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Abstract 
The ability to control changes in physical and chemical properties has allowed 

stimuli responsive molecules to be used in a variety of applications. Incorporating 

metals into stimuli responsive molecules introduces properties unique to metal 

complexes that allow for additional modes of control. Specifically, metals offer increased 

bonding geometries, lower dissociation energies, reversible chelation, and well-

characterized catalytic properties that expand the chemical toolbox for the design of 

stimuli responsive molecules. 

Molecules respond to a range of stimuli, including force and light. Force is an 

interesting stimulus because it is ubiquitous. It is typically considered destructive, but 

molecules have been designed to respond to mechanical force to produce constructive 

chemistries. While much progress has been made towards understanding the role of 

mechanical forces in accelerating and directing covalent chemical reactivity, the 

behavior of coordinative complexes subjected to the same is far less understood. This 

work describes the design and synthesis of novel metallomechanophore constructs 

intimately connected with polymer chains suitable for testing by single molecule force 

spectroscopy (SMFS) to probe the effect of mechanical forces on the behavior of metal 

coordination complexes. Efforts towards characterizing the behavior of these 

metallopolymers upon application of force by SMFS are described. Further, preliminary 
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data for incorporating various metals and higher denticity ligands into these polymer 

constructs using newly established design principles are discussed. These results create 

a roadmap for accessing strained metal complexes with the goal of enabling the unique 

physical and chemical properties of metal ions to be leveraged for creating novel 

materials. 

Alternatively, light can be harnessed as a stimulus. Light allows for precise 

control over a molecule’s response since these molecules can be design to respond to an 

exact wavelength of light. The range of applications for light-responsive is diverse, and 

the ability to design photoswitches with variable photochemical and physical properties 

is consequently important for realizing their potential. Addition of metals adds an 

additional level of control that allows for the creation of increasingly sophisticated 

responsive molecules. Work in our lab has reported on the photochromism of  (E)-N'-(1-

(2-hydroxyphenyl)ethylidene)isonicotinohydrazide (HAPI), a metal-chelating 

aroylhydrazone. Building upon this, we report the synthesis of structurally related 

aroylhydrazone chelators, and results from a structure-activity studies designed to 

explore the effect ligand modifications have on their photoreactivity, photostationary 

state composition, photoisomer thermal stability, and relative iron(III) binding ability.  

Incorporation of metals provides opportunities for greater tunability and 

reactivity compared to organic molecules. This work expands the benefits of 
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incorporating metals into stimuli responsive molecules, and provides a framework for 

the design of future force- and light- responsive metal complexes.   
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1. Introduction 

1.1 Scope of this work:  metal containing stimuli responsive 
molecules  

The ability to change physical and chemical properties of molecules in response 

to a specific stimulus has enabled applications ranging from drug-delivery,1-5 latent 

catalyst activation,1, 6-8 self-healing materials,1, 3-4, 9 and other biomedical uses.1-5, 10-12 The 

properties of the molecule and how it interacts with its surroundings before and after 

stimulation is dictated by its composition. Incorporating metals into stimuli responsive 

molecules introduces a variety of properties unique to metals.10, 13-14 

The chemical behavior of metal complexes can both complement and contrast 

covalent molecules, and their inclusion in stimuli responsive materials could allow for a 

greater diversity in material properties and responsive outcomes.1 Specifically, metal-

ligand interactions range from weak, labile binding to strong, almost covalent binding.1, 4 

Metal centers expand the chemical toolbox for the design of stimuli-responsive 

molecules because they have expanded bonding geometries,15 lower dissociation 

energies,14 reversible chelation,14 and known catalytic properties.  

The potential for metal-based stimuli-responsive molecules has been realized, 

and the development of metal-compatible synthetic and characterization techniques has 

allowed for the ease of their inclusion in stimuli responsive molecules.10 While there are 

examples of metal-containing stimuli responsive materials,3, 16-19 a large scope remains to 

be explored. In response to this challenge, and in support of ongoing efforts to develop 
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stimuli-responsive metal complexes, the work presented discusses the design, synthesis, 

and characterization of metal complexes for response to force and light as stimuli. Key 

contributions include: 

1. Development of synthetic techniques for the incorporation of multiple 

chelating ligands along a polymer main chain for force-responsive 

metallopolymers (Chapter 2 and 3) 

2. Characterization of the behavior of the metallopolymer upon the 

application of force as a stimulus (Chapter 4) 

3. Expansion of the collection of force-responsive metallopolymers by 

exploration of different denticity ligands and metal complexes (Chapter 

5) 

4. Elucidation of structure-activity relationships of metal-binding 

hydrazone photoswitches in response to light as a stimulus (Chapter 6) 

We hope this work demonstrates the utility of using metal coordination 

complexes in stimuli responsive molecules, and lays a foundation for future work.   

1.2 Force as a stimulus 

1.2.1 Introduction to covalent mechanochemistry  

Mechanochemistry is the manipulation of individual bonds and molecules by an 

externally applied force, which can be achieved by literally “pulling” on a molecule via 

covalently attached polymer handles (Figure 1a).16-17, 20 Mechanochemistry is a relatively 
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young field, beginning in the 1930’s when Hermann Staudinger suggested mechanical 

force could break chemical bonds in polymers.21-22 Years later, Henry Eyring established 

the theory behind how the application of force accelerates the rate polymer chains 

break,23 and this was later expanded by Bell24 and Evans.25 

 

Figure 1: Activating chemical change with mechanical force.  
a) Stretching mechanically robust polymer handles concentrates an applied force to a 
stress-reactive moiety embedded at the center of the polymer chain. Reactive units, or 
mechanophores, respond to the transmitted force to produce a variety of constructive 
outcomes. b) Less is known about the outcome of metal complexes as mechanophores, 
but it is hypothesized that applied force will distort the ligand field of metal complexes 
in ways that access unique chemical and physical properties. 

Since the establishment of these theories, many recent advances have been 

achieved in mechanochemistry. While stretching polymers to their breaking point will 

eventually cause bond scission and polymer degradation, forces below the rupture limit 

can induce constructive chemical changes to stress-responsive moieties, or 
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mechanophores,18 embedded within the polymer. Mechanochemical forces applied in 

this way can accelerate known reactions and even bias reactivity to achieve chemical 

outcomes inaccessible through more conventional thermal, photochemical, or 

electrochemical reaction pathways.16-17, 20 There are growing examples of covalent 

systems that represent a growing selection of unique constructive reactivity accessible 

under otherwise destructive conditions via mechanochemistry, including chromism and 

luminescence,26-27 biasing reaction pathways,18, 28 small molecule release and radical 

formation,29-30 and self-strengthening and new bond formation. 31-34 Below is a summary 

of some highlighted developments in the field. (Figure 2) 

 

Figure 2: Examples of organic mechanophores.  
While this list is not exhaustive, these examples demonstrate the diversity of structures 
and force-induced outcomes. Arrows indicate typical placement of polymer handles. 
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1.2.1.1 Mechanochromism and mechanoluminescence  

One of the first examples of mechanochromism came from the Moore and Sottos 

groups, who first demonstrated that spiropyran undergoes a reversible electrocyclic 

ring-opening reaction to its merocyanine form upon activation with force. The 

spiropyran-to-merocyanine isomerization results in color change, signaling the 

mechanochemical reaction took place.26 The Craig group quantified the force required to 

accelerate this ring-opening process using single molecule force spectroscopy (SMFS).35 

Forces around 240 pN on the time scale of tens of milliseconds were necessary for this 

transition.35  

Spiropyran has been integral in elucidating the mechanism of force transduction 

in different polymer systems.36-38 The research on the mechanical activity of spiropyran 

has inspired work towards other mechanochromic molecules, including anthracene-,39 

coumarin-,40 rhodamine-,41 and spirothiopryan-42 based systems. 

Mechanoluminescence offers exciting possibilities for unique reactivity 

complementary to that of mechanochromism. The Sijbesma group developed a 

dioxetane adamantane that in response to force produced an excited state species that 

undergo radiative relaxation to emit light.27, 43 Mechanoluminescence has utility for 

studying the mechanical behavior of networks and gels. 
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1.2.1.2 Biasing reaction pathways 

A pericyclic reaction that is thermally “forbidden” according to the Woodward-

Hoffman rules can actually be favored under mechanochemical conditions. The Moore 

and Sottos groups demonstrated biasing chemical reactivity by observing that trans and 

cis isomers of 1,2-disubstituted benzocyclobutene incorporated into polymers undergo 

conrotatory and disrotatory electrocyclic ring openings, respectively, to yield identical 

products.18 This pattern contrasts that seen with photochemical or thermal pathways, in 

which the isomers produce different products in mutually exclusive pathways.18, 44 In a 

complementary study, the Craig group used SMFS to quantify the mechanically 

activated “forbidden” ring-opening reactions of benzocyclobutenes, gem-

difluorocyclopropanes and gem-dichlorocyclopropanes.28 

1.2.1.3 Small molecule release and radical formation  

The ability of a material to respond to force with an exact chemical output is a 

potentially useful property for the designed release of therapeutic agents, catalytically 

active agents, and other functional small molecules.45-49 The Boydston group has 

developed systems capable of releasing organic small molecules under compressive 

forces without damaging the main chain.30, 50 In a related example, the Craig group 

created a phenyltriazolinedione-anthracene adduct that released an anthracene molecule 

upon application of force. This system had the added benefit of fluorescent activation 

upon small molecule release which would allow for easier detection.29 
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Building upon these proof-of-concept studies, the Moore group developed a 

polymeric system that releases HCl upon application of force.51 Additionally, radicals 

can be generated under application of mechanical force, as demonstrated by the Otsuka 

group52-53 and the Sijbesma group.54 These examples of mechanoradical generation also 

turn colors upon activation, which is potentially useful for detection of damage of the 

system.  

1.2.1.4 Self-strengthening and new bond formation  

Materials and molecules can be designed to respond to typically destructive 

forces to activate chemistry, which can potentially strengthen the material. This design 

strategy allows for specificity of the polymer to repair itself exactly where failure is 

occurring.55-57 The Craig lab demonstrated that polymers containing gem-

dichlorocyclopropanes (gDCCs) could undergo an electrocyclic ring opening reaction to 

give a 2,3-dichloroalkene within the polymer backbone.32 This mechanochemical 

behavior of gDCC was the first example of a polymer chain elongating to relieve stress 

locally without breaking the chain.32 This study also showed the potential for self-

strengthening materials since the product of the mechanochemical reaction, 2,3-

dihaloalkene, is a reactive species. In a separate but related study by the Craig lab, a 

structurally similar mechanophore, gem-dibromocyclopropane (gDBC), generated 

allylic bromides under shear force, which crosslinked with carboxylates by a 
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nucleophilic substitution reaction, resulting in a material that became stronger in 

response to force.9   

 New bond formation for a strengthened polymer under force was also seen with 

the mechanophore benzocyclobutene (BCB). The application of force can accelerate the 

formation of a reactive intermediate, which can further participate in a Diels-Alder 

reaction, forming new bonds and creating a crosslinked material.58  

 The Weng group used a spirothiopyran mechanophore to demonstrate new bond 

formation under force.42 When stretched, spirothiopyran converts to thiomerocyanine, 

which can undergo a thiol-ene reaction to produce crosslinks. This system has the added 

benefit of mechanochromism because the conversion of spirothiopyran to 

thiomerocyanine results in colorless to green color change.42  

1.2.2 Inorganic polymer mechanochemistry 

While much progress has been made towards understanding the role mechanical 

forces have in directing and accelerating purely covalent chemical reactivity,9, 18, 28-30, 50, 58-61 

the behavior of metal coordination complexes subjected to mechanical force is far less 

understood, although it offers exciting possibilities for stress-responsive reactivity 

(Figure 1b). The properties of metal complexes arise from the combined effects of the 

central metal atom together with its primary and secondary coordination spheres. 

Changing the coordination sphere of a metal therefore affects its physical and chemical 

properties, including its ligand field, electronic structure, magnetic susceptibility, redox 
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potential, kinetic lability of metal–ligand bonds, and propensity for various types of 

reactivity. The most obvious effects come from changing the strength, type and spatial 

arrangement of donor atoms directly ligating the metal in its inner coordination sphere; 

however, changes to the secondary coordination environment can influence solvation of 

the entire complex, steric exposure of the metal center, and interactions with 

neighboring molecules.  

Given the unique reactivity observed for purely covalent organic mechanophores 

subjected to tensile forces, we hypothesize that mechanochemical distortions applied to 

transition metal coordination complexes will distort the ligand field around the metal 

center in ways that access unique electronic, structural, and reactivity profiles that are 

not otherwise available. In the long term, such force-responsive behavior could lead to 

the development of interesting metallopolymeric materials for future applications in 

catalysis, self-healing materials, and smart devices.3, 20 Below is a summary of the biggest 

developments towards understanding how metal complexes respond to force (Figure 3).  



 

 

10 

 

Figure 3: Inorganic mechanophores.  
The collection of experimentally validated metallo-mechanophores is much more 
limited, but these examples show metal complexes are susceptible to force, and force can 
be used to unveil latent reactivity at the metal center.  Arrows indicate typical placement 
of polymer handles. 

1.2.2.1 Mechanocatalysis 

The Craig group has shown that the rate of nucleophilic substitution of square 

planar Pd(II) pincer complexes is accelerated by force, demonstrating metal-ligand 

interactions are susceptible to mechanical force.62 Early work by the Sijbesma group has 

shown that shear forces applied by ultrasonication of a Pd(II)-containing polymer in 

solution induced dissociation of ligand-polymer handles from the Pd(II) metal centers, 

resulting in a decrease in molecular weight that is reversible, allowing for continuous 

reformation of metal-linked polymer chains.63-64 Building off of this proof of principle, 

the Sijbesma group applied force to a Ag(I) and a Ru(II) polymeric system, and by 
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mechanochemically pulling on ligand-terminated polymer handles to open coordination 

sites, unveiled reactivity by stimulating otherwise latent catalysts.6  

The Binder group developed a mechanically-activated Cu (I) catalyst capable of 

catalyzing Click chemistry.7 Upon application of force by ultrasonication or 

compression, a ligand-polymer handle is removed and unveils an active catalyst. 

Interestingly, this system could be activated both in solution and in the solid state.7 

 Application of mechanical force to a metal coordination complex doesn’t 

necessarily have to result in metal-ligand bond scission. In an example from the Craig 

lab, a ligand of a Pd catalyst was coupled to a photoswitch, which allowed for 

photochemical manipulation of the dihedral angle of the ligand.8 The changes in 

dihedral angle of the ligand influenced the enantioselectivity of the catalyzed reaction, 

which is attributed to the intramolecular mechanical forces.8 

1.2.2.2 Metal-ligand interactions in networks 

Biology has examples of metal-ligand coordination dynamics in response to 

mechanical force. Mussel adhesive proteins have inspired numerous studies exploring 

the relationship between adhesive strength and the nature of the interactions between 

the multiple catechol side chains of these proteins and various surfaces.65-69 While the 

interactions are complex, rupture of these materials involves dissociation of the catechol 

units from inorganic surfaces. Bones rely on calcium-phosphate interactions in bone 
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mineral to bolster the mechanical resilience of the organic-matrix, and are even build 

mass and strength when force is applied.9, 13 

Taking cues from nature, a number of synthetic examples have been reported 

that take advantage of weakly coordinating metal–ligand complexes to create reversible, 

mechanically responsive polymer networks, self-healing polymers and elastomers that 

demonstrate the utility of metals to facilitate constructive mechanochemistry.65-74 

1.2.2.3 Metalloproteins  

Metalloproteins that have been subjected to single molecule force spectroscopy 

(SMFS) and reveal interesting force-responsive behavior.75-76 77-79 SMFS uses atomic force 

microscopy to extend the termini of a molecule between a platform and a cantilever, 

which unravels the relationship between force and extension for a single molecule.17 

Using SMFS, the Wang group studied the effect of force to gelsolin, a protein that 

contributes to cytoskeleton structural rearrangement.75 They found that calcium 

concentration and solution pH can alter protein stability and, interestingly, that force 

increases the protein’s binding affinity for calcium. 

 In another example, the Li group tested the mechanical stability of the iron 

sulfur cluster in rubredoxin by SMFS and showed that applied mechanical force induces 

Fe-S bond rupture by a stochastic mechanism.76, 80 Mutating the protein’s attachment 

points to the microscope revealed different unfolding pathways based on directionality 

of the mechanical force.77 Importantly, they also found the reactivity of the 
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metalloprotein changes with the application of force.78 These experiments establish the 

utility of SMFS to probe the mechanical reactivity of metallopolymers. Metalloproteins, 

however, do not offer discrete mechanophore units that can be systematically altered or 

readily embedded within synthetic polymer constructs. 

1.2.2.4 SMFS of metal complexes  

There are a limited number of examples of using single molecule force 

spectroscopy (SMFS) to study metal complexes. The Gaub and Schubert groups 

determined the rupture force of a (bis)terpyridine ruthenium (II) complex was 95 pN at 

a force loading rate of 1 nN/s using SMFS.81 In their particular experimental set-up, the 

ruthenium center bridged two polymer handles that were terminated with terpyridine 

ligand, and the application of force resulted in the disruption of the overall polymer 

architecture (Figure 4). 

 In a related experiment, the Chi group followed the dissociation of 

(bis)terpyridine osmium complexes using electrochemically controlled atomic force 

microscopy.82 They concluded the oxidation state of the osmium center impacted the 

nature of the metal-ligand interaction, which presented itself in different forces required 

to break the osmium-terpyridine bonds. The rupture force of the Os(II) complex was 

approximately 80 pN at a force loading rate of 200 nm/s, whereas the rupture force of 

the Os(III) complex was approximately 130 pN at a force loading rate of 200 nm/s 

(Figure 4).82 
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Figure 4: SMFS on terpy-type complex.  
Single molecule force spectroscopy experiments were completed on metal complexes of 
Ru (II), Os(II), and Os(III). A metal center bridged two polymer arms terminated with 
terpy ligands. As the polymers are pulled, force is transduced to the metal center, and 
when a critical force is reached, metal-ligand bonds are broken. 

Work completed by the Tao group showed that mechanical stretching of a metal 

complex can change its electronic energy levels, which has applications in electron 

transfer reactions.83 A scanning tunneling microscope break-junction technique was used 

to monitor the change in conductance of a ferrocene complex with the application of 

force. The change in conductance was used to determine the shift in redox potential of 

the complex. This was the first demonstration that force can be used as a tool to shift the 

redox potential of a molecule.83 
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1.2.3 Single molecule mechanochemistry  

1.2.3.1 Force modified rate behavior  

For a thermally activated process, the spontaneous rate (k) of the reaction is 

determined by the height of an energy barrier (∆G‡) separating the two states, shown in 

eq. 1.17 The height of ∆G‡ is the difference in energy between the ground state and 

transition state.   

  k0 ∝ e
−ΔG‡

kBT  (eq. 1) 

Mechanical work applied to a system can affect the energy surface, if the force 

vector aligns and couples to the nuclear motions of the ground state moving towards the 

transition state. The energy barrier lowers due to the applied force (F) times the distance 

it acts (x‡).17, 84 This force-modified rate behavior is described by eq. 2. 

  k(F ) = k0e
( FΔx‡ )

kBT  (eq. 2) 

The magnitude of the applied force (F) does not have to decrease the barrier so much 

that it no longer exists, but can decrease the barrier enough until thermal fluctuations 

(kBT) can move the reaction forward on the timescale of the experiment.16-17, 25 

1.2.3.2 Single molecule force spectroscopy  

A variety of methods are available to apply force to polymer-embedded 

mechanophores, including sonication and strain of a bulk material.16-17, 20 These methods, 

however, do not provide quantitative information about the mechanochemical 
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transformation. Single molecule force spectroscopy (SMFS), on the other hand, can 

adequately apply the force necessary to induce mechanophore activation while 

simultaneously quantifying the effects of these forces on the molecule.85-89 

In addition to quantifying force necessary for mechanochemical transformation, 

SMFS allows for the quantification of x‡, the term that describes the molecular 

coordinate that is being acted on by the applied force as described above. The 

magnitude of x‡ captures any mechanical advantage that may lower the fore required for 

mechanophore activation provide by the attachment points of the polymer handle or 

lever effects caused by the structure of the polymer backbone, regardless of the strength 

of the chemical bond.28, 56, 90-92 

 A typical SMFS experiment begins with the adsorption of a dilute polymer 

solution onto a surface that is attached to a piezoelectric stage. The stage is raised to the 

microscope tip and binds to a polymer chain. The stage is retracted, and deflection in the 

cantilever from the polymer attached between the tip and stage is observed. This process 

is repeated to obtain many pulls from many positions on the stage surface. A 

representation of this process is show in Figure 5.  
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Figure 5: A typical SMFS force-extension curve and corresponding diagram for a 
polymer without mechanophores.  
a) The stage is raised to the microscope tip and binds to a polymer terminus. b) While 
the stage is being retracted from the surface, a small force is required to overcome 
conformational entropy. The force-extension curve shows a plateau as the polymer path 
length aligns with the tip-stage axis. c) After the stage-tip separation reaches the 
polymer contour length, energy will be directed into enthalpic distortion of the main 
chain. In this regime, an increasingly large force will be applied to the polymer with 
little increase in length. d) Finally, the applied force will be sufficient to induce chain 
scission or detachment of a polymer end from the microscope. Without mechanophores, 
the first mechanochemical reaction that occurs is destructive bond breaking of the 
polymer main chain. 

 Most SMFS captures the rupture of one bond or one mechanophore per 

microscope pull.86, 88, 93 The Craig lab has pioneered a SMFS technique for multi-

mechanophore polymers using a homemade atomic force microscope, which has proven 

to be a fast and effective way to probe distortion and mechanochemistry of a system in 

response to externally applied force, as seen in Figure 6.28, 35, 90-92, 94-96 By simultaneously 

applying force to many mechanophores, the force-extension curves obtained by this 

method quantifies the force of many reactions at one time, which allows for a 
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statistically significant sample of bond strengths from a single pull. 28, 33, 35, 90-92, 94-97 This 

technique requires the mechanophore of interest be non-scissile (or does not break the 

polymer main chain), and the reaction results in a total elongation of the polymer chain, 

referred to as stored length. In this work, it is predicted that metal-ligand bond 

dissociation should be accelerated by force, and stored length should putatively come 

from the unraveling of the ligand from the metal center.  

