C(49)-C(54) 121.3(2) 

C(50)-C(49)-N(3) 119.8(2) 

C(54)-C(49)-N(3) 118.9(2) 

C(49)-C(50)-C(51) 118.0(3) 

C(49)-C(50)-C(55) 122.5(2) 

C(51)-C(50)-C(55) 119.4(2) 

C(52)-C(51)-C(50) 121.2(3) 

C(51)-C(52)-C(53) 120.1(3) 

C(52)-C(53)-C(54) 121.2(3) 

C(53)-C(54)-C(49) 118.1(3) 

C(53)-C(54)-C(57) 122.0(2) 

C(49)-C(54)-C(57) 119.9(2) 

C(50)-C(55)-C(56) 112.8(2) 

C(54)-C(57)-C(58) 116.7(2) 

______________________________________________________________________________________  
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Table B.9 Anisotropic displacement parameters (Å
2
x 10

3
) for 3. The anisotropic 

displacement factor exponent takes the form: -2
2
[ h

2
 a*

2
U

11
 + ...  + 2 h k a* b* U

12
 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Zn(1) 19(1)  25(1) 25(1)  2(1) 1(1)  1(1) 

Zn(2) 20(1)  26(1) 28(1)  1(1) 2(1)  -1(1) 

F(1) 45(1)  31(1) 80(1)  4(1) 3(1)  14(1) 

F(2) 35(1)  63(1) 64(1)  -8(1) -20(1)  14(1) 

F(3) 31(1)  67(1) 69(1)  4(1) 13(1)  23(1) 

F(4) 68(1)  83(1) 24(1)  5(1) -2(1)  12(1) 

F(5) 44(1)  51(1) 50(1)  3(1) -18(1)  14(1) 

F(6) 69(1)  50(1) 50(1)  -7(1) -33(1)  5(1) 

O(1) 26(1)  31(1) 36(1)  -6(1) 4(1)  0(1) 

O(2) 33(1)  40(1) 34(1)  -10(1) 8(1)  -5(1) 

O(3) 20(1)  29(1) 29(1)  -6(1) 1(1)  -1(1) 

O(4) 34(1)  43(1) 45(1)  -15(1) -2(1)  -4(1) 

N(1) 24(1)  29(1) 28(1)  4(1) 2(1)  0(1) 

N(2) 23(1)  26(1) 25(1)  0(1) -3(1)  1(1) 

N(3) 22(1)  27(1) 23(1)  2(1) 2(1)  -2(1) 

N(4) 23(1)  30(1) 26(1)  2(1) 1(1)  6(1) 

C(1) 31(2)  28(1) 26(2)  1(1) 0(1)  2(1) 

C(2) 40(2)  41(2) 49(2)  -15(1) 2(1)  5(1) 

C(3) 28(1)  25(1) 26(1)  -1(1) 3(1)  -3(1) 

C(4) 36(2)  46(2) 42(2)  -16(1) 4(1)  6(1) 

C(5) 28(2)  47(2) 40(2)  8(1) 8(1)  -5(1) 

C(6) 22(1)  32(1) 27(1)  -1(1) 3(1)  -4(1) 

C(7) 20(1)  36(1) 33(2)  -4(1) 5(1)  1(1) 

C(8) 20(1)  28(1) 35(1)  -6(1) -4(1)  2(1) 

C(9) 28(1)  39(2) 44(2)  -1(1) -2(1)  8(1) 

C(10) 48(2)  30(1) 42(2)  2(1) 4(1)  -3(1) 

C(11) 27(1)  28(1) 31(1)  2(1) -5(1)  2(1) 

C(12) 30(1)  29(1) 25(1)  3(1) -6(1)  5(1) 

C(13) 35(1)  37(2) 37(2)  2(1) -1(1)  -6(1) 

C(14) 33(1)  51(2) 41(2)  2(2) 9(1)  2(1) 

C(15) 39(2)  45(2) 35(2)  -1(1) 7(1)  6(1) 
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C(16) 41(2)  34(1) 27(2)  4(1) 1(1)  6(1) 

C(17) 56(2)  36(1) 33(2)  -6(1) 2(1)  5(1) 

C(18) 66(2)  38(2) 40(2)  -11(1) 3(2)  -13(1) 

C(19) 54(2)  44(2) 43(2)  -9(1) 7(2)  -17(2) 

C(20) 35(2)  34(1) 32(2)  -4(1) -1(1)  -5(1) 

C(21) 31(1)  30(1) 25(1)  5(1) -2(1)  1(1) 

C(22) 21(1)  36(1) 39(2)  16(1) 8(1)  2(1) 

C(23) 31(2)  33(1) 61(2)  15(1) 12(1)  -2(1) 

C(24) 47(2)  34(2) 97(3)  22(2) 17(2)  4(1) 

C(25) 42(2)  56(2) 107(3)  54(2) 7(2)  7(2) 

C(26) 40(2)  70(2) 68(2)  50(2) -1(2)  -1(2) 

C(27) 27(2)  57(2) 41(2)  25(2) 4(1)  -2(1) 

C(28) 41(2)  38(2) 64(2)  -7(2) 1(2)  0(1) 

C(29) 91(3)  77(3) 116(4)  -47(3) -15(3)  9(3) 

C(30) 57(2)  59(2) 48(2)  7(2) -19(2)  2(2) 

C(31) 70(3)  218(6) 113(4)  -110(4) -28(3)  48(4) 

C(32) 40(2)  39(2) 38(2)  4(1) -1(1)  -10(1) 

C(33) 20(1)  28(1) 28(1)  -2(1) 3(1)  1(1) 

C(34) 19(1)  36(1) 29(2)  -5(1) -2(1)  2(1) 

C(35) 22(1)  39(2) 25(1)  -3(1) 1(1)  7(1) 

C(36) 47(2)  41(2) 36(2)  1(1) -8(1)  9(1) 

C(37) 33(2)  44(2) 61(2)  16(2) 11(2)  1(1) 

C(38) 31(2)  34(1) 27(1)  6(1) 3(1)  4(1) 

C(39) 26(1)  26(1) 32(2)  -1(1) -2(1)  -2(1) 

C(40) 28(1)  23(1) 38(2)  -1(1) -8(1)  -3(1) 

C(41) 38(2)  29(1) 39(2)  3(1) -8(1)  -4(1) 

C(42) 60(2)  30(1) 44(2)  5(1) -21(2)  -8(1) 

C(43) 50(2)  29(1) 66(2)  -1(2) -27(2)  2(1) 

C(44) 39(2)  28(1) 67(2)  -10(1) -14(2)  5(1) 

C(45) 31(1)  26(1) 48(2)  -7(1) -10(1)  -2(1) 

C(46) 33(2)  36(1) 53(2)  -13(1) 6(1)  3(1) 

C(47) 39(2)  43(2) 38(2)  0(1) 10(1)  2(1) 

C(48) 34(1)  35(1) 33(2)  6(1) 4(1)  5(1) 

C(49) 29(1)  27(1) 23(1)  5(1) -1(1)  -8(1) 

C(50) 37(2)  37(1) 28(2)  2(1) 5(1)  -8(1) 

C(51) 45(2)  53(2) 25(2)  3(1) 1(1)  -15(1) 
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C(52) 49(2)  50(2) 29(2)  12(1) -11(1)  -13(1) 

C(53) 39(2)  37(2) 39(2)  11(1) -10(1)  -8(1) 

C(54) 33(1)  29(1) 29(2)  4(1) -5(1)  -7(1) 

C(55) 49(2)  46(2) 28(2)  -5(1) 10(1)  -3(2) 

C(56) 41(2)  67(2) 65(2)  -14(2) -7(2)  2(2) 

C(57) 44(2)  37(2) 36(2)  -3(1) -8(1)  7(1) 

C(58) 50(2)  43(2) 54(2)  -8(2) -13(2)  13(1) 

______________________________________________________________________________ 
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Table B.10 Hydrogen coordinates ( x 10
4
) and isotropic displacement parameters (Å

2
x 10

3
) 

for 3. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H(2A) -4670 3077 149 65 