As shown in Figure 6, force-extension curves will display plateaus when the 

molecule can be extended with minimal work (b).91 The length of the plateau 

corresponds to the stored length generated from the force-induced reaction of the 

mechanophore.28, 33 If the stored length of the force-extension curve is proportional to the 

contour length, scales with the percent incorporation of the mechanophore, and agrees 

with theoretical values from molecular modeling, the type of transition can be validated.  
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Figure 6: A typical SMFS force-extension curve for a polymer containing multiple 
mechanophores.  
a) As the polymer-bound stage is retracted, tip-stage separation increases with 
application of the small forces capable of overcoming conformational entropy but 
insufficient to overcome the mechanochemical energy barrier that maintains stored 
length. b) After the initial plateau, there is a small increase in force as the polymer chain 
begins to experience enthalpic distortion. Once this force reaches the level necessary to 
induce mechanophore activation on the experimental timescale, mechanochemical 
reactions will begin to release stored length. This second plateau will continue at the 
force necessary to induce the reaction for a length dependent on the number of 
mechanophores in the polymer and their stored length. c) Once all of these reactions are 
exhausted, additional energy will result in enthalpic distortion of the polymer. 
Eventually, this will be sufficient to cause destructive mechanochemistry and the main 
chain will break or detach from the microscope. 

1.2.4 Outlook 

The examples described above demonstrate that metal coordination complexes 

are susceptible to mechanical force, and force can be used to unveil latent reactivity at 

the metal center by catalyzing another reaction or undergoing ligand exchange. There 



 

 

20 

remain, however, important questions to be elucidated about how metal complexes 

respond to force before the limit of ligand dissociation or other bond scission is reached. 

For example, how much length can be stored in metal-chelate ring systems, how much 

force is required to unfurl that stored length, and does such ligand unfurling proceed in 

concerted or stepwise fashion in response to strain? 

To investigate such questions, the forces necessary to release length stored in 

polydentate metal-ligand coordination complexes had to be measured. To achieve this, 

novel metallomechanophore constructs containing polydentate ligands were designed 

and incorporated intimately within polymer chains. Single molecule force spectroscopy 

was used to measure force-extension curves for these new metallopolymers. The work 

presented here identified design elements and determined appropriate force regimes 

required to release length stored in metal chelate rings, which ultimately could be 

leveraged for creating novel stress-responsive materials.  

1.3 Light as a stimulus 

1.3.1 Introduction to light as a stimulus  

Using light as a stimulus offers precise and specific control over chemical 

transformations, and the range of applications for photoactive moieties is diverse. The 

ability to design photosensitive compounds with variable photochemical and physical 

properties is consequently important for realizing their potential. Addition of metal ions 

into these types of compounds can further enhance the range of application since light 
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can manipulate interactions between metal and ligands by a variety of mechanisms. 

Below is a summary of some highlighted strategies of photoactive metal complexes.  

1.3.2 Photocages  

Photocages have obvious implications for bioinorganic applications. A photocage 

is a metal complex in which the ligand has sufficient affinity for the metal complex to 

prevent the metal’s biological activity (Figure 7). In the presence of light, the ligand 

undergoes a photoreaction, thus changing the ligand’s affinity for the metal and 

irreversibly releasing the metal.98 This strategy is useful for disrupting metal 

homeostasis, especially in a biological setting, by spiking the concentration of metal ion 

in a controlled manner.  

Depending on the particular application for the photocage, ligands can be 

designed to not only bind different metals, but to respond to particular wavelengths of 

light. Because of the specificity of the reaction, photocages allow for control over the 

metal bioavailability. Below is a description of some of the highlights in the advances of 

photocages. 
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Figure 7: Variety of photocage ligands.  
Photocage ligands bind metal, and in response to light, the affinity for the metal 
decreases, releasing metal ions in a controlled manner. 

1.3.2.1 Calcium-releasing photocages  

It has been well established that the changes in the concentration of biological 

calcium has an important role in many physiological processes ranging from muscle 

contraction to neurotransmission.99 The most studied group of calcium photocages are 

based on BAPTA and EGTA ligands, which both have high affinity and selectivity for 

Ca2+.99-101 These chelators are ideal for calcium photocages because they have a high 

affinity and selectivity for Ca2+.99-101 The release of Ca2+ from these cages results from a 

chemical change in response to light that reduces the ligand’s affinity for the metal ion.99-

101 
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Nitrs, a series of BAPTA-based chelators functionalized with various nitrophenyl 

substituents, were some of the first calcium photocages developed by the Tsien group.102-

103 Upon irradiation, the nitrophenyl group becomes more electron withdrawing, and 

decreases the donor strength of the ligand. The Ca2+ affinity thus decreases from a Kd of 

160 nM to a Kd of 7µM, and Ca2+ in released in a controlled manner in response to 

light.102-103 Structural modifications of nitr-type cages worked towards increasing the rate 

of Ca2+ release upon irradiation, which is important since the rate of metal 

concentration increase should be faster than the process of interest.101, 104-105 

 Work by Ellis-Davies includes photocages that release Ca2+ in a different 

mechanism.106-107 These compounds, based on EGTA, are functionalized with a 

photoactive nitrophenyl group. In response to UV light, the chelator breaks and results 

in binding affinity for Ca2+. Depending on the derivative, the affinity for Ca2+ drop by 

40.000-600,000-fold, effectively releasing metal in a controlled manner.106-108 

1.3.2.2 Copper-releasing photocages 

Copper is a biologically interesting metal ion that is essential for important 

cellular processes, but can be toxic in high quantities because of its potential to 

participate in the production of reactive oxygen species (ROS) that could cause cellular 

oxidative stress. Our group has developed several Cu2+ cages, and upon irradiation with 

UV light cleaves the ligand and greatly reduces the Cu2+ affinity.98, 109 Assays determined 

that ROS formation increased following the uncaging of copper.98, 109 Continued studies 
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have found ligands with higher affinities for Cu2+ before photolysis, but retains the 

reactivity to light to release copper.110 

 The breakdown of copper homeostasis has been linked to many diseases and 

disorder, and work has been completed to use photocages as a means to restore the 

delicate balance of metal concentration to combat these diseases. The Burdette group 

reengineered a known Zn2+ photocage to selectively bind Cu+.111 The compound retains 

its ability to release the metal ion in response to irradiation; however, one drawback for 

use in biological systems is the use of an organic co-solvent to maintain adequate 

solubility.111  

1.3.2.3 Other metals  

Another biologically important metal, zinc, has important roles in 

neurotransmission and cell signaling.112-113 The Burdette group developed a series of Zn2+ 

photcages based on nitr-like photocages used for Ca2+ release. In a similar mechanism as 

the Ca2+ nitr-based photocages, a Zn2+ ligand was functionalized with a nitrophenyl-type 

chromophore. Upon irradiation, the chromophore becomes more electron withdrawing, 

and reduces the ligand affinity for Zn2+.114-115 Replacing the ligand from a crown ether 

moiety to a aryl-dipicolylamino type ligand increased the specificity for zinc, while 

maintaining the photoactive behavior.115 The Burdette group also developed zinc 

photocages that used a similar mechanism to release Zn2+ as the Ca2+ EGTA-based cages. 

Similarly, upon irradiation with light, the ligand breaks and the affinity for zinc 
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decreases. One drawback of this system is the low quantum yield for photochemical 

reaction.116 

Platinum complexes have demonstrated abilities as anticancer agents, however 

off-target effects have caused toxicity.109 Our lab found a photocage originally designed 

for Cu2+ also had high affinity for Pt2+, and could release Pt2+ due to ligand cleavage upon 

irradiation.109 An increase in cell death for cancer cells treated with the Pt-photocage was 

only observed after irradiated of light that induced Pt2+ release.109 Although the 

mechanism of toxicity is unknown for this system, it is an excellent example of the 

therapeutic potential of photocaged-metal ions. The specificity of drug release provided 

by a photocage system could limit undesirable side effects and increase potency of 

potential drugs.  

1.3.3 Complexes that release biologically relevant molecules in 
response to light 

Photocages utilize light to release metals in precise locations for therapeutic 

purposes; however, metals and metal complexes, especially those that respond to a 

stimulus, can also be used as vehicles to deliver small molecules in a controlled fashion 

to an area of interest. 

1.3.3.1 NO releasing complexes  

Nitric oxide (NO) is important for many aspects of human physiology and is 

appealing as a potential therapeutic agent because it is a vasodilator.117 Delivering NO to 

specific regions of the body in a precise manner is an active area of research.10, 117-118 The 
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design of many NO-releasing molecules is take advantage of the known photosensitivity 

of metal-nitrosyl compounds in order to deliver NO in a controlled fashion.  

Some of the earliest NO-releasing molecules suffered from toxic side reactions, 

were thermally unstable, or suffered from oxygen sensitivity.119-123 The Mascharak group 

developed a series of NO-releasing molecules based on a pentadentate ligand, PaPy3H 

(N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine- 2-carboxamide).124-126 The iron (II) 

complex, [Fe(PaPy3)(NO)]2+, had the advantage of being activated by visible light (500-

600 nm), but was unstable in aqueous solutions.124 Replacing the iron (II) center with 

ruthenium (II) improved stability in aqueous solutions, but could only be activated with 

UV light, which was detrimental for in vivo use.125-126 The manganese derivative was the 

most attractive because it had desirable solubility and stability in aqueous solutions and 

could be activated by visible light.127 Work towards making NO-releasing complexes 

sensitive to visible and near-IR light has been completed by altering the ligand and 

functionalization with chromophores.128-131 

1.3.3.2 CO releasing complexes   

Carbon monoxide (CO), while widely recognized as toxic, has validated 

medicinal use when administered in controlled doses.132 CO has also been recognized as 

a signaling molecule for many physiological processes.133 Designing CO-releasing 

molecules (CORMs) is an active area of medicinal inorganic chemistry, and controlled 

release of CO remains a challenge.132, 134-140 Many transition metal carbonyl complexes 
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spontaneously decompose in solution, which motivates the search for stable CORMs 

that can be activated at a specific region of interest.134 Light is an attractive stimulus for 

controlled and directed release of CO.  

Toward this goal, the Ford group designed a Re(CO)3-based photoCORM that 

was stable and soluble in water, and exhibited no cytotoxicity.141 Favorable water 

solubility and stability was attributed to the complex containing a non-coordinating 

anion.141 Upon irradiation, one CO was released and replaced by a water molecule.141 

The Mascharak group developed a series of Mn(I) photoCORMs with the general 

formula [Mn(CO)3(L)]+, where L was a tridentate ligand.134, 142-143 These complexes also 

exhibited favorable water solubility and stability, and did not have any apparent 

cytotoxicity. These compounds were incorporated into polymeric systems by the Kunz 

group for passive transport to tumor tissue or other problematic sites.132 

 Continuing work on transition metal-based photoCORMs has discovered many 

additional CORMs based on iron, tungsten, and ruthenium complexes with various 

ancillary ligands.143-152 The diversity of these complexes, with respect to both the metal 

center and ancillary ligand, shows the ability to tune water solubility, nature of M-CO 

bond, and rate of CO release; however, one major drawback of these complexes is the 

requirement of UV light for CO release.143-160 

There are several examples of successful CO-release using visible light. The first 

complex, discovered by the Westerhausen group, involved an Fe2+ complex, that upon 
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exposure to 470 nm light, released CO over several minutes.153 Expanding beyond this 

initial example, the Ford group discovered a series of fac-Re(CO)3 photoCORMs that 

release CO close to the edge of visible light.141, 161 These water soluble complexes and 

photoproducts had the added benefit of luminescence, which allowed the study of 

cellular uptake of the photoCORM.141, 161 Other examples utilize Mn(I) with various 

ligands for successful CO release upon irradiation with visible light at various rates.134, 

142, 162-165 

1.3.3.3 Bioactive small molecule releasing complexes 

Much like NO- and CO- releasing molecules, metal complexes can be designed to 

respond to light to release other bioactive small molecules. The Etchenique group 

developed a Ru(II) complex functionalized with γ-aminobutyric acid (GABA), an 

inhibitory neurotransmitter.166 Upon irradiation with 450 nm light, GABA was released 

from the metal center in a controlled fashion, and the open coordination spot was filled 

with water.166 Incorporation of triphenylphosphine as an ancillary ligand increased the 

quantum yield of GABA release.166 This system has also been adapted for photorelease 

of amino acids such as glutamate.167  

A potential chemotherapy drug, 5-cyanouracil (5CNU), has been successfully 

coordinated to a Ru(II) center to form cis-[Ru(bpy)2(5CNU)2]2+ and [Ru(tpy)(5CNU)3]2+.168-

173 Cis-[Ru(bpy)2(5CNU)2]2+ releases two equivalents of 5CNU upon irradiation with light 

>395nm, as well a Ru2+ bis-bpy complex that exhibits cytotoxic effects that operate by a 
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different mechanism as 5CNU.169 The potential for a more potent drug increases since 

both photoproducts, the designed biologically active molecule and the result product 

from its release, both exhibit cytotoxic effects. Altering the ligand for [Ru(tpy)(5CNU)3]2+ 

has the benefit of extending light absorption into the visible region, and the 

photoproducts are more cytotoxic compared to those of cis-[Ru(bpy)2(5CNU)2]2+.171 

A cysteine protease inhibitor has been successfully coordinated to a bis-bpy 

Ru(II) moiety.174 Cysteine proteases are targets in cancer therapy because they are 

overexpressed in many cancers, and they have a role in cancer growth, angiogenesis, 

and metathesis; however, cysteine proteases also have important roles in normal cell 

function.175 Light-activated release of the cysteine protease inhibitor allowed for high 

selectivity and controlled inhibition minimizing off-target effects.174-175 

1.3.4 Photoswitches as metal ligands  

While the metal complexes described above involved irreversible reactions, 

many applications would benefit from reversibility of metal-ligand interactions, where 

metal binding could be toggled in an on/off manner. Incorporating metal-binding 

moieties with photochromic molecules could allow for light-mediated reversible tuning 

of metal affinity (Figure 8). Coupling metal-binding moieties to photoswitches also is not 

limited to delivering a metal or small molecule to a specific location; ability to alter the 

environment around a metal center has applications that move into materials and 
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catalysis. Below is a highlight of photoswitching molecules coupled with metal 

coordination moieties. 

 

Figure 8: Examples of photoswitches.  
Azobenzene undergoes reversible E/Z isomerization in response to irradiation. 
Spiropyran switches equilibrium towards the ring-open merocyanine form in response 
to light. Diethienylethene undergoes an electrocyclic ring closing reaction when 
irradiated. Like azobenzene, arylhydrazones undergo an E/Z isomerization upon 
irradiation. 

1.3.4.1 Azobenzene 

Probably the most well-known and well-study photoswitch is azobenzene. 

Azobenzene is typically found in its thermodynamically stable trans isomer. Upon 320-

380 nm irradiation, the photoswitch can isomerization to its cis isomer.176 Azobenzene 

can return to the trans isomer by thermal relaxation or irradiation with 380-450 nm light. 
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Isomerization from trans to cis results in a large decrease of the end-to-end distance of 

the molecule.176 

 The Manabe group functionalized an azobenzene core with terminal crown 

ethers, and took advantage of the azobenzene photochemistry to modulate metal 

binding affinity.177-179 Upon irradiation with UV light, the azobenzene isomerized from 

the trans to cis form, thus bringing the terminal crown ethers closer together, allowing 

for formation of a stabile sandwich complex.177-178 Irradiation with visible light causes 

isomerization of the azobenzene core, and results in metal release due to the increased 

distance of the crown ether ligands.177-178 The Arai group used a similar strategy, but 

instead functionalized the azobenzene with iminodiacetates, which allowed for 

tunability of metal specificity.180 

 The Nishihara group incorporated a terpyridyl ligand for Pt (II) coordination on 

one end of the azobenzene core for investigation into the effects of azobenzene 

isomerization on photoluminescent properties of the metal complex.181 Upon irradiation 

with UV light, the trans-to-cis isomerization of azobenzene resulted in UV-vis spectral 

changes that were restored upon irradiation with visible light or addition of heat. This 

complex has promise as a photofunctional material because of its off-on behavior of the 

emission due to the trans-to-cis isomerization.181  
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1.3.4.2 Spiropyran  

Spiropyran and its metastable ring-opened form, merocyanine, exist in a thermal 

equilibrium, in which spiropyran predominates.182-186 Upon irradiation with UV light, 

the equilibrium is shifted to favor the colored merocyanine form. Equilibrium is shifted 

back to the spiropyran form under irradiation with visible light or addition of heat. 

Ring-opening of spiropyran and its derivatives have also been demonstrated to proceed 

under application of force, as described above.26, 29, 35  

 The Przystal group functionalized spiropyran to include an 8-hydroxyquinoline 

moiety.187 When exposed to UV light, a chelating unit is exposed, consisting of the 

nitrogen of the 8-hydroxyquinoline moiety and the phenolate oxygen from the 

spiropyran core.187 Exposure of spiropyran with Cu2+, Fe3+, and Zn2+ resulted in ring-

opening and metal complexation over time; however, pretreatment with UV light to 

ring-open followed by addition of metal resulted in faster complex formation.187 The 

Winkler group found that exposing the metal complex to visible light resulted in ring-

closing and subsequent release of the metal ion.188  

1.3.4.3 Dithienylethene  

Dithienylethenes is a growing class of photoswitches because they have desirable 

photochromic properties and high fatigue resistance.189 These compounds undergo an 

electrocyclic ring closing under UV irradiation that results in a highly conjugated, 
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colored form. Subsequent exposure to visible light causes the ring opening reaction, 

resulting in the nonconjugated, colorless form.   

 The Lehn group synthesized tungsten, rhenium, and ruthenium metal complexes 

using dithienylethene photoswitches functionalized with a metal-binding cyano 

moiety.189 These metal complexes underwent almost quantitative cyclization under UV 

irradiation, and returned to their open form with visible light irradiation.189 When the 

sample was irradiated with a light that did not affect the opened/closed equilibrium, a 

fluorescence discrimination between the two forms was observed. This phenomenon is 

attributed to a MLCT, and could be useful in applications of nondestructive read-outs 

for optical data storage.189 

 The Branda group successfully used a dithienylethene-based chiral ligand to 

photochemically switch stereoselectivity of a copper catalyst.190 When the copper is 

bound to the ligand in its opened form, a chiral environment is created that allows for 

the cyclopropanation reaction to occur stereoselectively. When the complex is irradiated 

with UV light, copper is no longer being chelated, and the stereoselectivity of the 

cyclopropanation decreases dramatically. Upon exposure to visible light, 

stereoselectivity of the cyclopropanation is recovered.190 

1.3.4.4 Arylhydrazone  

Arylhydrazones undergo an E to Z isomerization when irradiation with UV 

light. The appeal to use hydrazones as photoswitches is growing because of their ease of 
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synthesis and the different modifications that can easily be made that alters their 

photophysical behavior.191  

 The Lehn group synthesized a bis-pyridyl aroylhydrazone that underwent E/Z 

isomerization in response to UV light.192 The metastable Z isomer would thermally relax 

back to the E isomer. The E isomer was able to bind Zn2+ in a 2:1 complex through the 2 

pyridyl nitrogens and imine nitrogen, and the Z isomer was not able to bind metals. 

When Zn2+ was bound, the complex did not respond to UV light and did not isomerize; 

however, a competitive chelator could outcompete the hydrazone for Zn2+ and restore 

E/Z photoreactivity. 192 In a related structure, the Lehn group found that the hydrazone 

formed a 1:1 complex with K+.193 Unlike the Zn2+ complex, the complex underwent a E/Z 

isomerization in response to UV light, releasing the metal ion.193  

 Work in our lab found the hydrazone HAPI, ((E)-N′-[1-(2-

 hydroxyphenyl)ethyliden]isonicotinoylhydrazide, displays dual-wavelength 

photoswitching behavior in PBS buffer.194 Irradiation with UVA light resulted in the Z 

isomer, whereas UVC light restored equilibrium back to the E isomer. HAPI is capable 

of binding metals in its E isomer, but not in its Z isomer. Much like the system 

developed by the Lehn group, photoreactivity is abrogated when HAPI is bound to a 

metal.194 
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1.3.5 Outlook  

The range of applications for photoswitching moieties is diverse, and the ability 

to design switches with variable photochemical and physical properties is important for 

realizing their potential. Our lab previously reported on the photochromism of (E)-N'-(1-

(2-hydroxyphenyl)ethylidene)isonicotinohydrazide (HAPI), an aroylhydrazone 

compound first developed as a transition metal chelator.  

The work presented here describes the synthesis of structurally related 

arylhydrazone chelators and explores the effects the modifications have on their 

photophysical properties, including photoreactivity, photostationary state compositions, 

and metal binding affinity. The findings will provide a foundation for the design of the 

next generation hydrazone photoswitches for metal-gated photoswitching applications.   
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2. ROMP strategy for metallopolymers  

2.1 Designing the metallomechanophore  

While significant progress has been made towards understanding 

mechanochemical reactivity of covalent mechanophores, the behavior of metal 

coordination complexes subjected to mechanical force is far less understood. Given the 

unique reactivity observed for purely covalent organic mechanophores subjected to 

tensile forces, we hypothesize that mechanochemical distortions applied to transition 

metal coordination complexes will distort the ligand field around the metal center in 

ways that access unique electronic, structural, and reactivity profiles that are not 

otherwise available. While there are examples of metallopolymers subjected to stress,6-7, 

62-63, 195-196 current systems do not address fundamental questions about the influence of 

force applied to metal complexes.  A key question: What forces are required to induce 

physical or chemical changes to transition metal complexes embedded within polymers 

as mechanophores?  

In order to probe such questions, many design criteria must be considered when 

creating a polymeric system suitable for force testing. The specific architecture of the 

desired polymer dictates the polymerization techniques used. Below is a description of 

the design criteria for a metallopolymer suitable for force testing, and justification for the 

polymerization techniques chosen.  



 

 

37 

2.1.1 Design criteria for metallopolymers suitable for SMFS 
experiments  

In order to quantify the effects of force on metallomechanophores, it is necessary 

to have a polymer system that: 1) incorporates the metal chelating unit directly in the 

main chain of the polymer so the metal center experiences the full effect of the 

transduced force, 2) is compatible with single molecule force spectroscopy (SMFS), and 

3) contains multiple mechanophore units per polymer chain. 

 Figure 9 shows three general families of metallopolymers subjected to tensile 

force. The first example (Figure 9A) shows a metal complex incorporated into a polymer 

side chain. While there are many examples of materials of this form,3, 132, 197-200 these metal 

complexes will feel little if any of the transduced force that travels along the main 

polymer chain. However, polymer handles that also serve as ligands for metal binding 

result in materials of type Figure 9B in which the metal acts as a stress-bearing linker 

integral to the primary structure of the polymer.3, 6-7, 62-64, 195-196 In these cases, externally 

applied force is directly transduced to the metal-ligand bond to influence structure and 

reactivity.  

Force applied to Figure 9B type polymers results in metal-ligand bond scission 

coincident with polymer rupture, as the ligand is simultaneously the polymer handle 

that transduces force and the severed polymer fragment that subsequently dissociates 

upon rupture. The model represented by Figure 9C is fundamentally different in that 

dissociation of metal-ligand bonds does not inherently dismantle the integrity of the 
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polymer’s primary structure. This model is interesting because it provides an 

opportunity to test the possibility that subtle changes in metal coordination environment 

prior to polymer rupture provide unexplored opportunities for 

metallomechanochemistry. 
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Figure 9: Three general classes of metallopolymers.  
A) Systems with metal complexes branching off the polymer main chain are more likely 
to experience polymer rupture than mechanochemical activation. B) The metal ion acts 
as a bridge or cross-link between two polymer handles modified with metal-binding 
ligands. Subjected to force, polymer scission occurs as the ligand dissociates from the 
metal. C) This proposed design of polymers contain multiple coordinative covalent 
bonds for primary structure. Dissociation of metal-ligand bonding does not break the 
polymer chain. 

 In order to obtain high-quality force-extension curves, polymers should contain 

multiple mechanophores that are dispersed within the polymer so as to experience 

maximal force transduced along the polymer. Consequently, the desired 

metallopolymer constructs will contain multiple chelating ligands that are incorporated 

intimately along the main chain where geometric distortion will be most closely coupled 
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with applied force. Additionally, the metal center will not be integral to the structure of 

the polymer, meaning that metal-ligand interactions can be broken, but these will not 

break the integrity of the polymer itself. In this way, we can probe stress-induced 

changes all the way until the maximal force of covalent bond scission is reached. These 

requirements point to the model in Figure 9C as the desirable construct. Two 

polymerization techniques would fulfill these requirements for the synthesis of a 

polymer suitable for SMFS:  RCM/ROMP  (ring closing metathesis/ring-opening 

metathesis polymerization) and polycondensation. RCM/ROMP will be discussed in 

subsequent sections of this chapter, and polycondensation will be discussed in Chapter 

3.    

2.1.2 Ligand selection  

For the synthesis of a metallopolymer, the ligand chosen was a dipyridylamine 

unit (dpa, Figure 10). This ligand can be modified easily with polymer handles, can be 

derivatized to span multiple coordination numbers, and is known to form well-

characterized complexes with a variety of metals (Figure 11).79, 201-203 The denticity of this 

ligand can be changed systematically by adding ethylamine units, and the pyridyl ring 

can be substituted for inclusion into the polymer backbone and allow for differential 

mechanical coupling to the metal center. The covalent carbon-nitrogen bonds that 

comprise the ligand are more energetically stable (bond energy of 305 kJ/mol)204 than the 

coordinate nitrogen-metal bonds (bond energy between 5-6 kJ/mol)205, which should 
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allow us to probe the effect force has on these metal-ligand interactions. It is 

hypothesized that applying force to the relatively rigid pyridyl ring may distort ligand-

metal geometry, resulting in nitrogen-metal bond dissociation.  

 

Figure 10: Dipyridylamine, dpa, is a tridentate ligand capable of binding many 
transition metals.  
Coordination occurs between the ligand metal through the pyridyl nitrogens and central 
nitrogen. 

 

Figure 11: Examples of known crystal structures containing the ligand, dpa.  
These examples demonstrate dpa is capable of forming complexes with a variety of 
different metals in different oxidation states, resulting in a variety of geometries.  

2.1.3 CoGEF simulations for polymer handle placement1  

The ability of SMFS to detect experimentally a chemical transformation depends 

on the stored length that is released as a result of the transformation. The stored length 

                                                        

1 Work in this section was completed in collaboration with Matias Horst 
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is the distance by which the AFM cantilever tip can extend the attached polymer chain 

with minimal application of additional force. The location of attachment points of 

polymeric handles onto mechanophore units can influence the amount of length that can 

be released mechanochemically.206 Constrained Geometries simulate External Force, or 

CoGEF, is a molecular modeling technique used to predict mechanochemically 

accessible stored lengths and modeling such as this has proven to be useful when 

designing putative mechanophores.16, 20, 35 

CoGEF can be used to investigate mechanical anisotropy of metal complexes by 

comparing the stored length released by potential mechanochemical reactions. Using a 

known metal complex, [Zn(dpa)Cl2],79 modeling has been done to relate the position of 

the polymeric handles with potential stored length. The contour length was determined 

for pairs of molecules that represent the monomer in its fully tridentate coordination 

mode to Zn(II) and after a transformation that stretches it to a monodentate interaction 

between one pyridyl N and Zn. The stored length accessible by this “chelate 

unwinding” transformation is the difference in contour length between this pair of 

molecules, as shown in Figure 12.  

CoGEF modeling results suggest that attaching polymeric handles ortho- to the 

metal-coordinating atom (R1) will result in substantially more stored length released 

when force is applied. The stored length calculated per metallomechanophore is, in fact, 

as large or larger than the greatest stored length observed in covalent mechanophores to 
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date, and putatively will be observable in SMFS experiments.28, 35, 96 Synthetic procedures 

described in subsequent sections will focus on the functionalization of the ligand at the 

R1 position to allow for subsequent polymerizations.   
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Figure 12: Modeling calculations of a series of symmetrically substituted [Zn(dpa-
κ3N)Cl2] complexes predict the effects of polymer attachment location on stored 
length.  
The contour lengths of tridentate (κ3) and monodentate (κ1) Zn-dpa monomers were 
calculated by CoGEF modeling based on established methods. The R1 attachment 
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predicts a measurable change in stored length as the Zn-dpa complex transforms from 3- 
to 1-coordinate, suggesting that chelate unwinding may be observable by SMFS. 

2.2 Background for RCM/ED-ROMP 

An RCM/ED-ROMP strategy would allow for the ligand to be incorporated 

directly into the backbone of the polymer with control of the ratio of ligand to 

comonomer, allowing for varying amount of the metal-binding units in the polymer 

without changing monomer types. Given its success in studies of covalent 

mechanophores, ROMP is the polymerization of choice.28, 35, 91-92, 94-95 Below is background 

information about the RCM/ED-ROMP strategy.  

2.2.1 Background for RCM 

Ring-closing metathesis (RCM) has been a valuable technique for acquiring 

synthetically useful building blocks, ranging from aromatic heterocycles to carbohydrate 

derivatives.207 The development of robust catalysts for these reactions has allowed for 

the toleration of many different functional groups, as well as the synthesis of very large 

cyclic rings (Figure 13).207  

 

Figure 13: Ruthenium catalysts used for metathesis reactions in this work. 



 

 

45 

During RCM, a metallacyclobutane intermediate is formed, and can undergo 

cycloreversion to create the desired product, or return back to starting materials. The 

removal of ethylene from the reaction mixture is a driving force for the reaction when 

the dienes of the substrate are terminal.207 Dilute conditions can help maximize 

translational entropy, which is comparatively high for low molecular weight 

macrocycles.207-208 Reactions run at higher temperatures can also maximize translational 

entropy and favor macrocycle formation, the caveat being a decrease in catalyst 

lifetime.207 

While many strides have been made towards functional-group tolerance of 

metathesis catalysts, there still remain difficulties with molecules containing basic 

centers, such as basic nitrogens.209 Many studies have been conducted to investigate 

potential amine-induced degradation pathways of the metathesis catalysts.210 It has been 

hypothesized that Hoveyda-Grubbs II metathesis catalyst undergoes nucleophilic attack 

on the benzylidene by primary amines, and deprotonation of the metallacyclobutane 

intermediate was caused by secondary and sp2 amines, rendering the catalyst inactive 

(Scheme 1).210 Lewis-basic pyridyl nitrogen atoms may also chelate the metal-based 

catalyst shutting down the catalytic cycle.209 
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Scheme 1: Adapted from Lafaye et al., amine-induced decomposition of Grubbs 2nd 
generation catalyst.210 

 One approach that mitigates the effects of amines and allow their use in RCM is 

converting primary and secondary amines to carbamates, amides, or sulfonamides.210-213 

Using an acid additive (such as HCl or TFA) has been successful for preventing catalyst 

poisoning and allowing RCM to proceed. 209, 214-219 Additions of Lewis acids, even in 

catalytic amounts, have also been successfully used in the RCM of amine containing 

compounds.210, 220-221 

2.2.2 Background for ED-ROMP 

Entropy-driven ring opening metathesis polymerization, ED-ROMP, is a non-

living ROMP reaction that allows for polymerization of practically strainless 

macrocycles.207-208, 222-223 ED-ROMP has allowed for incorporation of unique main-chain 

functionality in polymers and has been demonstrated to outperform other 

polymerization techniques like ADMET in regard to degree of polymerization.208, 224-229 

Because of the entropy driven nature of the reaction, the ring-opening reactions of cyclic 

starting materials continue with little to no enthalpy change, resulting in a minimal 

evolution of heat.207-208, 222 
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ED-ROMPs result in a statistical distribution of monomers, oligomers, and 

polymers (Scheme 2). Catalytic metatheses can undergo both intermolecular (covalent 

polymerization and chain transfer scrambling) and intramolecular 

(cyclodepolymerization caused by backbiting or chain transfer isomerization) 

reactions.208 Increasing reaction concentration favors intermolecular metathesis, thus 

favoring the formation of polymers.208  

 

Scheme 2: Adapted from Xue and Mayer, equilibrium that occurs during catalytic 
olefin metatheses.208  

It is very important to shift equilibrium to favor polymer formation by running 

conditions that enable significant entropic changes. While it seems like polymerization 

would cause a loss of translational entropy, translational entropy is lower for high 

molecular weight monomers versus low molecular weight monomers and is 

concentration dependent.208, 230 Loss in translational entropy is much smaller for 

concentrated high molecular weight monomers for polymerization. What is apparently 

lost in translational entropy is gained in conformational entropy upon polymerization, 

meaning the polymer products are able to access many more conformations not sampled 

by the macrocycle.208 

The Grubbs-type catalysts have been the favored initiator for ED-ROMP because 

of their commercial availability, ease of handling, catalyst stability, functional group 

tolerance, and high rate of propagation.208, 231-234 The most notable drawback of these 
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catalysts is the Lewis acidity of the active ruthenium intermediate, which can make them 

difficult to use with Lewis basic species. Lewis bases may coordinate to the metal center 

and suppress the catalytic cycle.208, 226 

2.3 Synthesizing a macrocyclic ligand 

To successfully synthesize a copolymer by ED-ROMP, the ligand must first be 

made into a macrocyclic monomer, which can be achieved by the functionalization of 

the dpa ligand with terminal alkenes subsequently followed by ring closing metathesis 

(RCM). Below is a description of the successes and challenges encountered during the 

synthesis of the dpa-based macrocycle (Scheme 3). 

 

Scheme 3: Total reaction scheme to achieve a macrocyclic ligand (f). 
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2.3.1 Synthesis of bis-diol 

The first step towards the ultimate goal of synthesizing a dpa-based acyclic diene 

for RCM began with the synthesis of (6-(bromomethyl)pyridin-2-yl)methanol (Scheme 4, 

a). Reacting the precursor diol with HBr resulted in a mixture of mono- and di- 

brominated material, which is easily separated by column chromatography to achieve 

pure monoBr material. The bromine functional group allows for coupling to build the 

ligand core, while the alcohol functional group allows for the attachment of terminal 

alkenes. 

 

Scheme 4. Synthesis of (6-(bromomethyl)pyridin-2-yl)methanol. 

A tosyl- (b) or nosyl- (c) protected ligand was successfully synthesized by the 

condensation of 2 equivalents of a with p-tosylamide or p-nosylamide in the presence of 

K2CO3 in acetone (Scheme 5).  
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Scheme 5: Top, Synthesis of N,N-bis((6-(hydroxymethyl)50yridine-2-yl)methyl)-4-
methylbenzenesulfonamide (b). Bottom, Synthesis of N,N-bis((6-
(hydroxymethyl)pyridin-2-yl)methyl)-4-nitrobenzenesulfonamide (c). 

Initial attempts to cleave the tosyl group of b for the deprotected ligand (d) in the 

presence of H2SO4 resulted in no reaction. Cleavage of the nosyl group of c in the 

presence of thiophenol and K2CO3 in MeCN was successful (Scheme 6); however, the 

secondary amine of 4 was reactive, and reactions for functionalization of the diols with 

terminal dienes resulted in addition at this central amine. 4 also had limited solubility in 

organic solvents necessary for future reactions.  

 

Scheme 6: Synthesis of ((azanediylbis(methylene))bis(pyridine-6,2-diyl))dimethanol 
(d). 
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The nosyl-protected ligand, c, was ultimately the ligand used for future 

reactions. The bulky protecting group on the central amine prevented additional 

reactions to occur at this position, and improved solubility in solvents that would be 

used for both RCM and ROMP. Additionally, purification of c was easier compared to 

the tosylated analogue. While this ligand is still capable of chelating metals, the electron-

withdrawing nature of the nosyl-protecting group can affect the properties of its metal 

complexes compared to the parent dpa ligand.  

2.3.2 Synthesis of acyclic diene  

Functionalizing c with terminal alkenes by etherification proved to be 

unsuccessful. Addition of two equivalents of 5-bromo-1-pentene and NaH to c in DMF 

resulted in cleavage of the base-sensitive nosyl-protecting group and addition of 5-

bromo-1-pentene at the central amine.  

 Esterification of the ligand proved to be more successful (Scheme 7). Treatment 

of c with 2 equivalents of 4-pentenoic acid, 1 equivalent of DCC, and 1.5 equivalents of 

DMAP in THF resulted in formation of the desired product e in 86% yield. The major 

drawback of this reaction is the use of DCC, a known sensitizer. EDCI can be used 

instead of DCC as a coupling agent, but the reaction does not proceed as efficiently (65% 

yield).  
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 Using 4-pentenoic anhydride instead of 4-pentenoic acid for the esterification 

proved most effective. The anhydride is more reactive than the acid, and yield for the 

desired acyclic diene, e, was increased to 96% by this method.  

 

Scheme 7: Synthesis of acyclic diene (e).  
The acyclic diene can be synthesized using DCC or EDCI coupling with 4-pentenoic 
acid. Yield for e can be increased by using 4-pentenoic anhydride instead of 4-pentenoic 
acid. 

2.3.3 Synthesis of macrocycle  

With the successful functionalization of the dpa-ligand with terminal alkenes, 

RCM could be run for formation of a macrocycle (Scheme 8). Under dilute conditions 

(~1mM) in anhydrous DCM, the acyclic diene was treated with Grubbs 2nd generation 

catalyst while sparging with argon. No reaction occurred after two days. This result is 

not surprising because it has been reported that the presence of the metal chelating 

ligand in the reaction could inactivate the catalyst.209 

 

Scheme 8: Synthesis of a macrocyclic ligand containing a dpa-like unit (f). 
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 Addition of an equivalent of methanolic HCl to the reaction averted undesired 

substrate-catalyst interactions, resulting in successful formation of the macrocycle 

containing the dpa ligand (Scheme 8, f). Presumably, acid causes protonation of the 

pyridyl nitrogens, preventing catalyst chelation.209 

 Other additives have been successfully used to allow RCM to proceed, including 

sodium (pentafluorophenyl)borate, and titanium (IV) isopropoxide. With 70–75% 

conversion to macrocycle, titanium (IV) isopropoxide has been the most effective 

additive reported for RCM.223, 235 It is hypothesized the Lewis acidic nature of these 

additives interacts with the Lewis basic ligand, although the exact mechanism has not 

been fully investigated. 

 Borane was screened as a potential additive since it has previously been 

demonstrated to form adducts with pyridine-type compounds.236 BH3 in THF was 

allowed to reaction with the acyclic diene, and the reaction resulted in reduction of the 

terminal alkenes instead of formation of a borane-adduct.  

 Metal ions could potentially be used to help prevent detrimental substrate-

catalyst interactions. One attempt was made using a Mn(I) complex, but manipulation of 

the complex resulted in oxidation of the Mn center. If this strategy were to be viable, 

stability of the complex should be considered, as well as the steric hindrance around the 

metal since the arms need to close to form macrocyclic species.  
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2.4 Polymerization by ED-ROMP2 

2.4.1 Synthesis 

One advantage of ED-ROMP is the ability to easily change the ratio of the 

chelating ligand and comonomer. The comonomer of choice is 9-oxabicyclo[6.1.0]non-4-

ene (epoxyCOD) because it has been known to promote tip adhesion for the AFM 

experiments.90, 237 Typical reaction set-up includes addition of 6 into a small vial, an 

additive in solvent, followed by addition of required amount epoxyCOD to achieve the 

desired feed ratio. Finally, a Grubbs catalyst is added, and the reaction is allowed to stir 

under argon overnight. The reaction is typically quenched with di(ethylene glycol) vinyl 

ether, passed through silica, and precipitated out of ether (Scheme 9). 

 

Scheme 9: General synthetic scheme for ED-ROMP.  
The incorporation of the chelating unit can easily be changed by altering the ratio of f to 
the epoxyCOD monomer. 

As with RCM, it was expected the Lewis basic character of the ligand would 

interact negatively with the Ru-based metathesis catalyst. To avert putative undesired 

interactions, different additives were used in the synthesis. Both methanolic HCl and 

tetrakispentafluorophenylborane resulted in small oligomers or an insoluble product, 

                                                        

2 Work in this section was completed in collaboration with Matias Horst 
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presumably caused by epoxide crosslinking. The use of titanium isopropoxide seemed 

to yield polymers with the largest degree of polymerization (Table 1, ROMP-B). It is 

unclear what role titanium isopropoxide plays in the reaction, whether it is interacting 

with the ligand or catalyst, and whether it is actually necessary for the reaction to 

proceed. It would be an interesting future direction to investigate the role of this 

additive on the reaction.  

Reactions were performed using either Grubbs 2nd Generation catalyst (G2) or 

Grubbs 3rd Generation catalyst (G3), where G3 consistently resulted in polymers with 

higher degrees of polymerization, suggesting the fast-initiating nature of G3 is beneficial 

(Table 1). 

Table 1. Select ROMP reactions demonstrating importance of additive and catalyst 
selection.  
All reactions run at 200 mM in DCM at 40°C for 18 h. aMn determined by GPC, described 
in experimental section. bDispersity (Đ) determined by Mw/Mn, as determined by GPC. c 

% ligand determined by 1H-NMR. 

Polymer Catalyst Additive Mn (kDa)a Đb % ligandc 

ROMP-A G3 none 24 1.5 8 

ROMP-B G3 Ti(OiPr)4, 0.1 eq. 54 1.6 10 

ROMP-C G2 Ti(OiPr)4, 0.1 eq. 39 1.5 9 

 DCM is the preferred solvent since the solubility of the ligand macrocycle (f) is 

best in DCM compared to other Grubb-compatible solvents (Table 2). Temperature is 

another consideration, and reactions run at room temperature and 40°C in DCM 

resulted in polymers of similar molecular weight (Table 2, ROMP-B and ROMP-D). 
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Since the boiling point of DCM is around 40°C, running the reaction at room 

temperature prevents excessive solvent loss.  

Table 2: Select ROMP reactions demonstrating importance of solvent.  
All reactions run at 200 mM with 0.1 eq. Ti(OiPr)4 for 18 h. aMn determined by GPC, 
described in experimental section. bDispersity (Đ) determined by Mw/Mn, as determined 
by GPC. c % ligand determined by 1H-NMR. 

Polymer Catalyst Solvent Temperature (°C) Mn (kDa)a Đb % ligandc 
ROMP-B G3 DCM 40 54 1.5 10 
ROMP-D G3 DCM RT 42 1.3 8 
ROMP-E G3 Toluene 90 9.2 2.2 9 
ROMP-F G3 THF 30 20 1.2 11 

 

Concentration of the reaction has significant impact on the degree of 

polymerization. Higher concentration results in higher degree of polymerization, which 

is consistent with favoring an entropically-driven ROMP (Table 3).208 Achieving 

concentrations greater than 200 mM has been difficult because of the limited solubility of 

the macrocycle in Grubbs-compatible solvents. 

Table 3: Select ROMP reactions demonstrating importance of concentration.  
All reactions run in DCM at RT for 18 h. aMn determined by GPC, described in 
experimental section. bDispersity (Đ) determined by Mw/Mn, as determined by GPC. c % 
ligand determined by 1H-NMR. 

Polymer Catalyst Additive [alkene] (mM) Mn (kDa)a Đb % ligandc 
ROMP-D G3 Ti(OiPr)4, 0.1 eq. 200 42 1.3 8 
ROMP-G G3 Ti(OiPr)4, 0.1 eq. 70 36 1.3 10 



 

 

57 

 

The incorporation of the ligand into the polymer can be determined 1H NMR 

spectroscopy by comparing the any signals of the ligand to the signals of the alkene and 

the protons of the epoxide.  

2.4.2 Evidence for random character3  

Because of the nature of the AFM experiments, it is necessary the ligand be 

randomly dispersed throughout the entire backbone of the polymer. The rate of 

polymerization for epoxyCOD is much faster than for the ligand macrocycle, so if the 

polymerization has living characteristics, the resulting copolymer could potentially have 

diblock character. Conversely, if the copolymerization was entropically driven and 

reached a thermodynamic equilibrium, the distribution of the comonomers would be 

random along the polymer chain.  