H(2B) -4579 3602 -445 65 

H(2C) -5610 3230 -296 65 

H(4A) -6820 6247 2483 62 

H(4B) -7309 5567 2177 62 

H(4C) -7172 6249 1746 62 

H(5A) -8785 3353 2442 57 

H(5B) -9657 3911 2484 57 

H(5C) -8684 4006 2912 57 

H(7A) -9629 4913 1925 36 

H(10A) -7895 6526 526 60 

H(10B) -7486 6483 -196 60 

H(10C) -6851 6168 385 60 

H(11A) -8717 5631 -28 34 

H(13A) -6287 5668 -459 44 

H(14A) -5475 4981 -1214 50 

H(15A) -6185 3970 -1571 48 

H(17A) -7534 3120 -1538 50 

H(18A) -9063 2780 -1188 58 

H(19A) -9917 3461 -430 56 

H(20A) -9244 4474 -45 40 

H(24A) -6528 1920 1684 71 

H(25A) -5624 2027 2630 82 

H(26A) -5611 3051 3188 71 

H(28A) -8210 3148 976 57 

H(29A) -6718 2289 513 142 

H(29B) -7812 2307 222 142 

H(29C) -7565 1818 824 142 

H(30A) -6990 4606 2910 66 

H(31A) -5643 4088 3742 200 
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H(31B) -5646 4885 3530 200 

H(31C) -5011 4332 3131 200 

H(32A) -3004 7104 433 59 

H(32B) -1952 6847 692 59 

H(32C) -2649 7309 1144 59 

H(34A) -2356 6399 1910 33 

H(37A) -4669 3963 2058 68 

H(37B) -3999 3280 2079 68 

H(37C) -4177 3672 1410 68 

H(38A) -3040 4198 2473 37 

H(41A) -2552 3199 2799 43 

H(42A) -1663 2292 3239 54 

H(43A) -340 1799 2672 58 

H(44A) 93 2212 1677 54 

H(46A) -139 3047 778 49 

H(47A) -984 3963 338 48 

H(48A) -2324 4464 879 41 

H(51A) -4056 6013 -1396 50 

H(52A) -5141 6937 -1387 51 

H(53A) -5644 7423 -419 46 

H(55A) -3331 5034 -811 49 

H(55B) -3200 5072 -46 49 

H(56A) -2043 5871 -925 87 

H(56B) -1659 5179 -580 87 

H(56C) -1889 5855 -160 87 

H(57A) -4577 7246 1044 47 

H(57B) -5487 6722 1059 47 

H(58A) -5589 8073 517 73 

H(58B) -6009 7870 1213 73 

H(58C) -6501 7550 578 73 
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Table B.11 Crystal data and structure refinement for 4. 

Identification code  ce10 

Empirical formula  C48H54F6N4O4Zn2 

Formula weight  995.69 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P2(1)2(1)2(1) 

Unit cell dimensions a = 12.1107(3) Å = 90° 

 b = 19.7360(8) Å = 90° 

 c = 20.3350(8) Å  = 90° 

Volume 4860.4(3) Å
3
 

Z 4 

Density (calculated) 1.361 Mg/m
3
 

Absorption coefficient 1.055 mm
-1

 

F(000) 2064 

Crystal size 0.40 x 0.10 x 0.10 mm
3
 

Theta range for data collection 1.96 to 25.35° 

Index ranges -14<=h<=14, 0<=k<=23, 0<=l<=24 

Reflections collected 8828 

Independent reflections 8828 [R(int) = 0.0410] 

Completeness to theta = 25.35° 99.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9018 and 0.6776 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 8828 / 0 / 587 

Goodness-of-fit on F
2
 1.009 

Final R indices [I>2sigma(I)] R1 = 0.0434, wR2 = 0.0788 

R indices (all data) R1 = 0.0734, wR2 = 0.0909 

Absolute structure parameter -0.004(10) 

Largest diff. peak and hole 0.347 and -0.367 e·Å
-3
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Table B.12 Atomic coordinates ( x 10
4
) and equivalent isotropic displacement parameters (Å

2
x 10

3
) 

for 4. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

Zn(1) -725(1) 1102(1) 6022(1) 29(1) 

Zn(2) 896(1) 1455(1) 7734(1) 30(1) 

F(1) -4523(2) 1224(1) 4836(1) 42(1) 

F(2) -4565(2) 1433(1) 5867(1) 41(1) 

F(3) -4497(2) 400(1) 5527(1) 41(1) 

F(4) 4477(2) 2164(2) 8998(2) 78(1) 

F(5) 4779(2) 1356(2) 8319(2) 67(1) 

F(6) 4471(2) 2367(2) 7960(2) 70(1) 

O(1) 221(2) 420(2) 6402(2) 42(1) 

O(2) 377(2) 564(2) 7480(2) 42(1) 

O(3) -385(2) 2044(2) 6243(2) 45(1) 

O(4) 209(2) 2208(2) 7265(2) 48(1) 

N(1) -416(2) 1003(2) 5076(2) 26(1) 

N(2) -2328(2) 964(2) 6006(2) 28(1) 

N(3) 465(2) 1631(2) 8653(2) 32(1) 

N(4) 2519(3) 1526(2) 7813(2) 34(1) 

C(1) 429(3) 212(2) 6963(3) 33(1) 

C(2) 775(5) -513(2) 7028(3) 63(2) 

C(3) -156(3) 2406(2) 6727(3) 35(1) 

C(4) -367(5) 3148(2) 6651(3) 67(2) 

C(5) -964(3) 983(2) 3914(2) 42(1) 

C(6) -1214(3) 1041(2) 4641(2) 29(1) 

C(7) -2339(3) 1114(2) 4815(2) 30(1) 

C(8) -2836(3) 1041(2) 5430(2) 25(1) 

C(9) -4102(3) 1020(2) 5413(2) 33(1) 

C(10) 712(3) 879(2) 4882(2) 28(1) 

C(11) 1093(3) 209(2) 4852(2) 37(1) 

C(12) 2212(4) 112(2) 4741(3) 50(1) 

C(13) 2913(4) 652(3) 4656(3) 60(2) 

C(14) 2516(4) 1301(3) 4680(3) 49(1) 

C(15) 1414(3) 1428(2) 4789(2) 34(1) 
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C(16) 324(4) -380(2) 4950(3) 49(1) 

C(17) 991(4) 2143(2) 4793(2) 47(1) 

C(18) -2876(3) 725(2) 6612(2) 31(1) 

C(19) -2555(4) -16(2) 6730(3) 40(1) 

C(20) -2356(4) -269(3) 7347(3) 71(2) 

C(21) -2102(5) -958(3) 7438(3) 89(2) 

C(22) -2044(5) -1396(3) 6919(4) 78(2) 

C(23) -2213(4) -1140(3) 6301(3) 68(2) 

C(24) -2454(4) -461(2) 6206(3) 56(2) 

C(25) -2568(4) 1201(2) 7174(2) 43(1) 

C(26) -2956(4) 1930(2) 7065(3) 54(2) 

C(27) 861(4) 1951(3) 9794(2) 64(2) 

C(28) 1203(4) 1818(2) 9093(2) 40(1) 

C(29) 2344(3) 1901(2) 8948(3) 41(1) 

C(30) 2914(3) 1766(2) 8370(3) 39(1) 

C(31) 4165(4) 1912(3) 8413(3) 54(1) 

C(32) -676(3) 1557(2) 8839(2) 30(1) 

C(33) -1380(3) 2120(2) 8818(2) 37(1) 

C(34) -2484(4) 2014(2) 8972(3) 49(1) 

C(35) -2877(4) 1394(3) 9150(2) 51(1) 

C(36) -2179(4) 847(2) 9169(2) 47(1) 

C(37) -1072(3) 915(2) 9011(2) 34(1) 

C(38) -969(4) 2812(2) 8638(3) 55(1) 

C(39) -303(4) 317(2) 9031(3) 57(2) 

C(40) 3194(3) 1265(2) 7265(2) 40(1) 

C(41) 3364(3) 498(2) 7335(3) 44(1) 

C(42) 3126(4) 138(2) 7909(3) 47(1) 

C(43) 3342(4) -542(3) 7966(3) 62(2) 

C(44) 3823(5) -888(3) 7464(4) 79(2) 

C(45) 4100(5) -544(3) 6889(4) 98(2) 

C(46) 3841(5) 139(3) 6829(3) 75(2) 

C(47) 2696(4) 1483(2) 6615(2) 44(1) 

C(48) 2791(4) 2239(3) 6501(3) 57(2) 

________________________________________________________________________________ 
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Table B.13 Bond lengths [Å] and angles [°] for 4. 