 

Scheme 10: Methanolysis of ROMP polymer.  
ROMP-J has 12% ligand incorporation. Methanolysis of the main chain ester linkages 
resulted in oligomers smaller than the initial starting polymer. The MW of the oligomers 
provide insight into the dispersity of the dpa-type ligand was along the polymer main 
chain. 

A method developed by the Craig group was used to test whether the polymer 

had random or block character.238 This method involves the methanolysis of the main 
                                                        

3 Work in this section was completed in collaboration with Matias Horst and Dr. Anton Razgoniaev  
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chain ester linkages (Scheme 10). After methanolysis, the dicarboxymethyl compounds 

(oligomers, Scheme 10) were extracted, and the Mn of the remaining polymers were 

determined by GPC and compared to the calculated Mn for diblock copolymers (Figure 

14). The copolymer was found to have significant random character. Detailed 

calculations can be found in the experimental section.  

 

Figure 14: Differential refractive index (dRI) trace before (red) and after (black) 
hydrolysis.  
ROMP-J had 12% ligand-incorporation and an Mn = 42 kDa. The oligomers the resulted 
from methanolysis had were smaller than the initial polymer with an Mn = 3.3 kDa. 
Comparison of the oligomer Mn with calculated Mn for diblock copolymers indicate this 
polymer had random character. Detailed calculations can be found in the experimental 
section.  

2.5 ROMP metallopolymer 

The first targeted metallopolymer was a Zn(II) complex. It is a non-redox active 

metal that can accommodate multiple geometries and coordination numbers, and 

provide a diamagnetic complex that facilitates characterization. 
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2.5.1 Synthesis of Zn2+ metallopolymer 

Metallation of the ROMP polymer with anhydrous ZnCl2 proved troublesome for 

the resulting metallopolymer. 1H NMR after addition of ZnCl2 did not result in shifts of 

the peak signals, suggesting that complex formation was not occurring as predicted. It 

should also be noted that chlorine ancillary ligands might not be an ideal choice because 

of their propensity for Cl-Cl bridging, which may cause issues of polymer crosslinking.  

 

Scheme 11: Synthesis of Zn2+ metallopolymer, Zn-ROMP-D.  
1 equivalent of Zn(NTf2)2 in MeCN was added to a solution of ROMP-D in DCM, and 
used without further purification. Complex structure is based off a crystal structure of a 
small molecule model discussed in Chapter 4.  

Complex formation was successful using Zn(NTf2)2. Zn(NTf2)2 has excellent 

solubility in MeCN with limited solubility in DCM, a solvent in which the polymer has 

good solubility. Addition of Zn(NTf2)2 in MeCN to solution of the ROMP-D in DCM 

results in complex formation almost instantaneously, confirmed by 1H NMR (Scheme 

11). The resulting metallopolymer, Zn-ROMP-D, does not have solubility in pure MeCN 

or DCM, and has the best solubility in a mixture of 15-20% MeCN in DCM. 
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 For the synthesis of metallopolymers, 1 molar equivalent of Zn(NTf2)2  to ligand 

was added. Calculations for the moles of ROMP-polymers were calculated molecular 

weight sum of the monomer unit (MWsum), which is calculated by:  

  
MWsum = (xligand × MWligand )+ (xepoxyCOD × MWepoxyCOD ) (eq. 3) 

The Mw sum captures the amount of ligand within the total monomer unit, regardless of 

Mn of the polymer (Table 4).  

Table 4: MWsum for monomer unit of select ROMP polymers.  
a % ligand determined by 1H-NMR. bMn determined by GPC, described in experimental 
section. cDispersity (Đ) determined by Mw/Mn, as determined by GPC. dMWsum 
determined by eq. 3.  

Polymer % liganda Mn (kDa)b Đc MWsum (g/mol)b 

(G(G(g/mol)t ROMP-D 8 42 1.3 1946 

ROMP-H 50 30 1.2 705 

ROMP-I 9 70 1.6 1822 

 

2.5.2 Metallopolymer characterization by NMR 

An NMR study was completed to determine metallopolymer formation. 1 

equivalent of Zn(NTf2)2 was added to a solution of ROMP-D in 15% MeCN-d3 in CDCl3  

and monitored by NMR.  

As can be seen in Figure 15, the addition of Zn(NTf2)2 resulted in a clear shift of 

the aromatic protons, indicating complex formation. The absence of aromatic peaks 

associated with apo-polymer indicates complete metallation of the polymer. The 
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methylene proton peak at 4.82 ppm shifted downfield with the addition of Zn(II). This 

methylene peak is closest to the carbonyl chelating the metal, so it is unsurprising there 

is a shift with addition of Zn(II). 

A peak at 2.66 ppm appears with the addition of more Zn(NTf2)2. Because of the 

hygroscopic nature of this metal salt, this peak is attributed to water.  

 

Figure 15: 1H NMR spectra of ROMP-D (1:11 ligand:epoxyCOD) before (red) and after 
(blue) addition of 1.0 equivalent of Zn(NTf2)2 in 15% MeCN-d3 in CDCl3.  
Molarity of ROMP-D was determined using the MWsum of the monomer unit, which 
takes into account 1 ligand unit to 11 epoxyCOD units. 4 mg of apo-polymer was 
dissolved in 600 µL 15% MeCN-d3 in CDCl3 (3.4 mM). 5 µL of 408 mM Zn(NTf2)2 stock 
in MeCN-d3 was added, resulting in shifts of the aromatic peaks, indicating complex 
formation. Referenced to CDCl3 at 7.26 ppm. 
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2.5.3 Titration of Zn2+ to ROMP polymer evaluated by UV-visible 
spectroscopy4 

  In order to determine the binding ratio of ROMP polymers with Zn2+, titration of 

Zn(NTf2)2 to ROMP polymers was monitored by UV-visible spectroscopy. ROMP-H (1:1 

ligand:epoxyCOD ratio) and ROMP-I (1:10 ligand:epoxyCOD ratio) were used to 

evaluate the binding ratio of ROMP polymers containing different amounts of ligand 

(Table 4). Both polymers were dissolved in DCM, and aliquots of Zn(NTf2)2 in MeCN 

was added. Molarity of the each polymer was calculated using the MWsum of the 

monomer unit.  

The results for ROMP-H and ROMP-I are similar. As seen in Figure 16, the peak 

at 265 nm increased with the addition of Zn(NTf2)2, and plateaued at 1 equivalent of 

added Zn2+. Excess Zn(NTf2)2 did not induce additional spectral changes. The peak at 300 

nm mirrored behavior of the 265 nm peak, decreasing with the addition of up to 1 

equivalent of Zn2+ and remaining constant with excess Zn(NTf2)2. These results indicate 

that ROMP polymers with different amounts of incorporated ligand form a 1:1 ligand to 

Zn complex. 

                                                        

4 Work in this section was completed in collaboration with Dr. Anton Razgoniaev 
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Figure 16: UV-vis spectra resulting from titration of Zn(NTf2)2 to polymer.  
Left: Addition of 4 µL aliquots of 4.75 mM Zn(NTf2)2 to 75 µM polymer in DCM. 
Molarity of both polymers were determined using the MWsum of the monomer unit 
based off of the %ligand incorporation determined by 1H-NMR.a Right: Absorbances at 
265 nm and 310 nm plotted against equivalent of Zn. Both absorbances plateaued at 1 
equivalent of Zn to polymer, indicating a 1:1 ligand to Zn complex. 

2.6 Summary/Outlook 

A dpa-type ligand has been incorporated into the main chain of polymers using 

ED-ROMP. Polymerization by ED-ROMP allowed for many ligands to be incorporated 

in a random manner, which is desirable for SMFS experiments. 1H NMR demonstrated 

complex formation upon addition of Zn(NTf2)2, and UV-vis experiments suggested a 1:1 

ligand:Zn2+ complex formation. These ROMP-type metallopolymers were subjected to 

force by single molecular force spectroscopy, and this is discussed in Ch. 4.  
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2.7 Experimental procedures  

2.7.1 General Information  

General Information. Dry solvents were purchased from Sigma Aldrich and purified 

with an Innovative Technology solvent purification system. CDCl3 and MeCN-d3 were 

purchased from Sigma Aldrich. Metal salt starting materials were purchased from TCI. 

Grubbs catalysts were a gift from Materia. All other reagents were purchased from 

Sigma-Aldrich or Alfa Aesar and used without further purification. All gel permeation 

chromatography (GPC) was performed with an Agilent Infinity LC system utilizing two 

in-series columns (Agilent Technology PL gel mixed-C 105Å, 7.5 × 300 mm, 5 µm, part 

number PL1110-6500) with THF as the mobile phase and a flow rate of 1.0 mL min-1 

maintained with a Varian Prostar Model 210 pump. In-line Wyatt Optilab T-rEX 

refractive index detector and Wyatt miniDAWN TREOS multi-angle light scattering 

detector were used to calculate molecular weights. An Agilent 1260 Infinity DAD 

detector was used to measure UV absorbance.  

Characterization. NMR spectra (1H and 13C) were obtained on either a 400 MHz Varian 

INOVA or 500 MHz Varian spectrometer, as noted. High-resolution mass spectrometry 

was performed on an Agilent LCMS-TOF–DART at Duke University’s Department of 

Chemistry Instrumentation Facility. UV-Visible absorption spectra were collected using 

a Varian Cary 50 UV-Visible spectrophotometer in quartz cuvettes with 1-cm 

pathlengths. 
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2.7.2 Synthetic Procedures  

2.7.2.1 Synthesis of a, monoBr 

 

Scheme 12: Synthesis of 2-bromomethyl-6-hydroxymethyl pyridine (a, MonoBr).239 

A mixture of 2,6-dihydroxymethyl pyridine (1, 36.45 g, 261 mmol) and excess HBr (350 

mL, 48%) was refluxed overnight. The crude yellow mixture was cooled to RT and 

neutralized with concentrated NaHCO3. An extraction with CH2Cl2 (3 x 200 mL) was 

completed and the organic layer was washed with brine (2 x 100 mL). The organic layer 

was dried over Na2SO4. The solvent was removed under reduced pressure to give a pink 

solid. The compound was purified by flash chromatography (60 Å silica gel) using 5% 

MeOH in DCM as the eluent. The solvent was removed by evaporation under reduced 

pressure, yielding a light pink solid.  32.0 g, 61% yield. 1H NMR (400 MHz, Chloroform-

d) δ 7.66 (t, J = 7.7 Hz, 1H), 7.31 (d, J = 7.6 Hz, 1H), 7.19 (d, J = 7.7 Hz, 1H), 4.72 (s, 2H), 

4.50 (s, 2H), 3.63 (s, 1H). 13C NMR (400 MHz, Chloroform-d) δ 159.45, 155.77, 137.89, 

122.13, 120.05, 77.16, 64.12, 33.51. HR-ESIMS (m/z): calcd for [M + H]+ C7H8BrNO is 

201.9862, found 201.9863. 
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2.7.2.2 Synthesis of b, TsDiol 

 

Scheme 13: Synthesis of N,N-bis((6-(hydroxymethyl)66yridine-2-yl)methyl)-4-
methylbenzenesulfonamide (b, TsDiol).240 

A mixture of 1 (0.403 g, 2 mmol), 4-methylbenzenesulfonamide (0.172 g, 1 mmol), and 

K2CO3 (0.156 g, 1.1 mmol) in 40 mL acetone was heated to 60°C. After 48 h, the reaction 

was cooled to RT, and a white precipitate formed. The reaction was filtered, and a clear 

filtrate was collected. Solvent was removed by evaporation under reduced pressure. The 

compound was purified by flash chromatography (silica gel) using 3% MeOH in DCM 

as the eluent. The solvent was removed by evaporation under reduced pressure, 

yielding a white solid, 0.340 g, 83% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.76 – 

7.72 (m, 2H), 7.53 (t, J = 7.7 Hz, 2H), 7.32 (d, J = 7.7 Hz, 2H), 7.22 (d, J = 7.6 Hz, 2H), 7.05 

(d, J = 7.7 Hz, 2H), 4.58 (s, 4H), 4.56 (d, J = 2.1 Hz, 4H), 4.18 (s, 2H). 13C NMR (500 MHz, 

Chloroform-d) δ 158.42, 155.21, 143.75, 137.31, 136.60, 129.84, 127.37, 121.72, 119.38, 

77.16, 64.01, 53.74, 21.66. HR-ESIMS (m/z): calcd for [M + H]+ C21H23N3O4S is 414.1482, 

found 414.1477. 
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2.7.2.3 Synthesis of c, NsDiol 

 

Scheme 14: Adapted from Nolan et al.; synthesis of N,N-bis((6-
(hydroxymethyl)67yridine-2-yl)methyl)-4-nitrobenzenesulfonamide (c, NsDiol).240 

A mixture of 1 (7.9 g, 39.1 mmol), 4-nitrobenzenesulfonamide (3.95 g, 19.5 mmol), and 

Cs2CO3 (2.96 g, 21.5 mmol) in acetone was heated to 60°C. After 48 h, the reaction was 

cooled to RT, and a white precipitate formed. The reaction was filtered, and a yellow 

filtrate was collected. Solvent was removed by evaporation under reduced pressure, 

yielding a yellow-orange solid. Product was collected after several precipitations with 

ethyl acetate. 5.09 g, 58% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.28 (d, J = 8.7 Hz, 

2H), 7.97 (d, J = 8.7 Hz, 2H), 7.59 (t, J = 7.7 Hz, 2H), 7.20 (d, J = 7.6 Hz, 2H), 7.08 (d, J = 7.7 

Hz, 2H), 4.64 (s, 4H), 4.57 (s, 4H), 3.80 (s, 2H). 13C NMR (400 MHz, Chloroform-d) δ 

158.88, 154.36, 150.05, 145.86, 137.60, 128.53, 124.31, 121.60, 119.75, 77.16, 63.97, 53.29. 

HR-ESIMS (m/z): calcd for [M + H]+ C20H20N4O6S is 445.1176, found 445.1183. 
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2.7.2.4 Synthesis of d, deprotectedDiol  

 

Scheme 15: Adapted from Fukuyama et al.; synthesis of 
((azanediylbis(methylene))bis(pyridine-6,2-diyl))dimethanol (d, deprotectedDiol).241-

242 

3 (2.00 g, 4.50 mmol) was dissolved in MeCN (50 mL). In a separate flask, K2CO3 (5.68 g, 

36.0 mmol) and thiophenol (1.48 g, 13.5 mmol) were suspended in MeCN/MeOH (10 

mL/25 mL). The suspension of K2CO3 and thiophenol was slowly added to the solution 

of 3. The reaction mixture was heated to 60°C. After 2 h, the reaction was cooled to RT 

and the solvent was removed by evaporation under reduced pressure, leaving an 

orange-red solid. DCM was added, and a white precipitate formed. The precipitate was 

filtered off. The yellow filtrate was concentrated by evaporation under reduced 

pressure. The compound was purified by flash chromatography (silica gel) using 10% 

MeOH in DCM with 1% TEA as the eluent. The solvent was removed by evaporation 

under reduced pressure, yielding a yellow solid. 1.05 g, 91% yield. 1H NMR (500 MHz, 

Methanol-d4) δ 7.83 (t, J = 7.7 Hz, 2H), 7.45 (d, J = 7.7 Hz, 2H), 7.35 (d, J = 7.6 Hz, 2H), 4.92 

(s, 2H), 4.73 (s, 4H), 4.15 (s, 4H). 13C NMR (500 MHz, Methanol-d4) δ 162.26, 156.50, 

139.27, 122.51, 120.95, 65.70, 53.67. HR-ESIMS (m/z): calcd for [M + H]+ C14H17N3O2 is 

260.1394, found 260.1393. 
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2.7.2.5 Synthesis of e, acyclic diene  

 

Scheme 16: Adapted from Gossweiler et al.; synthesis of ligand with terminal alkenes,  
(((((4-nitrophenyl)sulfonyl)azanediyl)bis(methylene))bis(pyridine-6,2-
diyl))bis(methylene) bis(pent-4-enoate) (e, acyclic diene).35 

In an over-dried flask, 3 (2.724 g, 6.13 mmol) and DMAP (1.637 g, 13.4 mmol) were 

dissolved in 100 mL dry DCM. In a separate flask, 4-pentenoic anhydride (2.347 g, 2.402 

mL, 12.88 mmol) was dissolved in 5 mL dry DCM. The solution of 4-pentenoic 

anhydride was transferred to the 3/DMAP solution by cannula. The reaction was 

allowed to stir under argon overnight. Solvent was removed by evaporation under 

reduced pressure. The compound was purified by flash chromatography (silica gel) 

using 5% MeOH in DCM as the eluent. The solvent was removed by evaporation under 

reduced pressure, yielding a yellow oil. 3.58 g, 96% yield. 1H NMR (400 MHz, 

Chloroform-d) δ 8.23 (d, J = 8.8 Hz, 2H), 7.94 (d, J = 8.8 Hz, 2H), 7.64 (t, J = 7.7 Hz, 2H), 

7.28 (d, J = 7.4 Hz, 2H), 7.17 (d, J = 7.7 Hz, 2H), 5.89 – 5.77 (m, 2H), 5.09 – 5.00 (m, 4H), 

4.98 (s, 4H), 4.67 (s, 4H), 2.50 (d, J = 7.3 Hz, 4H), 2.41 (d, J = 6.6 Hz, 4H). 13C NMR (400 

MHz, Chloroform-d) δ 172.41, 155.62, 155.19, 149.67, 145.98, 137.45, 136.43, 128.51, 

123.81, 121.60, 120.27, 115.62, 77.16, 66.17, 52.85, 33.25, 28.69. HR-ESIMS (m/z): calcd for 

[M + H]+ C30H32N4O8S is 609.2014, found 609.2010. 
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2.7.2.6 Synthesis of f, macrocycle  

 

Scheme 17: Adapted from Gossweiler et al.; synthesis of macrocycle containing dpa-
type ligand.35 

A dry round bottom was charged with 5 (5.45 g, 8.96 mmol) and anhydrous DCM to a 

final reactant concentration of 1 mM. To this was added titanium isopropoxide (2.69 mL, 

8.96 mmol). The solution turned from clear to yellow following this addition. Hoveyda-

Grubbs II (0.269 g, 0.448 mmol) was added, and the solution turned light green. The 

reaction was allowed to stir overnight while argon was sparging. After ~20 hours, the 

reaction was quenched by addition of ethyl vinyl ether (1.09 g, 13.44 mmol). After 30 

minutes of stirring, several scoops of silica were added, and the solvent was removed by 

evaporation under reduced pressure. The products, having been adsorbed onto the 

silica, were purified by flash chromatography using 5% MeOH in DCM. Macrocycle can 

also be successfully precipitated out of MeOH for an easier purification. 3.63 g, 70% 

yield. 1H NMR (400 MHz, Chloroform-d) δ 8.25 (d, J = 8.7 Hz, 2H), 7.92 (d, J = 8.3 Hz, 

2H), 7.58 (t, J = 7.6 Hz, 2H), 7.23 (d, J = 7.8 Hz, 2H), 7.09 (d, J = 7.7 Hz, 2H), 5.45 (m, 2H), 

4.92 (s, 4H), 4.68 (s, 4H), 2.42 (t, J = 6.8 Hz, 4H), 2.29 (d, J = 5.3 Hz, 4H). 13C NMR (400 

MHz, Chloroform-d): δ 172.70, 155.74, 155.24, 149.94, 145.70, 137.41, 129.58, 129.15, 
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128.61, 124.15, 121.73, 120.78, 65.81, 54.20, 34.29, 28.03, 23.20. HR-ESIMS (m/z): calcd for 

[M + H]+ C28H28N4O8S is 581.1701, found 581.1704. 

2.7.2.7 Synthesis of ROMP polymers  

 

Scheme 18: Adapted from Gossweiler et al.; general synthesis of ROMP polymer 
containing dpa-like chelating units.35  
The ratio of ligand:epoxyCOD can be altered by changing the initial feed ratio. 

Generalized ROMP synthetic procedure: 

To a dry LCMS vial was added ligand macrocycle (f) as a solid. Titanium isopropoxide 

(0.1 equiv compared to ligand macrocycle) was added, and epoxyCOD was added, 

followed by a minimal amount of dry DCM. A 5 mM stock solution of Grubbs 3rd 

generation in dry DCM made and added to the reaction vial (see Table 5 below for 

specifics). The vial was purged with inert gas, sealed, and stirred overnight, after which 

0.01 mL di(ethylene glycol) vinyl ether was added and allowed to stir for 30 min. The 

solution was diluted with a minimal amount of dry DCM and passed through a silica 

plug. The flow-through was precipitated by addition of ether, redissolved in DCM, and 

precipitated from ether 2 additional times. Representative characterization: 1H NMR 

(400 MHz, Chloroform-d) δ 8.22 (d, J = 8.8 Hz, 2H), 7.93 (d, J = 8.8 Hz, 2H), 7.64 (t, J = 7.8 
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Hz, 2H), 7.28 (d, J = 7.5 Hz, 2H), 7.17 (d, J = 7.6 Hz, 2H), 5.54 – 5.47 (m, 19H), 5.45 (t, J = 

4.8 Hz, 4H), 4.96 (s, 4H), 4.67 (s, 4H), 2.92 (t, J = 4.6 Hz, 19H), 2.45 (d, J = 7.3 Hz, 4H), 2.36 

(d, J = 6.2 Hz, 4H), 2.23 – 2.13 (m, 40H), 1.56 – 1.51 (m, 40H). 13C NMR (400 MHz, 

Chloroform-d) δ 172.70, 155.95, 155.39, 146.27, 137.66, 130.72, 130.10, 129.55, 128.97, 

128.70, 125.65, 123.97, 121.76, 120.40, 66.37, 56.86, 53.00, 34.15, 30.45, 29.72, 28.05, 27.97, 

27.89, 24.51. 

Table 5: Exact reaction conditions for ROMP polymerizations.  
a% ligand determined by 1H-NMR. 

 Macrocycle 
(mg) 

epoxyCOD 
(µL) 

Ti(OiPr)4 
(µL) 

Grubbs 3rd (µL, 
5mM stock) 

DCM 
(µL) 

% 
Liganda 

ROMP-D 15.0 32.0 0.76 25.0 250 8 
ROMP-H 20.5 22.0 1.04 40.0 300 50 
ROMP-I 20.0 42.2 1.01 27.1 250 9 
ROMP-J 21.8 28.1 0.82 30.1 300 12 
 

1H NMR spectra for select ROMP polymers: 

Signals between 7–8.5 ppm were from protons on the pyridyl rings. Each signal should 

represent 2 protons.  

The signal at 5.46 ppm represented alkene protons (E). Each signal should 

represent 2n+2 protons compared to an aromatic signal, where n is the number of 

epoxyCOD incorporated. The signal at 2.91 ppm represented the protons directly by the 

epoxide (F). Each signal should represent 2n protons compared to an aromatic signal, 

where n is the number of epoxyCOD incorporated.  
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For example, if the polymer contained a 1:11 ligand:epoxyCOD feed ratio, n=11, 

and the integrations of ligand:alkene:epoxyCOD should be 2:24:22.  

Integrations from the 1H spectra for ROMP-D has ratio of 2:24.14:21.8 5 of 

aromatic:alkene:epoxide protons. This suggests the number of epoxyCOD incorporated, 

n, is equal to 11 compared to ligand. This is equal to 8% incorporation of the ligand into 

the final polymer.  

 

Figure 17: Protons on the ROMP-type polymers used for determination of ligand 
incorporation.  
(E): The signal representing the alkene protons appeared at 5.46 ppm in the 1H spectra of 
the polymer (in CDCl3). (F): The signal representing the epoxide protons appeared at 
2.91 ppm in the 1H spectra of the polymer (in CDCl3). 
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Figure 18: 1H NMR spectrum of ROMP-D.  
The integrations comparing the aromatic signals from the ligand compared to the alkene 
and epoxide proton signals suggested a 1:11 ligand:epoxyCOD ratio.  
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Figure 19: 1H NMR spectrum of ROMP-I.  
The integrations comparing the aromatic signals from the ligand compared to the alkene 
and epoxide proton signals suggested a 1:10 ligand:epoxyCOD ratio. 

2.7.2.8 Synthesis of metallopolymer  

Zn-ROMP-D 

 

Scheme 19: Synthesis of Zn-ROMP-D. 
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The 1:11 ligand:epoxyCOD polymer, ROMP-D (4.75 mg, 0.0024 mmol) was 

dissolved in 5 mL dry DCM. A 1-mL portion of a 2.4 mM stock solution of 

Zn(NTf2)2 in dry MeCN was added to the stirring solution of polymer. The 

reaction was allowed to stir overnight, and the polymer was used without 

further purification. The moles of ROMP-D was calculated using the MWsum of 

the monomer unit, which is 1946 g/mol.  

2.7.3 Determination of random character of ROMP polymer   

ROMP-J (35 mg, Table 6) was dissolved in 10 mL DCM. 1 mL of tetrabutyl 

ammonium hydroxide (1 M in methanol) was added and the solution was stirred at RT 

for 20 h. The reaction mixture was washed with 4 M HCl 2×, then DI water 3×, and with 

brine 1×, removing all ligand product. The organic layer was dried over Na2SO4. DCM 

was removed under reduced pressure to afford 11 mg of oligomers.   

Table 6: Properties of ROMP polymer and resulting oligomers after methanolysis.  
a % ligand determined by 1H-NMR. bMn determined by GPC, described in experimental 
section. cDispersity (Đ) determined by Mw/Mn, as determined by GPC.  

Compound % liganda Mn (kDa)b Đc 

ROMP-J 12 42 1.2 

Oligomers 0 3.3 1.3 
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Figure 20: 1H NMR spectra of ROMP-J before (red) and after (blue) methanolysis. 
Signals in the aromatic region (6.5 – 8.5 ppm) before methanolysis indicated the presence 
of the ligand incorporated within the polymer. Treatment of ROMP-J with tetrabutyl 
ammonium hydroxide in methanol resulted in methanolysis of the main chain ester 
linkages. After several extractions, oligomers were collected. Absence of aromatic 
signals in the 1H-NMR spectrum of the oligomers demonstrated extraction of only the 
dicarboxymethyl compounds, exhibiting successful methanolysis of the ester linkage. 

2.7.3.1 Definition of variables  

 x = 
 
Fractionligand = mole fraction of ligand 

y = 1 – x = 
FractionepoxyCOD = mole fraction of epoxyCOD 

 
Runligand = average length of ligand runs, or continuous sequences of ligand monomers, 

in units of number of monomers 
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Fractionligand−run = mole fraction of continuous ligand runs in the polymer 

 
RunepoxyCOD = average length of epoxyCOD runs 

 Nm = total number of monomers  

 
NepoxyCOD = number of monomers in initial polymer   

 
MWligand = molecular weight of ligand  

 
MWepoxyCOD = molecular weight of epoxyCOD 

 
MnEblock

= average MW of the polymer product of a methanolyzed diblock polymer  

 
MWpentenoate−termini = residual MW from methanolized ligand on epoxyCOD block 

2.7.3.2 Calculations for a diblock copolymer  

By relating the total molecular weight to the known molecular weights of each 

monomer type and their known mole fractions, we can calculate the average number of 

monomer units per polymer chain. 

 
xNm MWligand + yNm MWepoxyCOD = Mn (eq. 4) 

 
Nm =

Mn

xMWligand + yNm MWepoxyCOD

(eq. 5) 

  
Nm = 42000

0.07 ×580.6+ 0.93*124.2
= 269 (eq. 6) 

The molecular weight for the product of methanolysis, the epoxyCOD block with 

methyl pentanoate termini would then have a molecular weight of: 
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MnEblock

= yNm MWepoxyCOD + 2* MWpentenoate−termini (eq. 7) 

  
MnEblock

= 0.93*269*124.2+ 200 = 31.3kDa (eq. 8) 

2.7.3.3 Calculations for a random copolymer  

Methanolysis occurs at every ligand or run of ligand units. With 7% ligand 

incorporation, assuming a random distribution of monomers, the average run length of 

NsMs is 1/(1-0.07) = 1.075. Thus, the effective ratio of epoxyCOD:ligand runs is 

0.93:(0.07/1.075), and so the probability of one epoxyCOD being followed by another is 

0.934. The average run length of epoxyCOD units is therefore 1/(1-0.934) = 15.3. 

Mathematically:  

  
Runligand =

1
1− x

(eq. 9) 

  

FractionepoxyCOD : Fractionligand−run = 1− x : x
1

1− x

(eq. 10) 

 

  

FractionepoxyCOD−run =
FractionepoxyCOD

FractionepoxyCOD + Fractionligand−run

= 1− x

(1− x)+ x
1

1− x

= 1
1+ x

(eq. 11) 

  
FractionepoxyCOD − run = 1

1+ 0.07
= 0.935  (eq. 12)

  
RunepoxyCOD = 1

1− FractionepoxyCOD−run

= 1
1− 0.935

= 15.3(eq. 13) 
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The MW of this unit is then: 

  
MnErand

= RunepoxyCOD × 2× MWpentenoate−termini (eq. 14) 

  
MnErand

= 15.3×124.2+ 2×100 = 2.10kDa (eq. 15) 

2.7.3.4 Comparison of experimental results to limiting model cases 

The product resulting from methanolysis had an Mn of 3.3 kDa. 

  
NepoxyCOD =

Mnproduct
− 2× MWpentenoate−termini

MWepoxyCOD

= 3300− 200
124.2

= 24.9  (eq. 16) 

This number of continuous units is significantly closer to a fully random 

copolymer (15.3) than a diblock copolymer (250.2).  

2.7.4 UV-vis titration  

In the typical titration experiment, 90 µL of 2 mM polmyer in DCM was diluted to 2.4 

mL with DCM in a UV-vis cuvette. 4 µL aliquots of 4.75 mM of Zn(NTf2)2 stock solution 

in MeCN was added to the polymer and monitored by UV-vis.  

By 1H-NMR, ROMP-H had 50% of ligand incorporated into the polymer backbone. 

Based on this ratio, the MWsum was calculated as 705 g/mol. Molarity of ROMP-H was 

calculated based off of this value. The 2 mM stock of ROMP-H was made by dissolving 

14.1 mg of polymer in 10 mL DCM.  

Similarly, ligand incorporation for ROMP-I was found to be 9% by 1H-NMR, and 

the MWsum was calculated as 1822 g/mol. The 2 mM stock of ROMP-I was made by 

dissolving 36.4 mg of polymer in 10 mL DCM.  
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3. Polycondensation strategy for metallopolymers  

3.1 Introduction  

In order to be suitable for SMFS experiments, metallopolymers must be 

incorporate multiple metal chelating units in the polymer main chain where geometric 

distortion will be most closely coupled with applied force. The metal should not be 

integral to the polymer structure so that stress-induced changes of the coordination 

bonds can be probed before covalent bond scission is reached. Isolation of high 

molecular weight polymers is desirable for SMFS experiments (>100 kDa) since this will 

increase the number of mechanophores that are acted upon with force. 

Polycondensation is an alternative polymerization technique to ED-ROMP that would 

meet these design criteria.  

Like ED-ROMP, polycondensation allows for main-chain ligand incorporation, 

high loadings of the ligand, and metal addition at the final step; however, unlike ED-

ROMP, polycondensation does not require a metal catalyst, which could be 

advantageous for polymerizing chelating ligands. This chapter will discuss work 

towards synthesizing two polymers containing the dpa-type ligand with comonomers of 

different lengths (Figure 21). Characterization of metal abilities of these polymers will 

also be discussed.  



 

 

82 

 

Figure 21: Target polymers synthesized by polycondensation.  
Polymerization by polycondensation resulted in polymers containing main-chain ligand 
incorporation and ~50% incorporation of ligand to comonomer. The polymer containing 
the short linker (poly-S) will utilize glutaric acid as the diacid. The polymer containing 
the long linker (poly-L) will utilize dodecanedioic acid as the diacid. Both polymers 
were synthesized using a modified method pioneered by Moore and Stupp.243 

3.2 Background pertaining to polycondensation  

Methodology developed by Moore and Stupp for polyesterification using mild 

conditions directly from carboxylic acids and phenols allows for incorporation of 

monomers containing a rich array of functional groups (Scheme 20).243  

The method utilized carbodiimide chemistry for direct polyesterification. The 

addition of water across a carbodiimide group produces a urea byproduct and drives 

the condensation of acid and alcohol forward. 

It is suspected the acid is the activated species since carbodiimides only react 

with aliphatic alcohols under harsh conditions. Introduction of carbodiimide for this 

reaction allows for in situ formation of an activated acid, allowing for direct 

esterification and prevents the need for preactivated acids such as acid chlorides.243 
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Polycondensation by a direct method allowed for trace amounts of moisture to be 

tolerated since the active intermediate is regenerated, even if hydrolysis occurred 

(Scheme 20).243   

Addition of 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS) prevented 

the formation of carboxylic acids to unreactive N-acylureas by the carbodiimide.243 The 

suppression of this side reaction allows for formation of high molecular weight products 

(Scheme 20).  

 

Scheme 20: Adapted from Moore and Stupp, carbodiimide chemistry for direct 
polyesterification.  
The carbodiimide reacted with the carboxylic acid to form the O-acylisourea 
intermediate241. A) Without the use of DPTS, N-acylurea can form, preventing 
esterification. B) Addition of DPTS suppressed the formation of the N-acylurea, 
allowing for esterification to proceed and continue for formation of high molecular 
weight products.243 
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3.3 Polymers with short linker, poly-S 

3.3.1 Synthesis of polymer by polycondensation  

Polycondensation requires the use of a di-alcohol and a di-carboxylic acid 

building block. As described in Chapter 2, the dpa-type ligand (c) has been successfully 

functionalized with terminal alcohols, allowing it to be used in polycondensation. 

Glutaric acid, a 5-carbon diacid, was used as the comonomer. Both the diacid and diol 

have limited solubility in DCM at high concentrations, but the addition of heat can 

diminish this issue. 

 

Scheme 21: Synthetic procedure for polycondensation containing a short linker.  
The dpa-type ligand functionalized with terminal alcohols (c) was used as the dialcohol 
needed for polycondensation. 

In order to favor formation of long polymers, minimizing the introduction of 

water is important. All glassware used was dried in a vacuum oven. Additionally, 

reagents are all dried under vacuum overnight. All reagents are heat stable, so heating to 

about 40 °C while under vacuum ensures water is removed. As with any 

polycondensation-type polymerization, exact stoichiometric amounts of the diacid and 

diol is imperative.  
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Typically, diol c, glutaric acid, and DPTS were added to a flask in anhydrous 

DCM, and heated to 37°C until the solution became homogeneous. The mixture was 

allowed to cool to RT, and DIC was added drop wise. The reaction was allowed to stir 

for 4 days, and then diluted with a minimal amount of anhydrous DCM. The resulting 

polymers were collected by precipitation by addition of MeOH.  

Table 7: Polymers containing the short linker, glutaric acid, synthesized by 
polycondensation.  
Both reactions were run in DCM at RT with 1 eq. dialcohol, 1 eq. diacid, 0.4 eq. DPTS, 
and 3 eq. DIC. aMn determined by GPC. bDispersity (Đ) determined by Mw/Mn, as 
determined by GPC.  

Polymer [diol c], (µM) Mn (kDa)a Đb 
poly-S-1 50 5 1.5 

poly-S-2 400 21 1.4 

 
As shown in Table 7, concentration of the reaction impacted the polymerization 

reaction. A concentration of 50 µM to diol c resulted in polymers with an Mn of 5 kDa 

(Table 7, poly-S-1), where a high concentration at 400 µM to diol c resulted in polymers 

with an Mn of 21 kDa (Table 7, poly-S-2). Since high molecular weight polymers are 

desirable for SMFS experiments, increasing the concentration of the reaction to >400 µM 

to diol c would be desirable. As mentioned before, both diol c and glutaric acid have 

limited solubility in DCM, the preferred solvent for polyesterification, so increasing the 

concentration to >400 µM remains a challenge. If polycondensation becomes the 

preferred method for synthesizing chelating polymers, future work should include 
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determining ways to increase the concentration of the reaction and potentially using 

other solvents that diol c has better solubility.  

Molecular weight influences the solubility of the polymers. The low molecular 

weight polymer, poly-S-1, had favorable solubility in MeCN, whereas the high 

molecular weight polymer, poly-S-2, has better solubility in less polar organic solvents 

like DCM.  

Since high molecular weight polymers are desired for SMFS experiments, poly-

S-2 will be used for subsequent studies since it is a higher molecular weight polymer 

compared to poly-S-1 (Table 7). 

3.3.2 Synthesis of poly-S metallopolymers 

 Since Zn(NTf2)2 was used successfully to metallate the ROMP polymers (Chapter 

2), it was used for metallation of poly-S-2 (Scheme 22). Addition of 1 eq. Zn(NTf2)2 in 

MeCN was added to a solution of poly-S-2 in DCM. 1 eq. of polymer was defined by the 

MWsum of the monomer unit. Since polycondensation polymers are coblock polymers 

resulting in approximately 50% incorporation of the two monomers, the MWsum of the 

monomer unit is the sum of diol c and glutaric acid, which is 576.22 g/mol.  
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Scheme 22: Synthesis of Zn-poly-S-2.  
Poly-S-2 was dissolved in DCM, and 1 eq. Zn(NTf2)2 in MeCN was added. 1 eq. of 
polymer is defined by the MWsum of the monomer unit. Complex structure is based on a 
crystal structure of a small molecule model discussed in Ch. 4.  

3.3.3 Poly-S metallopolymer characterization by NMR 

 An NMR study was conducted to determine metallopolymer formation. 1 eq. 

Zn(NTf2)2 was added to a solution of poly-S-2 in 15% MeCN-d3 in CDCl3  and 

monitored by NMR. As can be seen in Figure 22, the addition of Zn(NTf2)2 resulted in a 

clear shift of the aromatic protons, indicating complex formation. The absence of the 

aromatic signals for the apo-polymer indicated complete metallation of the poly-S-2. 

The methylene proton peaks at 4.52 ppm and 4.82 both also shift downfield with the 

addition of Zn(II), also indicating complex formation. 

A signal in the spectrum of Zn-poly-S-2 appears at 2.75 ppm, which is not 

present in the spectrum for poly-S-2. Since Zn(NTf2)2 is hygroscopic, so this peak is 

attributed to water.  
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Figure 22: 1H NMR spectra of poly-S-2 before (red) and after (blue) addition of 1.0 eq. 
of Zn(NTf2)2 in 15% MeCN-d3 in CDCl3.  
Molarity of the poly-S-2 was determined using the MWsum of the monomer unit. 3.2 mg 
of poly-S-2 was dissolved in 600 µL 15% MeCN-d3 in CDCl3 (8.0 mM). 5 µL of 960 mM 
Zn(NTf2)2 stock in MeCN-d3 was added, resulting in shifts of the peak signals compared 
to the apo-polymer, indicating metallopolymer formation. Referenced to CDCl3 at 7.26 
ppm. 

3.3.4 Titration of Zn2+ to poly-S-2 evaluated by UV-visible 
spectroscopy5 

 In order to determine the binding ratio of short-linker polymers with Zn2+, 

titration of Zn(NTf2)2 to poly-S-2 was monitored by UV-visible spectroscopy. Poly-S-2 

                                                        

5 Work in this section was completed in collaboration with Dr. Anton Razgoniaev  
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was dissolved in DCM, and aliquots of Zn(NTf2)2 in MeCN was added. The molarity of 

the polymer was calculated using the MWsum of the monomer unit. 

As seen in Figure 23, the peak at 265 nm increased with the addition of 

Zn(NTf2)2, and plateaued when 1 equivalent of added Zn2+. Excess Zn(NTf2)2 did not 

cause additional spectral changes. The peak at 300 nm decreased with the addition of up 

to 1 equivalent of Zn2+, and remaining constant with excess Zn(NTf2)2. This indicated the 

formation of a 1:1 ligand to Zn complex. 

 

Figure 23: UV-vis spectrum resulting from titration of Zn(NTf2)2 to poly-S-2.  
Left: Addition of 4 µL aliquots of 4.75 mM Zn(NTf2)2 to 75 µM poly-S-2 in DCM. 
Molarity of polymer was determined using the MWsum of the monomer unit. Right: 
Absorbances at 265 nm and 310 nm plotted against equivalents of Zn2+. Both absorbances 
plateaued at 1 eq. Zn2+ to polymer, indicating a 1:1 ligand to Zn complex.  
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3.4 Polymers with long linker, poly-L6 

3.4.1 Synthesis of polymer by polycondensation  

Polycondensation was completed using dodecanedioic acid as the diacid 

(Scheme 23). Dodecanedioic acid contains 10 carbons in between the terminal carboxylic 

acids, whereas glutaric acid only contains 3 carbons in between the terminal carboxylic 

acids.  

 

Scheme 23: Synthetic procedure for polycondensation containing a long linker.  
The dpa-type ligand functionalized with terminal alcohols (c) was used as the dialcohol 
needed for polycondensation. 

Following a similar procedure described for poly-S polymers, dodecanedioic 

acid was used as the diacid. Using dodecanedioic acid did present problems due to the 

lack of solubility in DCM. Even with the addition of heat, dodecanedioic acid remained 

a solid, while diol c, DPTS, and DIC went into solution. The reaction was allowed to stir 

as a heterogeneous reaction. After stirring for 4 days, polymer was collected from 

precipitation from addition of MeOH (Table 8, poly-L-3).  

                                                        

6 Work in this section was completed in collaboration with Dr. Anton Razgoniaev 
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Table 8: Polymers containing the long linker, dodecanedioic acid, synthesized by 
polycondensation.  
Poly-L-3 was run in DCM at RT with 1 eq. dialcohol, 1 eq. diacid, 0.4 eq. DPTS, and 3 eq. 
DIC at 100 mM wrt dialcohol. Poly-L-4 was collected by column purification of poly-L-3. 
aMn determined by GPC. bDispersity (Đ) determined by Mw/Mn, as determined by GPC. 

Polymer Mn (kDa)a Đb 
poly-L-3 31 1.7 

poly-L-4 130 1.3 

 

Sequential precipitations of poly-L-3 from MeOH to enrich the sample with 

higher molecule weight polymers remained futile, resulting in polymers with similar 

molecular weight. Towards isolating higher molecular weight polymers, a silica gel 

column was completed using poly-L-3. Fractions collected from the column by flush 

EtOAC resulted in species with molecular weights similar to the starting polymer, poly-

L-3 (Figure 24, black trace compared to the red and orange trace). Fractions from the 

column collect by a flush of 9:1 DCM:EtOAc mixture resulted in a species that had a 

longer elution time compared to poly-L-3 as monitored by GPC (Figure 24). This 

polymer isolated by the column, poly-L-4, had an Mn of 130 kDa, which demonstrated 

column chromatography could be a viable option for the isolation of higher molecular 

weight polycondensation polymers. 



 

 

92 

 

Figure 24: DRI traces of different fractions from column chromatography of poly-L-3.  
The two fractions collected from the EtOAc flush (red and orange trace) eluted at a 
similar time as poly-L-3 (black trace), consistent with smaller molecular weight 
polymers. The fraction collected from DCM/EtOAc eluted at an earlier time (purple 
trace), consistent with isolation of higher molecular weight polymers. 

3.4.2 Synthesis of poly-L metallopolymer 

Zn(NTf2)2  was used for the metallation of poly-L-3. Poly-L-3 has favorable 

solubility in nonpolar organic solvents like DCM. Since Zn(NTf2)2 does not have 

solubility in DCM like the polymer, a mixed solvent system was used for the metallation 

reaction. Following a similar procedure described for Zn-poly-S-2, 1 eq. Zn(NTf2)2 in 

MeCN was added to a solution of poly-L-3 in DCM, resulting in the zinc 

metallopolymer, Zn-poly-L-3 (Scheme 24). Zn-poly-L-3 had the best solubility in a 

mixture of 15-20% MeCN in DCM.  
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Scheme 24: Synthesis of Zn-poly-L-3.  
Poly-L-3 was dissolved in DCM, and 1 eq. Zn(NTf2)2 in MeCN was added. 1 eq. of 
polymer is defined by the MWsum of the monomer unit. Complex structure is based on a 
crystal structure of a small molecule model discussed in Ch. 4. 