______________________________________________________________________________________  

Zn(1)-O(1)  1.928(3) 

Zn(1)-O(3)  1.955(3) 

Zn(1)-N(2)  1.960(3) 

Zn(1)-N(1)  1.970(3) 

Zn(2)-O(2)  1.937(3) 

Zn(2)-O(4)  1.952(3) 

Zn(2)-N(3)  1.972(4) 

Zn(2)-N(4)  1.977(3) 

F(1)-C(9)  1.343(5) 

F(2)-C(9)  1.352(4) 

F(3)-C(9)  1.333(4) 

F(4)-C(31)  1.344(6) 

F(5)-C(31)  1.339(5) 

F(6)-C(31)  1.338(6) 

O(1)-C(1)  1.238(5) 

O(2)-C(1)  1.262(5) 

O(3)-C(3)  1.250(5) 

O(4)-C(3)  1.242(5) 

N(1)-C(6)  1.312(5) 

N(1)-C(10)  1.442(5) 

N(2)-C(8)  1.330(5) 

N(2)-C(18)  1.478(5) 

N(3)-C(28)  1.317(5) 

N(3)-C(32)  1.440(5) 

N(4)-C(30)  1.317(5) 

N(4)-C(40)  1.474(5) 

C(1)-C(2)  1.496(6) 

C(3)-C(4)  1.494(6) 

C(5)-C(6)  1.513(6) 

C(6)-C(7)  1.415(5) 

C(7)-C(8)  1.396(5) 

C(8)-C(9)  1.535(5) 

C(10)-C(15)  1.392(5) 

C(10)-C(11)  1.401(5) 

C(11)-C(12)  1.388(6) 

C(11)-C(16)  1.503(6) 

C(12)-C(13)  1.374(7) 

C(13)-C(14)  1.369(7) 

C(14)-C(15)  1.375(6) 

C(15)-C(17)  1.501(6) 

C(18)-C(25)  1.527(6) 

C(18)-C(19)  1.532(6) 

C(19)-C(20)  1.370(7) 

C(19)-C(24)  1.387(7) 

C(20)-C(21)  1.406(7) 

C(21)-C(22)  1.367(8) 

C(22)-C(23)  1.370(8) 

C(23)-C(24)  1.384(7) 

C(25)-C(26)  1.528(6) 

C(27)-C(28)  1.507(6) 

C(28)-C(29)  1.422(6) 

C(29)-C(30)  1.389(6) 

C(30)-C(31)  1.544(6) 

C(32)-C(37)  1.399(6) 

C(32)-C(33)  1.401(5) 

C(33)-C(34)  1.389(6) 

C(33)-C(38)  1.499(6) 

C(34)-C(35)  1.363(6) 

C(35)-C(36)  1.372(6) 

C(36)-C(37)  1.386(6) 

C(37)-C(39)  1.505(6) 

C(40)-C(47)  1.516(6) 

C(40)-C(41)  1.535(6) 

C(41)-C(46)  1.376(7) 

C(41)-C(42)  1.395(7) 

C(42)-C(43)  1.372(6) 

C(43)-C(44)  1.359(8) 

C(44)-C(45)  1.393(8) 
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C(45)-C(46)  1.390(7) 

C(47)-C(48)  1.514(7) 

 

O(1)-Zn(1)-O(3) 116.49(14) 

O(1)-Zn(1)-N(2) 119.87(13) 

O(3)-Zn(1)-N(2) 110.13(13) 

O(1)-Zn(1)-N(1) 102.09(13) 

O(3)-Zn(1)-N(1) 106.18(13) 

N(2)-Zn(1)-N(1) 99.07(14) 

O(2)-Zn(2)-O(4) 114.97(14) 

O(2)-Zn(2)-N(3) 109.08(13) 

O(4)-Zn(2)-N(3) 102.46(14) 

O(2)-Zn(2)-N(4) 114.12(14) 

O(4)-Zn(2)-N(4) 114.20(14) 

N(3)-Zn(2)-N(4) 100.01(14) 

C(1)-O(1)-Zn(1) 136.2(3) 

C(1)-O(2)-Zn(2) 134.9(3) 

C(3)-O(3)-Zn(1) 140.5(3) 

C(3)-O(4)-Zn(2) 145.2(3) 

C(6)-N(1)-C(10) 121.6(3) 

C(6)-N(1)-Zn(1) 120.8(3) 

C(10)-N(1)-Zn(1) 117.6(3) 

C(8)-N(2)-C(18) 124.2(3) 

C(8)-N(2)-Zn(1) 117.2(3) 

C(18)-N(2)-Zn(1) 118.3(3) 

C(28)-N(3)-C(32) 120.1(4) 

C(28)-N(3)-Zn(2) 120.9(3) 

C(32)-N(3)-Zn(2) 119.0(3) 

C(30)-N(4)-C(40) 125.0(3) 

C(30)-N(4)-Zn(2) 117.1(3) 

C(40)-N(4)-Zn(2) 117.7(3) 

O(1)-C(1)-O(2) 125.0(4) 

O(1)-C(1)-C(2) 117.1(4) 

O(2)-C(1)-C(2) 117.9(5) 

O(4)-C(3)-O(3) 126.4(4) 

O(4)-C(3)-C(4) 117.4(4) 

O(3)-C(3)-C(4) 116.2(5) 

N(1)-C(6)-C(7) 123.2(4) 

N(1)-C(6)-C(5) 120.4(3) 

C(7)-C(6)-C(5) 116.4(4) 

C(8)-C(7)-C(6) 128.9(4) 

N(2)-C(8)-C(7) 126.9(3) 

N(2)-C(8)-C(9) 118.6(4) 

C(7)-C(8)-C(9) 114.4(4) 

F(3)-C(9)-F(1) 106.9(3) 

F(3)-C(9)-F(2) 106.6(3) 

F(1)-C(9)-F(2) 105.0(3) 

F(3)-C(9)-C(8) 112.3(3) 

F(1)-C(9)-C(8) 113.0(4) 

F(2)-C(9)-C(8) 112.4(3) 

C(15)-C(10)-C(11) 121.8(4) 

C(15)-C(10)-N(1) 119.0(3) 

C(11)-C(10)-N(1) 118.9(3) 

C(12)-C(11)-C(10) 117.4(4) 

C(12)-C(11)-C(16) 121.3(4) 

C(10)-C(11)-C(16) 121.3(4) 

C(13)-C(12)-C(11) 121.1(4) 

C(14)-C(13)-C(12) 120.3(4) 

C(13)-C(14)-C(15) 121.2(4) 

C(14)-C(15)-C(10) 118.2(4) 

C(14)-C(15)-C(17) 120.3(4) 

C(10)-C(15)-C(17) 121.5(4) 

N(2)-C(18)-C(25) 108.6(3) 

N(2)-C(18)-C(19) 108.8(3) 

C(25)-C(18)-C(19) 114.1(4) 

C(20)-C(19)-C(24) 117.2(5) 

C(20)-C(19)-C(18) 122.4(5) 

C(24)-C(19)-C(18) 120.4(4) 

C(19)-C(20)-C(21) 120.7(6) 

C(22)-C(21)-C(20) 121.5(6) 

C(21)-C(22)-C(23) 117.7(6) 

C(22)-C(23)-C(24) 121.2(6) 
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C(19)-C(24)-C(23) 121.6(5) 

C(26)-C(25)-C(18) 113.3(4) 