3.4.3 Poly-L metallopolymer characterization by NMR 

 1H NMR was used to determine complex formation of poly-L-3. 1 equivalent of 

Zn(NTf2)2 was added to a solution of poly-L-3 in 15% MeCN-d3 in CDCl3 and monitored 

by NMR. With addition of Zn(NTf2)2, poly-L-3 had downfield shifts of the aromatic and 

methylene proton peaks, similar to that seen in poly-S-2 (Figure 25). The change in 

signals for Zn-poly-L-3 indicated metal complex formation. Additionally, a new peak 

appears at 2.75 ppm in the Zn-poly-L-3 spectrum, attributed to water.  
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Figure 25: 1H NMR spectra of poly-L-3 before (red) and after (blue) addition of 1.0 eq. 
of Zn(NTf2)2 in 15% MeCN-d3 in CDCl3.  
Molarity of the poly-L-3 was determined using the MWsum of the monomer unit. 2.4 mg 
of poly-L-3 was dissolved in 600 µL 15% MeCN-d3 in CDCl3 (6.0 mM). 5 µL of 720 mM 
Zn(NTf2)2 stock in MeCN-d3 was added, resulting in shifts of the peak signals compared 
to the apo-polymer, indicating metallopolymer formation. Referenced to CDCl3 at 7.26 
ppm. 

3.4.4 Titration of Zn2+ to poly-L evaluated by UV-visible spectroscopy7  

 In order to determine the binding ratio of poly-L-3 with Zn2+, titration of 

Zn(NTf2)2 to poly-L-3 was monitored by UV-visible spectroscopy. Following the same 

procedure used for poly-S-2, poly-L-3 was dissolved in DCM, and aliquots of Zn(NTf2)2 

                                                        

7 Work in this section was completed in collaboration with Dr. Anton Razgoniaev  



 

 

95 

in MeCN was added. The molarity of the polymer was calculated using the MWsum of 

the monomer unit. 

 Upon addition of Zn(NTf2)2, the peak at 265 nm increased up to 1 equivalent, 

remaining constant with excess Zn2+ addition. The peak at 300 nm mirrored the behavior 

of the 265 nm peak, decreasing with the addition of up to 1 equivalent of Zn2+ and 

remaining constant with excess Zn(NTf2)2. A 1:1 ligand to Zn complex was indicated 

since both peaks plateaued at 1 equivalent of Zn2+. 

 

Figure 26: UV-vis spectrum resulting from titration of Zn(NTf2)2 to poly-L-3.  
Left: Addition of 4 µL aliquots of 4.75 mM Zn(NTf2)2 to 75 µM poly-L-3 in DCM. 
Molarity of polymer was determined using the MWsum of the monomer unit. Right: 
Absorbances at 265 nm and 310 nm plotted against equivalents of Zn2+. Both absorbances 
plateaued at 1 eq. Zn2+ to polymer, indicating a 1:1 ligand to Zn complex. 

3.5 Strategies for chain extension  

Polycondensation has been an effective for incorporating chelating ligands into 

the backbone of polymers; however, the polymers typically are low molecular weight 

and suitable for SMFS experiments. Extending the polymer or connecting two polymers 
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would increase the molecular weight of the final polymer, potentially resulting in 

polymers suitable for testing by SMFS. Below is a description of techniques employed 

for extension of short polycondensation-type polymers for higher molecular polymers 

suitable for SMFS experiments. 

3.5.1 SET-LRP Chain Extension  

One approach for chain extension was using single-electron transfer living 

radical polymerization (SET-LRP). Inspired by work completed by the Craig group,244 

the low molecular weight polycondensation polymer could be used as a ligand-rich 

macroinitiator once functionalized with α–bromoisobutyryl bromide (Scheme 25, Br-

poly-S-2).  

 

Scheme 25: SET-LRP strategy for chain extension of polycondensation polymers.  
Poly-S-2, a small molecular weight polymer, can be functionalized with bromine groups 
in order to act as a macroinitiator, Br-poly-S-2. Typical conditions were attempted for 
the chain extension polymer, PMA-poly-S-2. An insoluble blue substance was collected, 
suggesting the dpa-type ligand chelated the copper catalyst.  
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 Attempts at chain extension were made under typical conditions for SET-LRP 

using the macroinitiator, Br-poly-S-2.244-245 Br-poly-S-2, Me6TREN (Tris[2-

(dimethylamino)ethyl]amine), and methyl acrylate (MA) were dissolved in DMSO and 

subjected to freeze-pump-thaw cycles. The copper catalyst was added as copper wire 

(Scheme 25, PMA-poly-S-2).244-245  Precipitation out of MeOH resulted in a blue 

substance with no solubility in many solvents, including H2O and DMSO. The dpa-type 

ligand is known to form Cu(II) complexes, including bis-dpa complexes. It is possible 

Br-poly-S-2 was chelating the copper catalyst, and potentially forming bis-type 

complexes that caused insolubility. This route was not pursued further because the 

reaction did not proceed as expected and resulted in an insoluble product.  

3.5.2 Carbodiimide chemistry for chain extension  

The carbodiimide chemistry used for the synthesis of the polymers described 

above can be a strategy for increasing the molecular weight of small polymers. A diacid 

can be used to connect two short polymers, essentially doubling the molecular weight of 

the resulting polymer.  

 

Scheme 26: Carbodiimide coupling for polymer chain extension.  
The small molecular weight polymers can be subjected to similar reaction conditions 
used for polycondensation. Glutaric acid can link two poly-S-1 polymer chains together, 
doubling the molecular weight of the polymer (CE-poly-S-1). This procedure could be 
repeated to continually increase the molecular weight of the final polymer. 
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Following the procedure for polycondensation synthesis, the small molecular 

weight polymer, Poly-S-1 (Mn = 5 kDa), was stirred with DPTS, glutaric acid, and DIC 

overnight (Scheme 26). Precipitation out of addition of MeOH resulted in a polymer that 

doubled in molecular weight (Figure 27, red line and gray line). One potential pitfall of 

this strategy derives from the initial molecular weight of the polymer used as the diol. 

As the molecular weight increases, the concentration of end groups decreases, and may 

hinder the reaction at the end group.  

 

Figure 27: DRI traces of different polymers resulting from chain extension reactions.  
Red: Initial polymer, poly-S-1, has an Mn = 5 kDa. Gray: Carbodiimide coupling was 
successful in doubling the molecular weight of poly-S-1, as indicated by an earlier 
elution time. CE-poly-S-1 has an Mn = 11 kDa. Purple: Glutaryl chloride is more reactive 
than glutaric acid, and can effectively be used for coupling poly-S-1 together for a high 
molecular weight polymer. DA-poly-S-1 has an Mn = 12 kDa. 

A similar strategy can also be completed using glutaryl chloride instead of 

glutaric acid, which is a more reactive species (Scheme 27). Glutaryl chloride was added 
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dropwise to a solution of TEA and poly-S-1. The glutaryl chloride linked two shorter 

polymer chains together, resulting in a polymer with doubled molecular weight (Figure 

27, red and purple lines). One drawback of using the acid chloride over the diacid was 

the water sensitivity of the acid chloride.   

 

Scheme 27: Chain extension using glutaryl chloride.  
The small molecular weight polymers can be mixed with glutaryl chloride and TEA in 
DCM. Glutaryl chloride can link two poly-S-1 polymer chains together, doubling the 
molecular weight of the polymer (DA-poly-S-1). This procedure could be repeated to 
continually increase the molecular weight of the final polymer. 

3.6 Summary  

Polycondensation provides polymers that incorporate the chelating unit into the 

polymer main chain, which is necessary for SMFS experiments. 1H NMR confirmed 

complex formation of the metallopolymer upon addition of Zn(NTf2)2, and UV-vis 

indicated a 1:1 ligand:Zn2+ complex formation for all polycondensation-type polymers. 

One advantage of polycondensation compared to the ED-ROMP strategy is the lack of a 

metal catalyst for the reaction to procedure. The major drawback of this method is the 

resulting polymers are small, and high molecular weight polymers (>100 kDa) are 

desired for SMFS experiments. Chain extension techniques seem like a promising 

strategy for increasing molecular weight of polycondensation polymers. Continued 

work towards optimizing these reactions could allow for the synthesis of high molecular 
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weight polymers, which could make polycondnesation the method of choice for the 

synthesis of metallopolymers used for SMFS experiments.   

3.7 Experimental procedures  

3.7.1 General information 

General Information. Dry solvents were purchased from Sigma Aldrich and purified 

with an Innovative Technology solvent purification system. CDCl3 and MeCN-d3 were 

purchased from Sigma Aldrich. Metal salt starting materials were purchased from TCI. 

All other reagents were purchased from Sigma-Aldrich or Alfa Aesar and used without 

further purification. All gel permeation chromatography (GPC) was performed with an 

Agilent Infinity LC system utilizing two in-series columns (Agilent Technology PL gel 

mixed-C 105Å, 7.5 × 300 mm, 5 µm, part number PL1110-6500) with THF as the mobile 

phase and a flow rate of 1.0 mL min-1 maintained with a Varian Prostar Model 210 

pump. In-line Wyatt Optilab T-rEX refractive index detector and Wyatt miniDAWN 

TREOS multi-angle light scattering detector were used to calculate molecular weights. 

An Agilent 1260 Infinity DAD detector was used to measure UV absorbance.  

Characterization. NMR spectra (1H and 13C) were obtained on either a 400 MHz Varian 

INOVA or 500 MHz Varian spectrometer, as noted. High-resolution mass spectrometry 

was performed on an Agilent LCMS-TOF–DART at Duke University’s Department of 

Chemistry Instrumentation Facility. UV-Visible absorption spectra were collected using 
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a Varian Cary 50 UV-Visible spectrophotometer in quartz cuvettes with 1-cm 

pathlengths. 

3.7.2 Synthetic procedures  

3.7.2.1 General polycondensation polymer  

 

Scheme 28: General synthetic procedure for the synthesis of polycondensation 
polymers.  
The diacid used in the synthesis of poly-S polymers was glutaric acid, and 
dodecanedioic acid was used in the synthesis of poly-L polymers.  

In a typical setup for polycondensation, diol c (1 eq.), diacid (1 eq.), and DPTS (0.4 eq.) 

were added to an oven-dried Schlenk flask and flushed with argon. Dry DCM (was 

added. The reaction was heated to about 40°C until everything dissolved (for the longer 

diacid, the solution never became homogeneous). After cooling to RT, DIC (3 eq.) was 

added dropwise by syringe. The reaction was allowed to stir under argon for 3 days. An 

additional portion of diol (0.2 eq.) and DIC (1 eq.) and allowed to stir for an additional 

day then precipitated from MeOH.  

Representative NMR data for poly-S polymers: 1H NMR (400 MHz, Chloroform-d) δ 

8.21 (d, J = 8.6 Hz, 2H), 7.92 (d, J = 8.5 Hz, 2H), 7.63 (t, J = 7.7 Hz, 2H), 7.28 (s, 1H), 7.17 (d, 

J = 7.7 Hz, 2H), 4.96 (s, 4H), 4.67 (s, 4H), 2.50 (t, J = 7.3 Hz, 4H), 2.02 (p, J = 7.2 Hz, 2H). 13C 
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NMR (500 MHz, Chloroform-d) δ 172.49, 155.76, 155.43, 149.86, 146.25, 137.70, 128.70, 

123.99, 121.82, 120.46, 77.16, 66.47, 53.04, 33.14, 20.11. 

Representative NMR data for poly-L polymers: 1H NMR (400 MHz, Chloroform-d) δ 

8.21 (d, J = 8.7 Hz, 2H), 7.92 (d, J = 8.6 Hz, 2H), 7.62 (d, J = 7.7 Hz, 2H), 7.17 (d, J = 7.3 Hz, 

2H), 4.96 (s, 4H), 4.67 (s, 4H), 2.50 (t, J = 7.1 Hz, 4H), 2.02 (d, J = 7.5 Hz, 2H), 1.56 (s, 10H), 

1.25 (s, 4H). 

Table 9: Exact reaction conditions for polymers synthesized by polycondensation.  
GA = glutaric acid; DA = dodecanedioic acid. 

 diol c  
(g) 

diacid 
(g) 

DPTS  
(g) 

DIC 
(mL) 

poly-S-1 0.500 0.148, GA 0.133 0.525 
poly-S-2 0.500 0.148, GA 0.133 0.525 
poly-L-3 0.500 0.259, DA  0.133 0.525 

 

3.7.2.2 Metallopolymer synthesis 

Zn-poly-S-2, metallopolymer containing short linker  

Poly-S-2  (0.050g, 0.087 mmol) was dissolved in 5 mL anhydrous DMC. 0.87 mL of a 100 

mM stock solution of Zn(NTf2)2 in anhydrous MeCN was added to the solution of 

polymer. The reaction was allowed to stir overnight, and the metallopolymer was used 

without further purification. The moles of poly-S-2 was calculated using the MWsum of 

the monomer unit, which is 576.2 g/mol.  

Zn-poly-L-3, metallopolymer containing long linker  
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Poly-L-3 (0.046 g, 0.068 mmol) was dissolved in 5 mL anhydrous DMC. 0.68 mL of a 100 

mM stock solution of Zn(NTf2)2 in anhydrous MeCN was added to the solution of 

polymer. The reaction was allowed to stir overnight, and the metallopolymer was used 

without further purification. The moles of poly-L-3 was calculated using the MWsum of 

the monomer unit, which is 674.4 g/mol.  

3.7.2.3 SET-LRP chain extension 

Br-poly-S-2, macro initiator  

 

Scheme 29: Synthesis of macro initiator, Br-poly-S-2.  
The polycondensation-type polymer can be functionalized with bromine end groups. 
The bromine functionalized polymer, Br-poly-S-2, can be used in a radical 
polymerization for chain extension of the short polycondensation polymer.  

Poly-S-2 (0.146 g, 0.253 mmol) was dissolved in 1.5 mL dry THF in a Schlenk flask. After 

purging with argon, TEA (0.061 mL, 0.429 mmol) was added, and the solution was 

cooled to 0°C. α–Bromoisobutyryl bromide (0.036 g, 0.293 mmol) was added dropwise 

by syringe and the solution was warmed to RT and stirred overnight under argon. The 

polymer was precipitated out of MeOH. 1H NMR (400 MHz, Chloroform-d) δ 8.23 (d, J = 

8.3 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.68 (t, J = 7.7 Hz, 2H), 7.31 (d, J = 7.7 Hz, 2H), 7.21 (d, 

J = 7.7 Hz, 2H), 5.01 (s, 4H), 4.71 (s, 4H), 2.49 (t, J = 7.2 Hz, 4H), 2.05 – 1.98 (m, 2H), 1.97 

(s, 0H). 
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PMA-poly-S-2 

 

Scheme 30: SET-LRP strategy for chain extension of a small molecular weight 
polymer.  
Br-poly-S-2 contains bromine functionalization, which allows it to act as a 
macroinitiator. Typical conditions were attempted for the chain extension polymer, 
PMA-poly-S-2. An insoluble blue substance was collected, suggesting the dpa-type 
ligand chelated the copper catalyst. 

 Br-poly-S-2 (0.071 g), methyl acrylate (0.395 mL), and Me6TREN (0.001 g) were 

dissolved in 2.0 mL anhydrous DMSO in an oven-dried Schlenk flask. The solution was 

subjected to three freeze-pump-thaw cycles. Copper wire (2 cm, 20 AWG) was added, 

and the reaction was allowed to stir under argon for 3 days. The polymerization was 

quenched by exposing to air, diluted with DCM, and precipitated from addition of ether. 

No characterization of this sample was completed.  

3.7.2.4 DIC chain extension  

Diacid method 

Poly-S-1 (0.083 mmol, 500 mg), glutaric acid (0.083 mmol, 11mg), and DPTS (0.021 

mmol, 6mg) were dissolved in 2 mL dry DCM under inert atmosphere. The solution was 

heated to 35°C until all chemicals dissolved. Once the reaction mixture was cooled down 

to room temperature, DIC (0.25 mmol, 38.5 µL) was added dropwise over 30 mins. After 

24 h, the solvent was removed under reduced pressure, the product was redissolved in 
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150 µL DCM and precipitated from MeOH. Precipitation step was repeated 2 more times 

to remove impurities. 1H NMR (400 MHz, Chloroform-d) δ 8.21 (d, J = 8.7 Hz, 2H), 7.92 

(d, J = 8.6 Hz, 2H), 7.63 (t, J = 7.7 Hz, 2H), 7.28 (s, 2H), 7.17 (d, J = 7.7 Hz, 2H), 4.97 (s, 4H), 

4.67 (s, 4H), 2.50 (t, J = 7.2 Hz, 4H), 2.04 – 1.97 (m, 2H). 

Acid chloride method  

Poly-S-1 (0.0125 mmol, 75 mg) and TEA (0.018 mmol, 5 µL) were dissolved in 2 mL dry 

DCM under inert atmosphere. Glutaric acid chloride (0.66 mmol, 66 µL) was dissolved 

in 2 ml dry DCM in a separate round-bottom flask under N2 protection. An aliquot of 80 

µL of glutaryl chloride stock solution (0.0125 mmol, 2.7 µL) was added dropwise to the 

reaction mixture and stirred at RT. After 2 h, the solvent was removed under reduced 

pressure, the product was redissolved in 150 µL DCM and precipitated from added 

MeOH, and repeated 2 additional times. 1H NMR (400 MHz, Chloroform-d) δ 8.21 (d, J = 

8.6 Hz, 2H), 7.92 (d, J = 8.5 Hz, 2H), 7.63 (t, J = 7.7 Hz, 2H), 7.28 (s, 2H), 7.16 (s, 2H), 4.96 

(s, 4H), 4.67 (s, 4H), 2.50 (t, J = 7.1 Hz, 4H), 2.04 – 1.99 (m, 2H). 

3.7.3 UV-vis titration 

In the typical titration experiment, 90 µL of 2 mM polmyer in DCM was diluted to 2.4 

mL with DCM in a UV-vis cuvette. 4 µL of 4.75 mM of Zn(NTf2)2 stock solution in 

MeCN was monitored by UV-vis  

For poly-S-2, the MWsum for the monomer unit was 576.2 g/mol. The 2 mM stock of poly-

S-2 was made by dissolving 11.5 mg in 10 mL DCM.  
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For poly-L-3, the MWsum for the monomer unit was 674.4 g/mol. The 2 mM stock of poly-

S-2 was made by dissolving 13.4 mg in 10 mL DCM.  
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4. Force-characterization of metallopolymer 

4.1 Introduction 

Covalent mechanochemistry has allowed for productive reactivity that is 

accessible under otherwise destructive conditions, including chromism and 

luminescence26-27, small molecule release29-30, 61, network remodeling9, 60, 246-247, radical 

formation54, and isomerization.96, 248 Much progress has been made towards 

understanding the role of mechanical forces in directing and accelerating covalent 

chemical reactivity18, 28, 50, 59. Understanding the behavior of coordination complexes 

subjected to mechanical force is far less developed, although it offers exciting 

possibilities for stress-responsive reactivity.  

 The utility of metal-ligand bonds in mechanically responsive materials has been 

realized for catalyst activation,6-8 reversible bond formation,63 new bond formation31, 63, 

and ligand exchange.62 A number of examples have been reported that take advantage of 

weak metal-ligand coordination to create reversible, mechanically responsive polymer 

networks, including self-healing polymers and elastomers that demonstrate the ability of 

metals to facilitate constructive mechanochemistry.70-74 

 While the potential of metal-ligand bonds in mechanically responsive materials 

has begun to be realized, the force-rate relationship of metal-ligand bond dissociation 

needs to be mapped to effectively take advantage of these interactions. Single molecule 

force spectroscopy (SMFS) has previously been used to quantify forces at which bond 
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dissociation occurs in select models, including metalloproteins.75-76, 206 While these 

studies establish the utility of SMFS to probe the reactivity of metal-ligand bonds, these 

systems do not offer discrete mechanophore units that can be systematically altered or 

readily embedded within synthetic polymer constructs.  

 Herein, we report a synthetic metallopolymer system containing Zn2+ that is 

suitable for SMFS studies. This system lays the foundation for study of force-induced 

metal-ligand bond dissociation that occurs at low force values.  

4.2 Small Molecule Model 

Our system was based on a modified dipicolyamine (dpa) ligand functionalized 

for incorporation into a polymer. A small molecule model was synthesized using the 

modified dpa ligand functionalized with methyl ester groups (4a) and addition of 

Zn(NTf2)2 (Scheme 31). Ester functional groups in the polymer structure have the 

potential to bind metals through their carbonyl oxygens. The small molecule was 

functionalized with ester groups in order to more accurately represent the coordination 

environment that was present in the polymer.  

 

Scheme 31: Synthesis of small molecule model, [Zn4a(NTf2)]NTf2.  
The methyl ester groups of the functionalized dpa ligand, 4a, mimicked the structure of 
the ligand incorporated into the polymer backbone. 1.0 equivalent of Zn(NTf2)2 was 
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added to 4a in DCM and stirred overnight. The white precipitant was collected by 
filtration and used without further purification. 

Crystallization [Zn4a(NTf2)]NTf2  resulted in crystals suitable for X-ray 

crystallography Figure 28. Select bond angles are represented in Table 10 and show a 

distorted octahedral geometry. The crystal structure of [Zn4a(NTf2)]NTf2  showed the 

ligand acting as a pentadentate ligand. The Zn2+ was bound to the ligand through the 

two pyridal nitrogens and the central nitrogen of 4a, as well as the carbonyl oxygens of 

the esters (Figure 28). One NTf2 was bound to the Zn2+ through an oxygen, while the 

second NTf2 was acting as a counterion. The ester functional groups of the small 

molecule should mimic the chelating behavior of the polymer, therefore the 

coordination environment upon addition of Zn2+ of the small molecule should mimic the 

coordination environment of the polymer. It will be assumed that metal coordination in 

the polymer will adopt the assembly determined in the crystal structure; stored length of 

the complex by CoGEF was modeled using this structure.  
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Figure 28: Structure of [Zn4a(NTf2)](NTf2).  
(Left) Crystal structure of [Zn4a(NTf2)](NTf2). (Right) ORTEP drawing with numbering 
scheme. Hydrogens omitted for clarity. 