N(3)-C(28)-C(29) 123.4(4) 

N(3)-C(28)-C(27) 120.3(4) 

C(29)-C(28)-C(27) 116.3(4) 

C(30)-C(29)-C(28) 129.5(4) 

N(4)-C(30)-C(29) 128.1(4) 

N(4)-C(30)-C(31) 118.2(4) 

C(29)-C(30)-C(31) 113.8(4) 

F(5)-C(31)-F(6) 107.3(4) 

F(5)-C(31)-F(4) 105.8(4) 

F(6)-C(31)-F(4) 106.5(4) 

F(5)-C(31)-C(30) 112.5(4) 

F(6)-C(31)-C(30) 111.0(4) 

F(4)-C(31)-C(30) 113.3(4) 

C(37)-C(32)-C(33) 121.1(4) 

C(37)-C(32)-N(3) 119.1(3) 

C(33)-C(32)-N(3) 119.7(4) 

C(34)-C(33)-C(32) 117.4(4) 

C(34)-C(33)-C(38) 120.7(4) 

C(32)-C(33)-C(38) 121.9(4) 

C(35)-C(34)-C(33) 122.1(4) 

C(34)-C(35)-C(36) 120.0(4) 

C(35)-C(36)-C(37) 120.8(4) 

C(36)-C(37)-C(32) 118.6(4) 

C(36)-C(37)-C(39) 121.0(4) 

C(32)-C(37)-C(39) 120.4(4) 

N(4)-C(40)-C(47) 109.8(3) 

N(4)-C(40)-C(41) 110.5(4) 

C(47)-C(40)-C(41) 114.4(4) 

C(46)-C(41)-C(42) 116.8(5) 

C(46)-C(41)-C(40) 119.6(5) 

C(42)-C(41)-C(40) 123.4(5) 

C(43)-C(42)-C(41) 121.9(5) 

C(44)-C(43)-C(42) 120.6(6) 

C(43)-C(44)-C(45) 119.3(6) 

C(44)-C(45)-C(46) 119.5(6) 

C(41)-C(46)-C(45) 121.8(6) 

C(48)-C(47)-C(40) 112.5(4) 

______________________________________________________________________________________  
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Table B.14 Anisotropic displacement parameters (Å
2
x 10

3
) for 4. The anisotropic 

displacement factor exponent takes the form: -2
2
[ h

2
 a*

2
U

11
 + ...  + 2 h k a* b* U

12
 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Zn(1) 27(1)  35(1) 26(1)  -4(1) -2(1)  0(1) 

Zn(2) 26(1)  39(1) 25(1)  -3(1) -2(1)  -2(1) 

F(1) 26(1)  59(2) 40(2)  4(1) -9(1)  3(1) 

F(2) 28(1)  46(1) 49(2)  -8(1) 4(1)  6(1) 

F(3) 33(1)  40(2) 51(2)  -2(1) -1(1)  -11(1) 

F(4) 42(2)  121(3) 70(2)  -36(2) -16(2)  -17(2) 

F(5) 33(1)  95(2) 74(3)  -14(2) -13(2)  7(2) 

F(6) 42(2)  87(2) 83(3)  -5(2) 5(2)  -29(2) 

O(1) 46(2)  50(2) 30(2)  3(2) -5(2)  15(2) 

O(2) 50(2)  44(2) 33(2)  -5(2) 3(2)  -13(2) 

O(3) 61(2)  39(2) 36(2)  -9(2) 1(2)  -13(2) 

O(4) 65(2)  45(2) 33(2)  2(2) -11(2)  18(2) 

N(1) 22(2)  30(2) 27(2)  -5(2) 1(2)  3(1) 

N(2) 29(2)  30(2) 25(2)  -2(2) 2(2)  2(1) 

N(3) 29(2)  40(2) 27(2)  -1(2) 3(2)  -3(2) 

N(4) 28(2)  48(2) 25(2)  -3(2) -3(2)  -4(2) 

C(1) 29(2)  29(2) 42(4)  0(2) -1(2)  -3(2) 

C(2) 77(3)  38(3) 74(4)  9(3) -16(4)  7(3) 

C(3) 37(3)  29(3) 38(3)  -1(2) 6(2)  -6(2) 

C(4) 118(5)  33(3) 49(4)  1(2) -20(4)  5(3) 

C(5) 37(2)  64(3) 25(3)  -5(2) -1(2)  6(2) 

C(6) 32(2)  28(2) 27(3)  0(2) 2(2)  3(2) 

C(7) 28(2)  33(2) 29(3)  -1(2) -4(2)  3(2) 

C(8) 19(2)  24(2) 32(3)  0(2) -2(2)  3(2) 

C(9) 28(2)  39(2) 33(3)  -4(2) 4(2)  1(2) 

C(10) 26(2)  37(2) 19(3)  -7(2) -1(2)  1(2) 

C(11) 32(3)  39(3) 41(3)  -12(2) -7(2)  5(2) 

C(12) 36(3)  51(3) 62(4)  -20(3) -4(3)  19(2) 

C(13) 19(2)  79(4) 81(5)  -31(3) 2(3)  3(3) 

C(14) 33(3)  58(4) 56(4)  -19(3) 1(2)  -12(2) 

C(15) 30(2)  40(3) 33(3)  -8(2) 0(2)  -1(2) 



181 

 

C(16) 54(3)  34(3) 59(4)  -10(2) -6(3)  5(2) 

C(17) 49(3)  39(3) 53(4)  -1(2) 6(3)  -11(2) 

C(18) 28(2)  41(3) 26(3)  6(2) 1(2)  1(2) 

C(19) 33(2)  45(3) 41(4)  10(3) 10(2)  0(2) 

C(20) 78(4)  77(4) 56(5)  23(3) 32(4)  31(3) 

C(21) 106(5)  87(5) 75(6)  50(4) 43(4)  45(4) 

C(22) 77(4)  53(4) 104(6)  31(4) 41(4)  16(3) 

C(23) 79(4)  37(3) 88(5)  2(3) -11(4)  -2(3) 

C(24) 74(3)  43(3) 51(4)  3(3) -7(3)  3(3) 

C(25) 47(3)  55(3) 28(3)  -6(2) 10(2)  -5(2) 

C(26) 64(3)  55(3) 43(4)  -21(3) 3(3)  4(3) 

C(27) 55(3)  106(5) 31(3)  -18(3) 6(3)  -11(3) 

C(28) 44(3)  49(3) 28(3)  -5(2) -2(2)  -1(2) 

C(29) 33(2)  60(3) 30(3)  -9(3) -9(3)  -7(2) 

C(30) 31(3)  49(3) 38(4)  -4(2) -4(2)  -4(2) 

C(31) 36(3)  69(4) 58(4)  -14(3) -5(3)  -6(3) 

C(32) 29(2)  42(2) 19(3)  -3(2) 3(2)  -1(2) 

C(33) 39(3)  42(3) 30(3)  0(2) 7(2)  4(2) 

C(34) 44(3)  57(3) 46(4)  0(3) 16(3)  16(2) 

C(35) 34(2)  75(4) 43(4)  10(3) 10(2)  -3(3) 

C(36) 45(3)  52(3) 44(4)  10(2) 6(3)  -9(2) 

C(37) 35(2)  43(3) 23(3)  7(2) 0(2)  0(2) 

C(38) 70(3)  36(3) 59(4)  -5(2) 20(3)  1(3) 

C(39) 67(3)  43(3) 62(4)  23(3) 7(3)  6(2) 

C(40) 24(2)  53(3) 43(3)  -5(2) 6(2)  -6(2) 

C(41) 31(2)  51(3) 50(4)  3(3) 7(3)  2(2) 

C(42) 42(3)  55(3) 45(4)  -1(3) -7(3)  11(2) 

C(43) 53(3)  62(4) 69(5)  14(3) -13(3)  9(3) 

C(44) 69(4)  59(4) 108(7)  2(4) 10(4)  22(3) 

C(45) 95(5)  79(5) 120(7)  -15(4) 58(5)  24(4) 

C(46) 85(4)  58(4) 80(5)  -4(3) 36(4)  10(3) 

C(47) 38(2)  61(3) 32(3)  0(3) 7(2)  -6(2) 

C(48) 64(3)  67(4) 39(4)  13(3) 3(3)  -14(3) 

______________________________________________________________________________ 
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Table B.15 Hydrogen coordinates ( x 10
4
) and isotropic displacement parameters (Å

2
x 10

3
) 

for 4. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H(2A) 194 -807 6853 95 

H(2B) 901 -619 7492 95 

H(2C) 1459 -586 6780 95 

H(4A) -53 3391 7027 100 

H(4B) -1164 3229 6631 100 

H(4C) -21 3309 6244 100 

H(5A) -479 1356 3781 63 

H(5B) -1655 1006 3664 63 

H(5C) -597 550 3827 63 

H(7A) -2823 1229 4465 36 

H(12A) 2498 -336 4723 60 

H(13A) 3677 575 4580 72 

H(14A) 3010 1670 4622 58 

H(16A) 710 -802 4842 73 

H(16B) -320 -329 4663 73 

H(16C) 82 -394 5410 73 

H(17A) 455 2203 4437 70 

H(17B) 1609 2458 4730 70 

H(17C) 634 2237 5216 70 

H(18A) -3693 748 6545 38 

H(20A) -2391 25 7717 85 

H(21A) -1968 -1122 7869 107 

H(22A) -1890 -1864 6984 94 

H(23A) -2164 -1432 5931 82 

H(24A) -2553 -297 5771 67 

H(25A) -2897 1028 7587 52 

H(25B) -1756 1200 7229 52 

H(26A) -2639 2104 6655 80 

H(26B) -2714 2213 7434 80 

H(26C) -3763 1939 7036 80 
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H(27A) 386 2353 9809 96 

H(27B) 1519 2029 10064 96 

H(27C) 456 1559 9963 96 

H(29A) 2781 2073 9298 49 

H(34A) -2980 2386 8953 59 

H(35A) -3634 1340 9261 61 

H(36A) -2459 415 9291 56 

H(38A) -1594 3126 8613 82 

H(38B) -597 2793 8211 82 

H(38C) -448 2970 8974 82 

H(39A) 273 396 9360 86 

H(39B) 38 256 8598 86 

H(39C) -720 -92 9147 86 

H(40A) 3938 1483 7300 48 

H(42A) 2805 371 8270 57 

H(43A) 3155 -773 8361 74 

H(44A) 3968 -1359 7505 95 

H(45A) 4464 -775 6541 117 

H(46A) 3998 365 6427 89 

H(47A) 3075 1241 6253 52 

H(47B) 1908 1352 6605 52 

H(48A) 2403 2481 6852 85 

H(48B) 2459 2354 6076 85 

H(48C) 3571 2370 6500 85 
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Table B.16 Crystal data and structure refinement for ent-5. 

Identification code  ce5 

Empirical formula  C56H66F6N4O6Zn2 

Formula weight  1135.87 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P1 

Unit cell dimensions a = 10.3348(8) Å = 113.176(3)° 

 b = 10.8803(8) Å = 96.805(4)° 

 c = 13.2532(11) Å  = 91.083(3)° 

Volume 1356.84(18) Å
3
 

Z 1 

Density (calculated) 1.390 Mg/m
3
 

Absorption coefficient 0.957 mm
-1

 

F(000) 592 

Crystal size 0.40 x 0.30 x 0.20 mm
3
 

Theta range for data collection 1.69 to 28.28° 

Index ranges -13<=h<=13, -14<=k<=14, -17<=l<=17 

Reflections collected 22196 

Independent reflections 12299 [R(int) = 0.0155] 

Completeness to theta = 28.28° 98.1 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8316 and 0.7007 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12299 / 3 / 776 

Goodness-of-fit on F2 1.019 

Final R indices [I>2sigma(I)] R1 = 0.0254, wR2 = 0.0562 

R indices (all data) R1 = 0.0298, wR2 = 0.0573 

Absolute structure parameter 0.022(5) 

Largest diff. peak and hole 0.327 and -0.227 e·Å
-3
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Table B.17 Atomic coordinates ( x 10
4
) and equivalent isotropic displacement parameters (Å

2
x 10

3
) 

for ent-5. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

Zn(1) 4425(1) -6190(1) 1462(1) 22(1) 

Zn(2) 7206(1) -2796(1) 2956(1) 24(1) 

F(1) 1140(1) -8048(2) -2181(1) 44(1) 

F(2) 2941(2) -8987(2) -2434(1) 42(1) 

F(3) 2828(2) -6945(2) -2253(1) 43(1) 

F(4) 10662(2) -1240(2) 6432(1) 50(1) 

F(5) 8939(2) -273(2) 6931(1) 45(1) 

F(6) 8983(2) -2400(2) 6451(1) 52(1) 

O(1) 6022(2) -6483(2) 2273(1) 27(1) 

O(2) 7258(2) -4788(2) 2268(1) 28(1) 

O(3) 5571(2) -2435(2) 2226(2) 30(1) 

O(4) 4488(2) -4209(2) 2226(2) 30(1) 

O(5) 5037(1) -4995(1) -880(1) 31(1) 

O(6) 6482(2) 388(2) 5661(1) 46(1) 

N(1) 2831(2) -6896(2) 1820(2) 25(1) 

N(2) 4059(2) -6943(2) -165(2) 22(1) 

N(3) 8687(2) -1908(2) 2611(2) 24(1) 

N(4) 7652(2) -2062(2) 4589(2) 28(1) 

C(1) 7032(2) -5687(2) 2614(2) 25(1) 

C(2) 8051(2) -5892(2) 3439(2) 35(1) 

C(3) 4559(2) -3236(2) 1954(2) 24(1) 

C(4) 3408(3) -2979(3) 1303(2) 44(1) 

C(5) 602(3) -8000(3) 1267(2) 41(1) 

C(6) 1821(2) -7429(2) 1029(2) 26(1) 

C(7) 1801(2) -7539(2) -64(2) 27(1) 

C(8) 2831(2) -7377(2) -610(2) 24(1) 

C(9) 2433(3) -7829(3) -1861(2) 31(1) 

C(10) 2719(2) -6820(2) 2912(2) 31(1) 

C(11) 2098(3) -5754(3) 3619(2) 41(1) 

C(12) 2000(3) -5698(4) 4677(3) 65(1) 

C(13) 2485(4) -6657(4) 5007(3) 73(1) 
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C(14) 3099(3) -7684(4) 4308(3) 63(1) 

C(15) 3229(3) -7799(3) 3235(2) 42(1) 

C(16) 1545(3) -4705(3) 3243(3) 53(1) 

C(17) 3856(3) -8963(3) 2445(3) 52(1) 

C(18) 5146(2) -7140(2) -844(2) 23(1) 

C(19) 6003(3) -8178(3) -650(2) 29(1) 

C(20) 7167(3) -8397(3) -1287(2) 32(1) 

C(21) 7964(3) -7089(3) -982(3) 38(1) 

C(22) 7110(3) -6071(3) -1194(2) 31(1) 

C(23) 5936(2) -5820(2) -569(2) 25(1) 

C(24) 5579(2) -3730(2) -768(2) 34(1) 

C(25) 4493(2) -2957(2) -1027(2) 32(1) 

C(26) 4523(2) -1580(2) -470(2) 41(1) 

C(27) 3502(2) -857(2) -687(2) 44(1) 

C(28) 2466(3) -1500(3) -1455(3) 49(1) 

C(29) 2419(3) -2869(4) -2036(3) 59(1) 

C(30) 3438(3) -3603(3) -1819(2) 51(1) 

C(31) 10846(3) -683(3) 3111(2) 41(1) 

C(32) 9713(2) -1379(2) 3358(2) 28(1) 

C(33) 9844(2) -1364(2) 4439(2) 28(1) 

C(34) 8886(2) -1632(2) 4998(2) 26(1) 

C(35) 9364(3) -1368(3) 6210(2) 35(1) 