Table 10: Select bond angles from the crystal structure [Zn4a(NTf2)](NTf2).  
The angles around the Zn center indicate a distorted octahedral geometry.  

 Bond Angles (°) 
N2-Zn1-N3 153.20 (6) 
N2-Zn1-O6 95.77 (6) 
N3-Zn1-O6 109.85 (6) 
N2-Zn1-O4 97.95 (6) 
N3-Zn1-O4 88.24 (5) 
O6-Zn1-O4 94.05 (5) 
N2-Zn1-O9 89.15 (6) 
N3-Zn1-O9 86.42 (6) 
O6-Zn1-O9 82.89 (5) 
O4-Zn1-O9 172.54 (5) 
N2-Zn1-N1 77.31 (6) 
N3-Zn1-N1 75.89 (5) 
O6-Zn1-N1 161.29 (5) 
O4-Zn1-N1 104.05 (5) 
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O9-Zn1-N1 79.68 (5) 
 

4.3 CoGEF Modeling 

Using the obtained crystal structure, end-to-end lengths were calculated for κ5, 

κ4, κ3, κ3‘, κ2, κ1, and κ1‘ binding modes (Figure 29). Unconstrained molecules were 

modeled to give ground state energies. A constraint was applied to the termini of each 

molecule’s polymer handles and then lengthened until the molecular energy predicted 

by molecular mechanics optimization at the MMFF level was greater than 100 kJ/mol 

above the ground state. The equilibrium geometry for a series of derivatives at 

constraint intervals of 0.02 Å was then evaluated by molecular mechanics optimization 

at the MMFF level. The molecule was allowed to relax down the potential energy surface 

related to contraction of the constraint, giving a series of predicted molecular energies as 

a function of constraint length. The first derivative of the quadratic fit of these energies 

with respect to distance gives a prediction of the force required to extend the molecule. 

The accuracy of the absolute energies in these calculations is not a concern, as we are 

only interested in the estimated contour length for each molecule, which is determined 

by extrapolating the force-extension equation for zero force. Modeling such as this has 

proven to be useful when designing putative mechanophores.20, 35 
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Figure 29: Different coordination modes that were modeled using CoGEF. 

CoGEF modeling was completed different metal-ligand bond dissociations of the 

complex. Stored length was calculated by subtracting calculated contour length of the κ5 

species from κ1-4 species (Figure 30). Each bond dissociation event results in a distinct 

change in potential stored length. The κ5 – κ4 transition is smallest change in length for 

the metallomechanophore, predicated to be 0.30 nm, is equal to known organic 

mechanophores.35 The κ5 – κ1 and κ5 – κ1’ transitions have the largest predicted stored 

length at 1.48 nm.  These data will be used to analyze the force-extension curves 

obtained by SMFS. If the stored length of the force-extension curve indicated by the 

plateau is proportional to the contour length, scales with the percent incorporation of the 
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mechanophore, and agrees with theoretical values from molecular modeling, the type of 

transition can be validated. 

 

Figure 30: Computationally predicted stored length of different coordination modes.  
Stored length is calculated by subtracting the predicted contour length for the fully 
coordinated species (κ5) from a lesser-coordinated species (κ4 – κ1). 

4.4 Results and discussion8  

The polymers used for SMFS experiments were ROMP-D and ROMP-I, 

synthesized by ED-ROMP, as described in Chapter 2. The comonomer used was 

epoxyCOD because it is known to promote tip adhesion for the AFM experiments.90, 237 

ROMP-D had a ligand to epoxyCOD ratio of 1:11, and ROMP-I had a ligand to 

epoxyCOD ratio of 1:10 as determined by 1H NMR spectroscopy. Addition of Zn(NTf2)2 

                                                        

8 All SMFS experiments were completed by Tatiana Kouznetsova.  
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resulted in complete metallation of the polymer, as demonstrated by 1H NMR and UV-

vis experiments (Chapter 2).  

 SMFS experiments were conducted on both Zn metallopolymers. Cantilevers 

typically used for these SMFS experiments are non-coated silicon tips because they allow 

for the highest detachment forces (>1 nN), and have a spring constant around 20 pN/nm; 

however, because of the nature of metal-ligand bonds, such high detachment forces are 

not necessary. SMFS experiments on the polymers were run using a gold-coated 

cantilever with a smaller spring constant (~6 pN/nm). Use of these cantilevers allow for 

better resolution of small force regimes (<200 pN).  

 In a typical experiment, the metallopolymer was deposited onto the stage by 

evaporation of a dilute polymer solution in a mixture of 15% MeCN in DCM. 

Approach/withdraw cycles at 200 nm/s resulted in a force curve that appeared to have a 

plateau around 20 pN (Figure 31). This plateau is putatively the release of stored length 

from metal-ligand bond dissociation. The apo-polymer was subjected to a similar 

treatment, and no obvious plateau is apparent (Figure 32).  

 While these data show exciting potential for quantifying force-induced metal-

ligand bond dissociation, methods for proper data analysis will need to be established. 

The force at which this potential plateau occurs is very low, and is at the limit of 

detection of the instrument. Furthermore, the extension of the pull was short, which also 

results in a short plateau length, making fitting the curves difficult. Selecting a proper 
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model for such low forces and determining robust methods for data analysis will be 

essential to validating these data. Fitting the force curves of the metallopolymers was 

difficult because the force that the putative plateau from stored length caused by metal-

ligand bond dissociation was low, and the distances of the curve were short. Examples 

of polymer fitting can be found in the experimental section.  

Better adhesion of the metallopolymer to the tip may provide long force-

extension curves. Since these experiments utilize a gold-coated cantilever, incorporation 

of a sulfur-containing comonomer may promote tip adhesion compared to the epoxide-

containing comonomer. The Craig lab has previously reported a sulfur-containing 

macrocycle for ED-ROMP by first synthesizing a bis-alkene compound by the 

esterification of 3,3’-thiodipropionic acid.238 Once the bis-alkene compound is isolated, 

RCM can be used to form the macrocyclic comonomer that can be used for ED-ROMP. 

The use of this sulfur-containing macrocycle for ED-ROMP may also reduce other issues 

caused by the epoxide-group, such as cross-linking caused by epoxide ring-opening. 
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Figure 31: Representative force-extension curves for Zn-metallopolymers.  
SMFS experiments were completed on different days. A plateau indicative of stored 
length release from metal-ligand bond dissociation seems to occur around 20 pN. A & B 
resulted from SMFS experiments using ROMP-D. C resulted from SMFS experiments 
using ROMP-I. 
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Figure 32: Representative force-extension curves for apo-polymers.  
SMFS experiments were completed on different days. There is no obvious plateau as 
compared to the metallopolymers in Figure 31. 

4.5 Experimental procedures 

4.5.1 General information 

General Information. Solvents were purchased from Sigma Aldrich and purified with 

an Innovative Technology solvent purification system. CDCl3 and MeCN-d3 were 

purchased from Sigma Aldrich. Metal salt starting materials were purchased from Sigma 

Aldrich or TCI. Grubbs catalysts were a gift from Materia. All other reagents were 

purchased from Sigma-Aldrich or Alfa Aesar and used without further purification.  

Characterization. NMR spectra (1H and 13C) were obtained on either a 400 MHz Varian 

INOVA or 500 MHz Varian spectrometer, as noted. High-resolution mass spectrometry 

was performed on an Agilent LCMS-TOF–DART Duke University’s Department of 

Chemistry Instrumentation Facility. UV-Visible absorption spectra were collected using 
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a Varian Cary 50 UV-Visible spectrophotometer in quartz cuvettes with 1-cm 

pathlengths.  

Crystals suitable for X-ray crystallography were collected by vapor diffusion using THF 

and diethyl ether. Dr. Roger Sommer at NCSU collected the crystal structure. Data 

collection: Bruker Instrument Service v2013.12.0.0; cell refinement: APEX3 v2017.3-0 

(Bruker AXS); data reduction: SAINT V8.38A (Bruker AXS Inc., 2017); program(s) used 

to solve structure: XS, VERSION 2013/1; program(s) used to refine structure: 

SHELXL2016/6 (Sheldrick, 2016). 

SMFS Measurements. Details regarding the instrumentation, data acquisition, and 

experimental parameters have previously been reported.28, 33, 90-91 except that the solvent 

employed here was methyl benzoate. All experiments were performed at ambient 

temperature (~23 °C) using a homemade Atomic Force Microscope, which is constructed 

of a Digital Instruments scanning head mounted on top of a piezoelectric positioner. 

Cantilever Probes (Biolever OBL) with small silicon nitride probe coated with gold, 

rectangular-shaped, 100 µm length, 30 µm width, 0.15 µm thickness, nominal spring 

constant k ~0.006 N/m, frequency ~ 13 kHz, Product Number 803.OLY.RC150VB-10] 

were purchased from Oxford Instruments. The spring constants were obtained for each 

probe and were calibrated in air, using the MFP-3D system (Asylum Research Group 

Inc., Santa Barbara, CA) using methods described previously.249 Force curves were 

collected in dSPACE (dSPACE Inc. Wixom, MI) and analyzed using Matlab (The 
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MathWorks, Inc., Natick, MA). All data were filtered during acquisition at 500 Hz to 

remove ambient vibrational signals. After acquisition, the data was calibrated and 

plotted by using homemade software written in Matlab. 

4.5.2 Synthetic procedures 

4.5.2.1 Ligand synthesis, 4a 

 

Scheme 32: Synthesis of methyl ester functionalized ligand, 4a, (((((4-
nitrophenyl)sulfonyl)azanediyl)bis(methylene))bis(pyridine-6,2-diyl))bis(methylene) 
diacetate. 

In a RB flask, c (1.00 g, 2.27 mmol) and DMAP (0.83 g, 6.81 mmol) were dissolved in 100 

mL dry DCM. In a separate flask, acetic anhydride (0.47 g, 0.45 mL, 4.76 mmol) was 

dissolved in 5 mL dry DCM. The solution of acetic anhydride was transferred to the 

c/DMAP solution by cannula. The reaction was allowed to stir under argon overnight. 

Solvent was removed by evaporation under reduced pressure. The compound was 

purified by flash chromatography (silica gel) using 5% MeOH in DCM as the eluent. The 

solvent was removed by evaporation under reduced pressure, yielding a yellow solid. 

0.97 g, 81% yield. 1H NMR (400 MHz, Chloroform-d with 15% MeCN-d3) δ 8.11 (d, J = 8.8 

Hz, 2H), 7.82 (d, J = 8.8 Hz, 2H), 7.52 (t, J = 7.8 Hz, 2H), 7.12 (d, J = 7.7 Hz, 2H), 7.06 (d, J = 

7.7 Hz, 2H), 4.80 (s, 4H), 4.53 (s, 4H), 1.99 (s, 6H) 13C NMR (400 MHz, Chloroform-d with 
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15% MeCN-d3) δ 155.22, 154.90, 137.19, 128.24, 123.53, 121.33, 119.98, 116.40, 77.16, 65.89, 

52.53, 20.33. HR-ESIMS (m/z): calcd for [M + H]+ C24H24N4O8S is 529.1388, found 529.1386    

4.5.2.1 Zn-small molecule synthesis  

 

Scheme 33: Synthesis of [Zn4a(NTf2)]NTf2.  
The ester functionalization of the small molecule mimics the coordination environment 
in the polymer.   

In a RB flask, 4a  (0.139 g, 0.242 mmol) was dissolved in 10 mL dry DCM. Zn(NTf2)2 

(0.152 g, 0.242 mmol) was added as a solid. The heterogeneous reaction was allowed to 

stir overnight. A white precipitate formed. The next day, the reaction was filtered, the 

solid was collected and washed with ether. 0.227 g, 75% yield. 1H NMR (400 MHz, 

Chloroform-d with 15% MeCN-d3) δ 8.13 (s, 2H), 7.84 (d, J = 8.6 Hz, 3H), 7.59 (s, 2H), 7.18 

(s, 4H), 4.85 (s, 4H), 4.54 (s, 4H), 2.01 (s, 6H). HR-ESIMS (m/z): calcd for [M]+ 

C26H24F6N5O12S3Zn is 871.9774, found 871.9758 

4.5.3 Modeling of polymer extension  

4.5.3.1 Determination of polymer extension ratios 

The ratio of polymer contour lengths, Lfinal/Linitial obtained from the equation: 

  

Lf

Li

=
((x

κ n × L
κ n )+ (xepoxyCOD × LepoxyCOD ))

((x
κ 5 × L

κ 5 )+ (xepoxyCOD × LepoxyCOD ))
(eq. 17) 
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where x denotes the ratio of ligand or epoxyCOD incorporated into the polymer 

determined by 1H-NMR spectroscopy, L denotes the end-to-end distance obtained from 

CoGEF20 for each of the binding possibilities. Li represents saturated coordination of the 

complex, and Lf represents the different possibilities of the M-L dissociation. Results of 

the theoretically predicted extension ratios are shown in Table 11. 

Table 11: Summary of polymer used in the study and its theoretical predicted 
extension ratio based on resulting coordination environment.a  
bDetermined by 1H NMR spectroscopy. cExtension lengths were obtained by modeling 
monomer end-to-end lengths by CoGEF. dPreviously reported length of epoxyCOD was 
used.35 

 Ratio of 
Ligand:epoxyCODb 

Pre-Transition Length 
(nm) 

Post-Transition Length 
(nm) 

 

 Ligand epoxyCOD Ligandc epoxyCODd Ligandc epoxyCODd Lfinal/Linitial 
κ5 – κ1 1 10 1.12 0.95 2.60 0.95 1.14 
κ5 – κ1’ 1 10 1.12 0.95 2.59 0.95 1.14 
κ5 – κ2 1 10 1.12 0.95 2.32 0.95 1.11 
κ5 – κ3 1 10 1.12 0.95 2.05 0.95 1.09 
κ5 – κ3’ 1 10 1.12 0.95 1.51 0.95 1.04 
κ5 – κ4 1 10 1.12 0.95 1.43 0.95 1.03 
 

4.5.3.2 Modeling of contour length (CoGEF) 

Contour length was determined based on established methods that have 

provided results for organic molecules consistent with experimental SMFS 

measurements within instrumental error.28, 90-91 Modeling was performed on Spartan ’10 

molecular modeling software using Molecular Mechanics at the MMFF level.  

Unconstrained molecular geometries were optimized to give ground state 

energies. A constraint was then applied to the termini of each molecule’s polymer 
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handles and then lengthened until the molecular energy predicted by MMFF was 

greater than 100 kJ/mol above the ground state. The equilibrium geometry for a series of 

molecules at constraint intervals of 0.02 Å was then evaluated by MMFF. The molecule 

was allowed to relax down the potential energy surface by contraction of the constraint, 

giving a series of predicted molecular energies as a function of constraint distance. These 

energies were plotted against constraint distance (displacement) and fit with a quadratic 

equation. The first derivative of the quadratic fit gives a force vs. distance linear 

function. Extrapolation to zero force gives the force-free end-to-end distance, or the 

force-free contour length. Subtracting the calculated contour length of the κ1-4 from κ5 

species provides an estimate of total “stored length” that should be released upon 

application of force. 
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Figure 33: Coordination complex monomers with constraint to model end-to-end 
distance indicated. 
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Figure 34: Metal complex CoGEF analysis.  
Energy at each step is plotted vs. distance (purple), and fitted with a quadratic function 
to give the energy vs. displacement curve (blue). The derivative of the fit results in the 
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linear function of force vs. distance (red). Extrapolation to zero of this linear function 
provides the theoretical force-free end-to-end contour distance. 

Table 12: Summary of the computationally determined end-to-end distances for 
different coordination modes.  
Calculated length comes directly from the CoGEF modeling. Change in length is 
calculated by subtracting the fully coordinated species (ĸ5) from a lesser-coordinated 
species. 

 Calculated Contour 
Length (nm) 

Change in Length 
(nm) 

κ5 1.12 0.00 
κ4 1.43 0.31 
κ3 2.04 0.92 
κ3’ 1.51 0.40 
κ2 2.33 1.21 
κ1 2.60 1.48 
κ1’ 2.59 1.47 

 

4.5.3.3 Fitting force curves using WLC model 

Fitting the force curves of the metallopolymers was difficult because curves were 

short (~100 nm), and the force that the supposed plateau appeared in low and close to 

the noise of the instrument.  

In order to determine the best method to determine the validity of the plateau in 

the metallopolymer force curves, methodology was developed by fitting the apo-

polymers. For the apo-polymer, if the back half of the polymer curve is an effective 

manner to fit the entire curve with low error, the methodology can be applied the 

metallopolymer. For the metallopolymer, the fit of the back half of the curve should not 

effectively fit the entire curve since there was an introduction of stored length. If this in a 
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useful way for determining the validity of the plateau, the error for the fit should be 

higher for the metallopolymer than the apo-polymer.  

Using the apo-polymer force curves, a worm-like chain (WLC) model was 

applied to the back half of the force curve (between 50 – 150 pN). The error (bottom half 

of graph) was evaluated to ensure this method was an effective way to fit the entire 

curve (Figure 35). As seen in Figure 35, the error fell within ±10 units, which showed this 

was an effective method for fitting the curve.  

The methodology for curve fitting developed for the apo-polymer was applied to 

the metallopolymers (Figure 36). The error from fitting the back half of the curve was 

not as high as expected. Fitting the curve by this methodology may not be the most 

effective method for determining the validity of the plateau since the changes are 

minimal. Future work will need to be completed to determine the best methods for 

fitting these force curves. Further, work towards synthesizing higher molecular weight 

polymers would increase the length of the force curves, which would also increase the 

number of metallomechanophores that experience force. This would increase the 

amount of stored length released and increase resolution of the plateau, if it is real.  
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Figure 35: WLC fits for apo-polymers.  
The back half of the curve was used to fit the entire curve (top). The error of fitting the 
curve was minimal, falling within ±10 units (bottom). Fitting the curve using this 
method is effective.  
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Figure 36: WLC fits for metallo-polymers.  
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The back half of the curve was used to fit the entire curve (top). The error of fitting the 
curve was minimal, falling within ±15 units (bottom). This method may not be the best 
for determining the validity of the apparent plateau in the force curves.  

4.5.3.4 Normalization of force curves  

The force curves were normalized in order to overlay pulls collected from both 

the apo and metallopolymer (Figure 37). The force (y-axis) was normalized to 100 pN 

(by dividing all values by 100). The distance (x-axis) was normalized to the distance at 

100 pN (by dividing all values by this number). The overlaid curves show a difference 

between the metallated (red) and non-metallated polymers (blue); however the 

difference is slim. Higher quality force curves need to be collected to validate the 

possibility of the plateau.  

 

Figure 37: Normalized force-curve data from metallopolymers (red) and apo-polymers 
(blue).  
The overlaid curves demonstrate a difference between the metallopolymers and the apo-
polymers, suggesting the plateau is a real feature of the curves. Higher quality force 
curves should be collected for determining the validity of the apparent plateau.  
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5. Strategies to Expand the Scope of Metal Complexes 
Embedded within Polymers 

5.1 Introduction 

The establishment of synthetic procedures to overcome challenges associated 

with installing metal-chelating units into polymers suitable for force testing has 

provided a platform for systematic comparison of forces required to induce changes to 

metal complexes embedded within polymers. The dpa ligand was initially selected to 

incorporate into the polymer for force testing because of its ability to bind a variety of 

metals and the ease of expanding the denticity of the ligand while maintaining a similar 

core. The first part of this chapter will describe preliminary results for characterizing 

copper containing small molecules to serve as model systems for eventual incorporation 

into polymeric systems. The second part of this chapter will describe the synthesis of 

polypyridal ligands with denticities larger than 3. While this dissertation focuses 

exclusively on polyamine/polypyridal ligands, the synthetic techniques described in 

Chapters 2 and 3 are feasibly generalizable to other ligand families and thereby lay a 

foundation for inclusion of other kinds of ligands to even further expand the scope of 

metallophore-embedded polymers. 

5.2 Characterizing Cu-containing small molecules  

Incorporating d-block metals other than Zn2+ into polymer backbones could alter 

the force-responsive behavior because transition metals vary in properties including 

ligand field, lability of metal-ligand bonds, and propensity for various types of 
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reactivity. The polymer techniques described in Chapter 2 and 3 provide a platform in 

which metallation of the polymer is the last synthetic step, which enables an easy 

approach for changing the metal center.  

Characterization techniques of small molecules models of the metal complexes 

need to be developed in order to properly characterize complex formation in the 

metallopolymer. Work towards characterizing two different copper-containing dpa-

based small molecule complexes is described below.  

5.2.1 Using Cu(NO3)2 

5.2.1.1 Small molecule model of Cu2+ complex 

 Copper is a redox active metal with demonstrated catalytic properties, and 

understanding the force-responsive behavior of copper complexes would enable use in 

metallopolymeric materials for future applications in catalysis, self-healing materials, 

and smart devices.20  

 CuCl2 was stirred with diol c in MeOH, resulting in a blue precipitate that was 

collected by filtration (Scheme 34). This precipitate had no solubility in DMSO or H2O, 

making characterization of the complex difficult. The lack of solubility of this small 

molecule is presumably due to chlorine bridging interactions. Decidedly, CuCl2 was not 

pursued further since the potential of Cl-Cl bridging would cause crosslinked polymers, 

which cannot be used for SMFS experiments. Other chloride metal salts should probably 

be avoided for metallation of the polymer as well because of this potential for 
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crosslinking. Metal salts containing bulky ancillary ligands, such as (NO3)2 and (NTf2)2 

groups, are better metal sources since the bulky group can improve solubility.  

 

Scheme 34: Synthesis of Synthesis of [Cu-c]Cl2.  
1 eq. of c was stirred with 1 eq. CuCl2 in MeOH overnight. A blue precipitate formed 
and was collected by filtration. The blue precipitate had no solubility in a variety of 
solvents, like caused by Cl-Cl bridging. CuCl2 will not be used as a Cu source for the 
metallopolymer. 

 To improve the solubility of the resulting complex, Cu(NO3)2�3H2O was used as 

the source of copper. The Cu complex was synthesized by adding Cu(NO3)2�3H2O to a 

solution of c in DCM and stirred overnight. The light blue solid was collected by 

filtration and used without further purification (Scheme 35).  