C(36) 8670(2) -1837(2) 1543(2) 30(1) 

C(37) 9211(2) -2856(3) 712(2) 38(1) 

C(38) 9212(3) -2744(4) -300(3) 58(1) 

C(39) 8669(4) -1724(4) -496(3) 70(1) 

C(40) 8124(3) -767(4) 300(3) 63(1) 

C(41) 8102(3) -779(3) 1364(2) 41(1) 

C(42) 9796(2) -3973(3) 934(2) 43(1) 

C(43) 7484(3) 279(3) 2244(3) 61(1) 

C(44) 6619(3) -1938(3) 5284(2) 32(1) 

C(45) 5846(3) -3292(3) 4948(2) 39(1) 

C(46) 4730(3) -3137(4) 5637(3) 57(1) 

C(47) 3835(3) -2111(4) 5527(3) 61(1) 

C(48) 4586(3) -766(3) 5875(3) 52(1) 

C(49) 5724(3) -877(3) 5213(2) 40(1) 
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C(50) 6842(5) 959(4) 4900(4) 40(2) 

C(50') 6066(5) 1274(5) 5343(5) 46(2) 

C(51) 7287(4) 2392(3) 5627(2) 68(1) 

C(52) 8611(5) 2411(4) 5871(3) 84(1) 

C(53) 9339(5) 3603(6) 6379(5) 94(2) 

C(54) 8778(4) 4756(4) 6647(3) 79(1) 

C(55) 7482(4) 4768(3) 6415(2) 62(1) 

C(56) 6727(3) 3580(3) 5903(2) 60(1) 

________________________________________________________________________________ 
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Table B.18 Bond lengths [Å] and angles [°] for ent-5. 

______________________________________________________________________________________  

Zn(1)-O(1)  1.9622(16) 

Zn(1)-N(2)  1.967(2) 

Zn(1)-O(4)  1.9835(16) 

Zn(1)-N(1)  1.989(2) 

Zn(2)-O(3)  1.9703(17) 

Zn(2)-N(4)  1.981(2) 

Zn(2)-N(3)  1.985(2) 

Zn(2)-O(2)  1.9978(16) 

F(1)-C(9)  1.340(3) 

F(2)-C(9)  1.344(3) 

F(3)-C(9)  1.338(3) 

F(4)-C(35)  1.332(3) 

F(5)-C(35)  1.322(3) 

F(6)-C(35)  1.346(3) 

O(1)-C(1)  1.261(3) 

O(2)-C(1)  1.261(3) 

O(3)-C(3)  1.270(3) 

O(4)-C(3)  1.249(3) 

O(5)-C(24)  1.422(2) 

O(5)-C(23)  1.439(3) 

O(6)-C(50')  1.258(5) 

O(6)-C(49)  1.437(3) 

O(6)-C(50)  1.453(5) 

N(1)-C(6)  1.327(3) 

N(1)-C(10)  1.436(3) 

N(2)-C(8)  1.327(3) 

N(2)-C(18)  1.488(3) 

N(3)-C(32)  1.310(3) 

N(3)-C(36)  1.446(3) 

N(4)-C(34)  1.324(3) 

N(4)-C(44)  1.466(3) 

C(1)-C(2)  1.511(3) 

C(3)-C(4)  1.481(3) 

C(5)-C(6)  1.513(4) 

C(6)-C(7)  1.403(3) 

C(7)-C(8)  1.401(3) 

C(8)-C(9)  1.533(3) 

C(10)-C(15)  1.387(4) 

C(10)-C(11)  1.397(3) 

C(11)-C(12)  1.395(4) 

C(11)-C(16)  1.511(4) 

C(12)-C(13)  1.363(5) 

C(13)-C(14)  1.365(5) 

C(14)-C(15)  1.401(4) 

C(15)-C(17)  1.506(4) 

C(18)-C(23)  1.528(4) 

C(18)-C(19)  1.529(3) 

C(19)-C(20)  1.521(3) 

C(20)-C(21)  1.513(4) 

C(21)-C(22)  1.519(4) 

C(22)-C(23)  1.518(3) 

C(24)-C(25)  1.502(3) 

C(25)-C(26)  1.384(3) 

C(25)-C(30)  1.380(3) 

C(26)-C(27)  1.397(3) 

C(27)-C(28)  1.351(4) 

C(28)-C(29)  1.378(5) 

C(29)-C(30)  1.403(4) 

C(31)-C(32)  1.519(4) 

C(32)-C(33)  1.416(4) 

C(33)-C(34)  1.395(4) 

C(34)-C(35)  1.534(3) 

C(36)-C(41)  1.391(3) 

C(36)-C(37)  1.400(3) 

C(37)-C(38)  1.394(4) 

C(37)-C(42)  1.482(4) 

C(38)-C(39)  1.352(5) 

C(39)-C(40)  1.346(6) 
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C(40)-C(41)  1.418(4) 

C(41)-C(43)  1.497(4) 

C(44)-C(49)  1.517(4) 

C(44)-C(45)  1.537(4) 

C(45)-C(46)  1.526(4) 

C(46)-C(47)  1.503(5) 

C(47)-C(48)  1.516(5) 

C(48)-C(49)  1.529(4) 

C(50)-C(51)  1.503(5) 

C(50')-C(51)  1.638(6) 

C(51)-C(52)  1.366(5) 

C(51)-C(56)  1.358(4) 

C(52)-C(53)  1.363(6) 

C(53)-C(54)  1.327(6) 

C(54)-C(55)  1.340(5) 

C(55)-C(56)  1.374(4) 

 

O(1)-Zn(1)-N(2) 123.19(7) 

O(1)-Zn(1)-O(4) 98.10(7) 

N(2)-Zn(1)-O(4) 116.51(8) 

O(1)-Zn(1)-N(1) 111.79(7) 

N(2)-Zn(1)-N(1) 100.29(8) 

O(4)-Zn(1)-N(1) 106.44(7) 

O(3)-Zn(2)-N(4) 122.20(8) 

O(3)-Zn(2)-N(3) 108.22(8) 

N(4)-Zn(2)-N(3) 98.61(9) 

O(3)-Zn(2)-O(2) 104.57(7) 

N(4)-Zn(2)-O(2) 112.15(8) 

N(3)-Zn(2)-O(2) 110.83(7) 

C(1)-O(1)-Zn(1) 123.93(16) 

C(1)-O(2)-Zn(2) 132.21(15) 

C(3)-O(3)-Zn(2) 120.94(16) 

C(3)-O(4)-Zn(1) 136.43(17) 

C(24)-O(5)-C(23) 115.53(16) 

C(50')-O(6)-C(49) 116.6(3) 

C(50')-O(6)-C(50) 44.1(3) 

C(49)-O(6)-C(50) 118.5(2) 

C(6)-N(1)-C(10) 118.7(2) 

C(6)-N(1)-Zn(1) 119.02(17) 

C(10)-N(1)-Zn(1) 122.28(16) 

C(8)-N(2)-C(18) 122.58(19) 

C(8)-N(2)-Zn(1) 116.71(16) 

C(18)-N(2)-Zn(1) 120.38(15) 

C(32)-N(3)-C(36) 118.6(2) 

C(32)-N(3)-Zn(2) 119.88(18) 

C(36)-N(3)-Zn(2) 121.50(15) 

C(34)-N(4)-C(44) 123.2(2) 

C(34)-N(4)-Zn(2) 116.88(17) 

C(44)-N(4)-Zn(2) 119.81(17) 

O(2)-C(1)-O(1) 123.9(2) 

O(2)-C(1)-C(2) 119.1(2) 

O(1)-C(1)-C(2) 116.9(2) 

O(4)-C(3)-O(3) 122.9(2) 

O(4)-C(3)-C(4) 119.0(2) 

O(3)-C(3)-C(4) 118.0(2) 

N(1)-C(6)-C(7) 124.1(2) 

N(1)-C(6)-C(5) 120.4(2) 

C(7)-C(6)-C(5) 115.5(2) 

C(6)-C(7)-C(8) 129.6(2) 

N(2)-C(8)-C(7) 127.1(2) 

N(2)-C(8)-C(9) 119.9(2) 

C(7)-C(8)-C(9) 112.9(2) 

F(3)-C(9)-F(2) 106.3(2) 

F(3)-C(9)-F(1) 105.49(18) 

F(2)-C(9)-F(1) 105.6(2) 

F(3)-C(9)-C(8) 113.4(2) 

F(2)-C(9)-C(8) 111.48(18) 

F(1)-C(9)-C(8) 114.0(2) 

C(15)-C(10)-C(11) 121.9(2) 

C(15)-C(10)-N(1) 119.4(2) 

C(11)-C(10)-N(1) 118.7(2) 

C(12)-C(11)-C(10) 117.8(3) 
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C(12)-C(11)-C(16) 121.4(3) 

C(10)-C(11)-C(16) 120.8(2) 

C(13)-C(12)-C(11) 121.2(3) 

C(12)-C(13)-C(14) 120.2(3) 

C(13)-C(14)-C(15) 121.4(3) 

C(14)-C(15)-C(10) 117.4(3) 

C(14)-C(15)-C(17) 121.6(3) 

C(10)-C(15)-C(17) 120.9(2) 

N(2)-C(18)-C(23) 111.46(19) 

N(2)-C(18)-C(19) 108.32(19) 

C(23)-C(18)-C(19) 111.5(2) 

C(20)-C(19)-C(18) 111.4(2) 

C(21)-C(20)-C(19) 110.8(2) 

C(20)-C(21)-C(22) 110.2(2) 

C(23)-C(22)-C(21) 112.6(2) 

O(5)-C(23)-C(22) 112.63(19) 

O(5)-C(23)-C(18) 105.16(19) 

C(22)-C(23)-C(18) 110.2(2) 

O(5)-C(24)-C(25) 108.47(16) 

C(26)-C(25)-C(30) 118.4(2) 

C(26)-C(25)-C(24) 120.71(19) 

C(30)-C(25)-C(24) 120.89(19) 

C(25)-C(26)-C(27) 121.1(2) 

C(28)-C(27)-C(26) 120.1(2) 

C(27)-C(28)-C(29) 120.1(2) 

C(28)-C(29)-C(30) 120.1(3) 

C(25)-C(30)-C(29) 120.2(2) 

N(3)-C(32)-C(33) 124.2(2) 

N(3)-C(32)-C(31) 120.4(2) 

C(33)-C(32)-C(31) 115.3(2) 

C(34)-C(33)-C(32) 128.9(2) 

N(4)-C(34)-C(33) 126.7(2) 

N(4)-C(34)-C(35) 119.3(2) 

C(33)-C(34)-C(35) 114.1(2) 

F(5)-C(35)-F(4) 106.4(2) 

F(5)-C(35)-F(6) 107.2(2) 

F(4)-C(35)-F(6) 105.7(2) 

F(5)-C(35)-C(34) 113.8(2) 

F(4)-C(35)-C(34) 112.2(2) 

F(6)-C(35)-C(34) 110.9(2) 

C(41)-C(36)-C(37) 122.0(2) 

C(41)-C(36)-N(3) 119.3(2) 

C(37)-C(36)-N(3) 118.6(2) 

C(36)-C(37)-C(38) 117.4(3) 

C(36)-C(37)-C(42) 120.3(2) 

C(38)-C(37)-C(42) 122.2(3) 

C(39)-C(38)-C(37) 121.7(3) 

C(38)-C(39)-C(40) 120.4(3) 

C(39)-C(40)-C(41) 121.9(3) 

C(36)-C(41)-C(40) 116.5(3) 

C(36)-C(41)-C(43) 121.6(3) 

C(40)-C(41)-C(43) 121.9(3) 

N(4)-C(44)-C(49) 109.9(2) 

N(4)-C(44)-C(45) 110.9(2) 

C(49)-C(44)-C(45) 111.1(2) 

C(46)-C(45)-C(44) 110.5(2) 

C(47)-C(46)-C(45) 111.4(3) 

C(46)-C(47)-C(48) 110.6(3) 

C(47)-C(48)-C(49) 111.4(3) 

O(6)-C(49)-C(44) 108.0(2) 

O(6)-C(49)-C(48) 108.8(2) 

C(44)-C(49)-C(48) 111.8(3) 

O(6)-C(50)-C(51) 104.5(3) 

O(6)-C(50')-C(51) 106.9(3) 

C(52)-C(51)-C(56) 118.5(3) 

C(52)-C(51)-C(50) 105.6(4) 

C(56)-C(51)-C(50) 134.8(3) 

C(52)-C(51)-C(50') 134.7(3) 

C(56)-C(51)-C(50') 104.8(3) 

C(50)-C(51)-C(50') 38.1(2) 

C(53)-C(52)-C(51) 120.0(3) 

C(54)-C(53)-C(52) 120.8(4) 
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C(53)-C(54)-C(55) 120.5(4) 

C(54)-C(55)-C(56) 119.8(3) 

C(51)-C(56)-C(55) 120.4(3) 

 

______________________________________________________________________________________  
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Table B.19 Anisotropic displacement parameters (Å
2
x 10

3
) for ent-5. The anisotropic 

displacement factor exponent takes the form: -2
2
[ h

2
 a*

2
U

11
 + ...  + 2 h k a* b* U

12
 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Zn(1) 20(1)  23(1) 23(1)  9(1) 3(1)  -4(1) 

Zn(2) 21(1)  25(1) 24(1)  7(1) 3(1)  -6(1) 

F(1) 25(1)  68(1) 33(1)  16(1) -7(1)  -6(1) 

F(2) 44(1)  37(1) 32(1)  0(1) 6(1)  4(1) 

F(3) 48(1)  51(1) 37(1)  29(1) -6(1)  -7(1) 

F(4) 32(1)  79(1) 38(1)  24(1) -5(1)  4(1) 

F(5) 41(1)  50(1) 27(1)  -4(1) 4(1)  -2(1) 

F(6) 60(1)  56(1) 46(1)  30(1) -3(1)  -9(1) 

O(1) 22(1)  25(1) 35(1)  13(1) -1(1)  -4(1) 

O(2) 30(1)  26(1) 27(1)  10(1) 9(1)  1(1) 

O(3) 22(1)  28(1) 39(1)  13(1) 2(1)  -3(1) 

O(4) 32(1)  23(1) 35(1)  10(1) 7(1)  -4(1) 

O(5) 25(1)  29(1) 43(1)  21(1) 2(1)  0(1) 

O(6) 47(1)  47(1) 32(1)  5(1) 2(1)  -12(1) 

N(1) 23(1)  27(1) 26(1)  11(1) 5(1)  -3(1) 

N(2) 19(1)  22(1) 23(1)  9(1) 1(1)  -4(1) 

N(3) 20(1)  22(1) 28(1)  9(1) 3(1)  -3(1) 

N(4) 26(1)  32(1) 24(1)  6(1) 7(1)  -1(1) 

C(1) 24(1)  25(1) 22(1)  5(1) 9(1)  3(1) 

C(2) 29(1)  41(1) 34(1)  16(1) -3(1)  -2(1) 

C(3) 21(1)  24(1) 26(1)  6(1) 7(1)  -1(1) 

C(4) 28(1)  57(2) 58(2)  38(1) 2(1)  0(1) 

C(5) 31(1)  54(2) 35(1)  18(1) 2(1)  -16(1) 

C(6) 18(1)  27(1) 31(1)  11(1) 4(1)  -3(1) 

C(7) 21(1)  31(1) 25(1)  9(1) -1(1)  -2(1) 

C(8) 23(1)  22(1) 27(1)  10(1) 5(1)  3(1) 

C(9) 24(1)  37(1) 31(1)  15(1) -1(1)  -3(1) 

C(10) 27(1)  38(1) 27(1)  13(1) 1(1)  -14(1) 

C(11) 38(2)  47(2) 31(1)  5(1) 11(1)  -15(1) 

C(12) 66(2)  76(2) 35(2)  2(2) 23(2)  -32(2) 

C(13) 73(2)  109(3) 33(2)  29(2) 5(2)  -47(2) 
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C(14) 63(2)  91(3) 46(2)  48(2) -15(2)  -38(2) 

C(15) 36(1)  53(2) 39(1)  24(1) -3(1)  -21(1) 

C(16) 53(2)  35(1) 66(2)  7(1) 27(1)  2(1) 

C(17) 44(2)  56(2) 72(2)  45(2) -3(1)  -2(1) 

C(18) 20(1)  28(1) 21(1)  9(1) 6(1)  0(1) 

C(19) 28(1)  30(1) 37(2)  19(1) 13(1)  8(1) 

C(20) 34(1)  34(1) 30(1)  15(1) 9(1)  10(1) 

C(21) 28(1)  49(2) 44(2)  25(1) 10(1)  8(1) 

C(22) 26(1)  39(1) 36(1)  21(1) 10(1)  0(1) 

C(23) 24(1)  27(1) 27(1)  14(1) 3(1)  4(1) 

C(24) 34(1)  30(1) 43(1)  19(1) 4(1)  -2(1) 

C(25) 33(1)  31(1) 38(1)  20(1) 1(1)  -1(1) 

C(26) 38(1)  31(1) 53(1)  21(1) -2(1)  -5(1) 

C(27) 48(2)  31(1) 58(2)  23(1) 6(1)  3(1) 

C(28) 46(2)  50(2) 58(2)  32(1) -4(1)  8(1) 

C(29) 54(2)  48(2) 62(2)  21(1) -30(2)  -9(1) 

C(30) 63(2)  35(1) 49(2)  19(1) -14(1)  -1(1) 

C(31) 23(1)  52(2) 42(2)  15(1) 0(1)  -18(1) 

C(32) 20(1)  25(1) 35(1)  9(1) 6(1)  0(1) 

C(33) 17(1)  28(1) 36(2)  10(1) 2(1)  -1(1) 

C(34) 25(1)  22(1) 24(1)  4(1) 0(1)  -1(1) 

C(35) 30(1)  40(1) 33(2)  12(1) 1(1)  -2(1) 

C(36) 22(1)  35(1) 35(1)  19(1) 1(1)  -11(1) 

C(37) 24(1)  51(2) 34(1)  13(1) 3(1)  -16(1) 

C(38) 56(2)  75(2) 37(2)  18(2) 10(1)  -30(2) 

C(39) 72(2)  104(3) 44(2)  46(2) -11(2)  -42(2) 

C(40) 52(2)  75(2) 81(2)  63(2) -27(2)  -35(2) 

C(41) 33(1)  44(2) 53(2)  31(1) -13(1)  -17(1) 

C(42) 30(1)  45(2) 43(1)  3(1) 15(1)  -1(1) 

C(43) 47(2)  37(2) 103(3)  33(2) 0(2)  4(1) 

C(44) 27(1)  37(1) 22(1)  2(1) 3(1)  -6(1) 

C(45) 32(1)  46(2) 31(2)  8(1) 8(1)  -16(1) 

C(46) 48(2)  66(2) 49(2)  14(2) 13(2)  -23(2) 

C(47) 28(2)  82(3) 53(2)  5(2) 18(2)  -17(2) 

C(48) 32(2)  66(2) 44(2)  4(2) 17(1)  1(1) 

C(49) 35(2)  44(2) 26(1)  -2(1) 5(1)  -5(1) 
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C(50) 48(3)  38(2) 33(2)  11(2) 7(2)  2(2) 

C(50') 34(3)  50(3) 46(3)  13(2) -7(2)  10(2) 

C(51) 104(3)  43(2) 53(2)  26(1) -33(2)  -10(2) 

C(52) 125(4)  70(3) 68(2)  37(2) 16(2)  47(3) 

C(53) 71(3)  137(5) 115(4)  91(4) 19(2)  14(3) 

C(54) 101(3)  75(2) 77(2)  56(2) -14(2)  -25(2) 

C(55) 109(3)  45(2) 38(2)  24(1) 13(2)  14(2) 

C(56) 60(2)  77(2) 63(2)  51(2) 0(1)  6(1) 

______________________________________________________________________________ 
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Table B.20 Hydrogen coordinates ( x 10
4
) and isotropic displacement parameters (Å

2
x 10 

3
) 

for ent-5. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H(2A) 8633 -6562 3042 52 

H(2B) 7619 -6206 3923 52 

H(2C) 8561 -5043 3887 52 

H(4A) 3280 -3681 551 65 

H(4B) 3553 -2104 1270 65 

H(4C) 2630 -2983 1659 65 

H(5A) 708 -7876 2047 61 

H(5B) 461 -8958 793 61 

H(5C) -151 -7535 1116 61 

H(7) 987(18) -7902(17) -495(15) 19(5) 

H(12) 1640(20) -5060(20) 5130(20) 40(7) 

H(13) 2420(30) -6550(30) 5700(30) 70(9) 

H(14A) 3446 -8336 4555 75 

H(16A) 2215 -4358 2939 80 

H(16B) 1270 -3969 3875 80 

H(16C) 791 -5107 2670 80 

H(17A) 3229 -9447 1780 78 

H(17B) 4122 -9569 2804 78 

H(17C) 4625 -8629 2236 78 

H(18A) 4765 -7504 -1643 27 

H(19A) 6350(20) -7900(20) 159(18) 20(6) 

H(19B) 5425(19) -9010(20) -880(15) 13(5) 

H(20B) 7630(20) -8980(20) -1081(18) 28(6) 

H(20A) 6950(30) -8870(30) -2040(30) 65(9) 

H(21B) 8370(30) -6700(30) -180(30) 63(10) 

H(21A) 8760(20) -7230(20) -1371(18) 37(6) 

H(22B) 6860(20) -6430(20) -1970(20) 32(6) 

H(22A) 7660(20) -5300(20) -1003(18) 33(6) 

H(23A) 6238 -5388 246 30 

H(24B) 6020(19) -3170(20) 70(18) 35(6) 
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H(24A) 6218(19) -3899(19) -1328(16) 25(5) 

H(26A) 5249 -1117 69 49 

H(27A) 3536 88 -294 52 

H(28A) 1769 -1008 -1596 59 

H(29A) 1696 -3317 -2584 70 

H(30A) 3401 -4547 -2218 61 

H(31A) 11077 -1245 2381 62 

H(31B) 11601 -535 3678 62 

H(31C) 10592 182 3113 62 

H(33A) 10701 -1142 4837 34 

H(38A) 9605 -3402 -868 69 

H(39) 8740(20) -1760(30) -1160(20) 54(7) 

H(40) 7760(20) -110(30) 200(20) 46(7) 

H(42A) 10208 -4537 295 65 

H(42B) 9111 -4513 1058 65 

H(42C) 10454 -3610 1593 65 

H(43A) 6801 -142 2481 92 

H(43B) 7099 906 1949 92 

H(43C) 8150 765 2880 92 

H(44) 6987(19) -1650(20) 6021(18) 28(5) 

H(45A) 5489 -3640 4152 46 

H(45B) 6437 -3946 5061 46 

H(46B) 4340(30) -4000(30) 5380(30) 67(9) 

H(46A) 5150(20) -2850(20) 6480(20) 40(7) 

H(47B) 3380(20) -2360(20) 4690(20) 34(7) 

H(47A) 3210(30) -2150(30) 5900(20) 56(8) 

H(48B) 4920(20) -440(20) 6630(20) 28(6) 

H(48A) 4060(30) -40(30) 5790(20) 64(10) 

H(49) 5470(30) -1130(30) 4470(20) 39(8) 

H(50A) 6083 907 4350 48 

H(50B) 7555 482 4503 48 

H(50C) 5329 1694 5735 55 

H(50D) 5760 874 4536 55 

H(52A) 9025 1593 5686 101 

H(53A) 10260 3609 6544 113 

H(54A) 9299 5578 7005 94 
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H(55A) 7086 5597 6604 74 

H(56A) 5808 3588 5741 72 

________________________________________________________________________ 
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