 

Scheme 35: Synthesis of [Cu-c](NO3)2.  
Cu(NO3)2�3H2O and c were stirred together in DCM. The blue solid was collected by 
filtration and used without further purification.  

Attempts were made to characterize the complex by LC-MS using a mixture of 

MeOH and H2O as the eluent. The only peak observed was 445.118 m/z, which is 
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consistent with the calculated mass of ligand c. In a complimentary study, MALDI was 

used to characterize the complex. Sample was deposited onto the plate directly out of 

anhydrous DCM without matrix, reducing matrix noise. A peak at 630.066 m/z was 

observed by MALDI, which is consistent with the calculated mass of ([Cuc](NO3)2]H)+ 

and agreed with complex formation. Since complex formation was confirmed by MALDI 

and only m/z consistent with ligand c was observed by LC-MS, it was concluded the 

elution solvents, MeOH and H2O, disrupted metal complexation.  

5.2.1.2 Crystal Structure of  [Cu-c](NO3)29 

A crystal structure for this compound was obtained, and it showed a distorted 

octahedral geometry around the Cu2+ metal center. The crystal structure showed the 

ligand acted as a tetradentate ligand, with the two pyridyl nitrogens and the hydroxyl 

oxygens coordinated to the Cu2+ center (Figure 38). One nitrate group coordinated to the 

Cu2+ center as a bidentate ligand, chelating the metal through two oxygens. The second 

nitrate group acted as a counter ion. The bond angles around the Cu center suggested a 

distorted octahedral geometry (Table 13). 

                                                        

9 Crystal structure was collected and solved by Dr. Roger Sommer at NCSU.  
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Figure 38: Completed crystal structure of [Cu-c](NO3)2.  
(Right) Crystal structure of [Cu-c](NO3)2. (Left) ORTEP drawing with numbering 
scheme. Hydrogens have been removed for clarity. 

The crystal structure elucidated the coordination environment around the Cu2+ 

center and informed how the nitrate group coordinated to the metal, especially since 

they have the demonstrated ability to act as both mono- and bi-dentate ligands; 

however, ligand c may not be the most accurate model for the polymeric system since 

the polymer contains ester functional groups that could participate in metal 

coordination. Obtaining a crystal structure of a copper complex in which the ligand 

contains ester functional groups (like the ligand in the crystal structure of 

[ZnMethylEster](NTf2)2 in Ch. 4) would be a better model for the coordination 

environment that would occur in the polymer.  



 

 

135 

Table 13: Select bond angles from the crystal structure [Cu-c](NO3)2.  
The angles around the Cu center indicate a distorted octahedral geometry. 

 Bond Angles (°) 
O20A-Cu2-N8 85.9 (4) 
O19-Cu2-N9 140.01 (13) 
O16-Cu2-N9 78.72 (7) 

O20A-Cu2-N9 166.8 (3) 
N8-Cu2-N9 105.10 (8) 

O19-Cu2-O15 127.00 (13) 
O16-Cu2-O15 88.89 (7) 

O20A-Cu2-O15 83.3 (4) 
N8-Cu2-O15 77.43 (7) 
N9-Cu2-O15 91.88 (7) 

O16-Cu2-O19A 96.3 (4) 
O20A-Cu2-O19A 58.0 (4) 

N8-Cu2-O19A 92.1 (4) 
N9-Cu2-O19A 127.4 (4) 

O15-Cu2-O19A 140.7 (4) 
 

5.2.1.3 Titration of Cu(NO3)2 to ligand g evaluated by UV-visible spectroscopy10 

 The carbonyl oxygen of the ester functional groups in the ROMP- and 

polycondensation-type polymers could potentially coordinate metal ions. Ligand c does 

not contain ester functional group, rather alcohols which participate in metal 

coordination. Because of this, ligand c may not mimic the coordination environment in 

the metallopolymer.  

 An ester functionalized dpa-type ligand was synthesized as the small molecule 

model that would more closely mimic the coordination behavior of the polymer (Scheme 

                                                        

10 Work in this section was completed in collaboration with Dr. Anton Razgoniaev 
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36, g). This ester functionalized ligand, g, was then used for the titration of 

Cu(NO3)2�3H2O as monitored by UV-vis for the determination of the binding ratio of the 

ligand with Cu2+. It is expected that coordination would be similar to the crystal 

structure of [Cu-c](NO3)2, where the pyridyl nitrogens would coordinate Cu2+, and one 

nitrate group would act as a bidentate ligand, coordinating through oxygens (Figure 38). 

The major deviation is ligand g contains esters, and the carbonyl oxygen of the ester 

would be predicted to coordinate the metal center, whereas ligand c contained alcohol 

functionalization, and that participated in coordination.  

 

Scheme 36: Synthesis of an ester funtionalized dpa-type ligand (g).  
The ligand-containing polymers contain ester functionalization that may coordinate 
metals through their carbonyl oxygens. A small molecule model containing ester 
functionalization similar to that found in the polymer would serve as a better model for 
the coordination environment occurring in the metallopolymer.  

Ligand g was dissolved in DCM, and aliquots of Cu(NO3)2�3H2O in MeCN were 

added, and a UV-vis scan was taken after each addition. Both the peak at 265 nm and 

310 nm increased with the addition Cu(NO3)2�3H2O, even with additions greater than 1 

equivalent (Figure 39), suggesting 1:1 ligand:metal complex was not forming. This 

disagreed with the crystal structure (Figure 38).   
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In order to determine the cause of the increasing absorbance, addition of 

Cu(NO3)2�3H2O in MeCN to DCM was monitored by UV-vis. As seen in Figure 40, as 

the concentration of Cu(NO3)2�3H2O increased, absorbance at 265 and 310 nm also 

increased. These data, coupled with crystal structure, demonstrated complex formation, 

however it cannot be used to determine ratio of between Cu2+ and the ligand.  

 

Figure 39: Titration of Cu(NO3)2�3H2O into a solution of ligand g.  
Left: Monitored by UV-vis, aliquots of 4 µL of 4.75 mM Cu(NO3)2�3H2O added to 75 µM 
ligand in DCM. Right: Absorbance at 265 nm and 310 nm was plotted against molar 
ratio of Cu2+. Changes in the absorbances demonstrated complex formation, but the 
absorbances never reached a plateau, the ligand:metal cannot be determined by this 
method. 
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Figure 40: Increasing concentration of Cu(NO3)2�3H2O in DCM.  
Additions of 4 µL of 4.75 mM Cu(NO3)2�3H2O to 2.4 mL of DCM monitored by UV-vis 
spectroscopy. As the concentration of Cu(NO3)2�3H2O increased, the absorbances at 265 
nm and 310 nm increased. Cu(NO3)2�3H2O has its own absorbance where the complex 
absorbed.  

5.2.1.4 XPS characterization of small molecule and polymer11   

X-ray photoelectron spectroscopy, XPS, was used to characterize the copper-

containing small molecule, [Cug](NO3)2, and a copper-containing polycondensation-type 

polymer, [Cu(poly-S-2)](NO3)2. XPS can inform on the elemental composition, the 

chemical state, and electronic state of the elements in the sample. Every element has a 

characteristic set of XPS peaks at a specific binding energy value, which correspond to 

the electron configuration of the electrons in that atom.  

 [Cug](NO3)2 was deposited as a solid on indium foil and analyzed by XPS. The 

high resolution spectra of the elements found in [Cug](NO3)2 are shown in Figure 41. 

The data agreed with the predicted elemental composition of the complex, indicating the 

                                                        

11 XPS Data was collected by Catherine Mckenas and Dr. Carrie Donley at UNC 
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complex contains C, O, N, S, and Cu. The indium signal came from the foil the sample 

was deposited. The signal for Cu suggests the oxidation state is Cu2+, which is consistent 

with the predicted oxidation state. The two N signals indicated both N-C and N-O type 

bonds, which are both found in the complex.   

Table 14: Atomic Concentration % collected from XPS for [Cug](NO3)2.  
The In signal derives from the sample holder since complex was deposited onto indium 
foil for analysis. 

 Atomic Conc.,% 

C 1s 73.0 

O 1s 16.7 

 
N 1s (N-C) 3.6 

N 1s (N-O) 2.1 

S 2p 1.2 

Cu 2p 0.7 

In 3d (metal) 1.0 

In 3d (oxide) 1.7 

 

The area under the curve of the high resolution spectra represents the percent 

atomic concentration of each element detected by XPS. Table 14 shows the atomic 

concentration of each element for [Cug](NO3)2. Comparison of the atomic concentration 

of different elements can provide insight into complex structure. Carbon and oxygen are 

typically not used in such comparisons because they are common contaminants.   

Table 15: Ratios of atomic composition (%) determined by XPS for the Cu small 
molecule model.  
[Cug](NO3)2 represented 2 NO3 groups bound to the metal center, whereas [Cug](NO3) 
represented 1 NO3 group bound to the metal center. Both theoretical ratios assume 100% 
metallation of the ligand. Actual ratios are calculated by dividing two values of selected elements 
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in Table 14. The actual ratios area agree more with [Cug](NO3) compared to [Cug](NO3)2, 
suggesting only one NO3 group is bound to the metal center. 

 Theoretical Ratio 
for [Cug](NO3)2 

Theoretical Ratio for 
[Cug](NO3) 

Actual Ratio 

N : S   6 5 4.80 
N-O : N-C 1 0.6 0.57 

N : Cu 6 5 8.20 

 

Table 15 shows comparisons between theoretical and actual ratios of select 

elements for the Cu small molecule. The ratio of N:S and N-O:N-C is consistent with the 

theoretical ratio for only one nitrate bound to the metal center. While this is a different 

ligand because it contains ester functionalization, this data is consistent to the metal 

coordination environment suggested by the crystal structure of [Cu-c](NO3)2 (Figure 38). 

The N:Cu ratio is higher than expected, which could potentially be due to excess starting 

material from the metallation reaction.  
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Figure 41: XPS data of [Cug](NO3)2.  
[Cug](NO3)2 was deposited onto indium foil for XPS analysis. High resolution spectra 
demonstrate each element has a characteristic set of peaks representative of the electron 
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configuration of the electrons for that specific element. The area under the curve of these 
high-resolution spectra indicate atom composition. 

Similar data was collected for a polymer that had been metallated with 

Cu(NO3)2�3H2O. Poly-S-2 was mixed with Cu(NO3)2�3H2O, and a blue solid was 

collected. Solid [Cu(poly-S-2)](NO3)2 was deposited onto indium foil and analyzed by 

XPS. The high resolution spectra of the elements found in [Cu(poly-S-2)](NO3)2 are 

shown in Figure 42. The data agreed with the predicted elemental composition of the 

complex, indicating C, O, N, S, and Cu were present. The signal for Cu suggests the 

oxidation state is Cu2+, which is consistent with the predicted oxidation state. The two N 

signals indicated both N-C and N-O type bonds, which were both found in the 

metallopolymer.  

Table 16 shows the atomic concentration of each element for [Cu(poly-S-

2)](NO3)2, and  shows comparisons between theoretical and actual ratios of select 

elements for the Cu-containing polymer. The N:S and N-O:N-C ratios were lower than 

predicted, and the N:Cu ratio was higher than the predicted. This suggested incomplete 

metallation since an increase in N-O type nitrogens and Cu would alter the ratio to be 

closer to the predicted values.  

Table 16: Atomic Concentration % collected from XPS for [Cu(poly-S-2)](NO3)2.  
The In signal derives from the sample holder since complex was deposited onto indium 
foil for analysis. 

 Atomic Conc.,% 

C 1s 64.4 

O 1s 21.7 
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N 1s (N-C) 6.5 

N 1s (N-O) 3.2 

S 2p 3.1 

Cu 2p 1.0 

In 3d (metal) 0.1 

In 3d (oxide) 0.1 

 

Table 17: Ratios of atomic composition (%) determined by XPS for the Cu polymer. 
[Cu(poly-S-2)](NO3)2 represented 2 NO3 groups bound to the metal center, whereas [Cu(poly-S-
2)](NO3) represented 1 NO3 group bound to the metal center. Both theoretical ratios assume 100% 
metallation of the ligand in the polymer. Actual ratios are calculated by dividing two values of 
selected elements in Table 16. The actual ratios are lower than any predicted ratio that assumed 
100% metallation. This data suggests incomplete metallation of the ligand incorporated into the 
polymer.  

 Theoretical Ratio for 
[Cu(poly-S-2)](NO3)2 

Theoretical Ratio for 
[Cu(poly-S-2)](NO3) 

Actual Ratio 

N : S 6 5 3.15 
N-O : N-C 1 0.6 0.49 

N : Cu 6 5 9.60 
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Figure 42: XPS data of [Cu(poly-S-2)](NO3)2.  
[Cu(poly-S-2)](NO3) 2 was deposited onto indium foil for XPS analysis. High resolution 
spectra demonstrate each element has a characteristic set of peaks representative of the 
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electron configuration of the electrons for that specific element. The area under the curve 
of these high-resolution spectra indicate atom composition.  

XPS can inform on the total metal content in both the small molecule model and 

metallopolymer, which is important to ensure full metallation of the polymer. The 

samples characterized by XPS in this work were deposited onto indium foil sample 

holders as solid; future samples should be deposited onto gold sample holders as a 

solution because this will minimize the background contaminant of oxygen caused by 

indium oxidation. 

5.2.1.5 Conclusions for using Cu(NO3)2  

The titration of Cu(NO3)2�3H2O to ligand g suggests complex formation, but the 

binding ratio cannot be determined because of the absorbance of the nitrate ancillary 

ligand; however, the crystal structure and of [Cu-c](NO3)2 and XPS data of [Cug](NO3)2 

suggested 1:1 metal:ligand binding ratio. XPS data of  [Cu(poly-S-2)](NO3)2  suggested 

incomplete metallation of the polymer.  

A crystal structure of the Cu-complex with an ester-containing ligand should be 

completed in order to get a more accurate representation of the coordination 

environment that will occur in the polymer. Additionally, work towards complete 

metallation of the polymer will need to be completed. Once this work is completed, the 

resulting metallopolymer can be subjected to SMFS experiments.  
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5.2.2 Using Cu(NTf2)2
12

 

While use of Cu(NO3)2�3H2O resulted in soluble complexes compared to CuCl2, 

one drawback of using Cu(NO3)2�3H2O was the inability to characterize metal:ligand 

binding by UV-vis spectroscopy. With the prior success of using NTf2 as the ancillary 

ligand in polymeric systems (as described in Ch. 4, Zn(NTf2)2), investigation into using 

Cu(NTf2)2 was completed. The resulting complex can be compared to both the Zn(NTf2)2 

species and the Cu(NO3)2 species, making it an interesting target. Characterization of 

UV-vis titrations to a ligand and polymer using Cu(NTf2)2 is described below.  

5.2.2.1 Titration of Cu(NTf2)2 to small molecule evaluated by UV-visible spectroscopy 

UV-vis titrations can inform on complex formation for both the small molecule 

and polymer, and can be used to determine metal:ligand ratio as long as the metal 

starting salt does not absorb where the final complex absorbs. In order to determine the 

binding ratio of the ligand with Cu2+, titration of Cu(NTf2)2 to ligand g was monitored by 

UV-visible spectroscopy (Figure 43). Ligand g was dissolved in DCM, and aliquots of 

Cu(NTf2)2 in MeCN were added, and a UV-vis scan was taken after each addition. The 

peak at 265 nm increased and the peak at 300 nm decreased with the addition of 

Cu(NTf2)2, and plateaued after 0.66 molar equivalents (Figure 43). These data effectively 

demonstrates the complex forms a 2:1 ligand:metal complex. Dpa-type ligands have 

                                                        

12 Work in this section was completed in collaboration with Dr. Anton Razgoniaev 
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been known to form bis-ligand complexes250-255, so it would not be surprising if the 

modified ligand, g, formed similar bis-ligand complexes.  

 

Figure 43: Titration of Cu(NTf2)2 into a solution of ligand g.  
Left: Monitored by UV-vis, aliquots of 4 µL of 4.75 mM Cu(NTf2)2 added to 75 µM 
ligand in DCM. Right: Absorbance at 265 nm and 310 nm was plotted against molar 
ratio of Cu2+. Both absorbances plateaued at 0.66 equivalent of Cu to ligand, indicating a 
2:1 ligand to Cu complex is not being formed. 

5.2.2.2 Titration of Cu(NTf2)2 to polymer evaluated by UV-visible spectroscopy 

A UV-vis monitored titration was also conducted with Cu(NTf2)2 and the small 

molecular weight polycondensation polymer containing the short linker (poly-S-1 ~5 

kDa). An identical procedure was used as described for the small molecule above. The 

peak at 265 nm increased and the peak at 300 nm decreased with the addition of 

Cu(NTf2)2, and plateaued after 0.66 molar equivalents (Figure 44). The poly-S-1 

metallopolymer seems to have behavior similar to the small molecule model; these data 

suggest a 2:1 ligand to Cu2+ complex formation. A crystal structure of the small molecule 

will be needed to confirm the coordination environment. If a 2:1 ligand to Cu2+ complex 
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is confirmed, Cu(NTf2)2 should not be used to metallate the polymer since crosslinked 

polymers cannot be used in SMFS experiments.    

 

Figure 44: Titration of Cu(NTf2)2 into a solution of polycondensation polymer.  
Left: Monitored by UV-vis, aliquots of 4 µL of 4.75 mM Cu(NTf2)2 added to 75 µM 
ligand in DCM. Molarity of polymer was determined using the MWsum of the monomer 
unit. Right: Absorbance at 265 nm and 310 nm was plotted against molar ratio of Cu2+. 
Both absorbances plateaued at 0.66 equivalent of Cu to ligand, suggesting a 2:1 ligand to 
Cu complex is being formed. 

5.2.2.3 Conclusions to using Cu(NTf2)2  

 An advantage to using Cu(NTf2)2 over Cu(NO3)2�3H2O is the ability to 

characterize metal binding by UV-vis spectroscopy. Results from the titrations suggest 

2:1 ligand:Cu2+ complex formation. Bis-ligand complex formation is not desired for 

polymer systems since it would likely cause crosslinking of polymer strand that cannot 

be tested by SMFS. Before Cu(NTf2)2 is incorporated into a polymer, a crystal structure of 

the small molecule model should be collected. The crystal structure of the Cu(NTf2)2 

complex will confirm the coordination environment of the metal, and whether a bis-

ligand complex is forming.  
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5.2.3 Outlook 

Incorporation of different d-block metals into polymer backbones could alter the 

force-responsive behavior. This work described characterization of small molecule 

models as a way to provide a platform for characterization of the metallopolymers. It is 

necessary to select a small molecule ligand that will most closely mimic the coordination 

environment in the polymer. Future characterization of small molecule complexes 

should be completed with ligands such a g, which contain ester functionalization like 

the polymer.  

This work described characterization of small molecules made from 

Cu(NO3)2�3H2O and Cu(NTf2)2. It will be important to obtain crystals of [Cug](NO3)2 and 

[Cug](NTf2)2 for X-ray crystallography since the ester groups on ligand g will mimic the 

coordination environment in the resulting polymer. These metals will need to be 

incorporated into polymer systems and tested by SMFS.  

Once SMFS experiments have been completed on the Cu-containing polymers, 

these techniques can be expanded to addition d-block metals. Second and third row d-

block metals would result in complexes that are more kinetically inert than first row d-

block metal complexes. One metal that would be of particular interest would be 

Cd(NTf2)2 since it contains bulky ancillary ligands that will promote favorable solubility 

and it contains Cd2+, which is a second row d-block metal that should be less reactive 
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compared to Zn2+. Once the small molecule complex is fully characterized, the 

metallopolymer can be synthesized, characterized, and used in SMFS experiments.   

5.3 Exploring larger deniticity ligands 

The dpa backbone allows for the deniticity of the ligand to be changed 

systematically through the addition of ethylamine units, and the pyridyl rings can be 

substituted to enable inclusion into the polymer backbone. Much like the dpa-type 

ligand, the covalent carbon-nitrogen bonds that comprise the ligand are more 

energetically stable than the coordinate nitrogen-metal bonds, allowing us to probe the 

effect force has on metal-ligand interactions. One potentially interesting aspect about 

larger-denticity ligands is their ability to exist in multiple isomeric states, which may 

allow for future endeavors such as chirality switching. 

5.3.1 Potential for more stored length (demonstrated by CoGEF 
modeling)13 

An attractive feature of dpa is the ability to systematically increase denticity with 

addition of ethylamine units. Known crystal structures of Zn complexes of dpa-type 

ligands with 2,3,4 and 5 ethylamine groups were found in the Cambridge Structural 

Database (Figure 45). Based on these known structures, CoGEF modeling was used to 

estimate contour length for each of the different denticity ligands with potential polymer 

attachment points around the pyridal ring.  

                                                        

13 Work in this section was completed in collaboration with Matias Horst 
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For each ligand arising out of a pair of potential symmetric aryl polymer handle 

positions, the contour length was determined for both the monomer in its fully 

coordinated state to Zn(II) and after extension to the point of monodentate interaction 

between one pyridyl N and Zn. The stored length accessible through this “chelate 

unwinding” transformation is the difference in contour length between this pair of 

molecules, as shown in Figure 46. 

Results from modeling suggest the potential for stored length increases with 

increasing ligand denticity, which is as expected. Additionally, placement of the 

polymer handle at the ortho position to the pyridal nitrogen provides for the most 

stored length for all the different ligands, which is consistent with the computational 

results for the tridentate ligand (Chapter 2, Figure 12). From this modeling, the Pytrien 

ligand with polymer handles ortho (R1) to the pyridal nitrogen has the largest predicted 

stored length. 
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Figure 45: A series of dipicolylamine (dpa) derivatives where successive analogues 
have increased ligation potential afforded by an additional ethylamine unit.  
Crystal structures of analogous literature-reported zinc complexes containing each 
ligand and 0 or 2 ancillary chlorides have been reported and are shown in the middle 
row. Structure with different potential handle positions for polymer functionalization 
were then computationally analyzed to determine contour length and length change. 
Definition of placement for polymer handles represented in the pyridine at the top. 
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Figure 46: The contour length change in a metal complex as metal-ligand bonds are 
cleaved depends both on the denticity of the chelator and on the position of 
polymeric handles.  
From computational modeling, higher denticity ligands have greater stored length 
arising during the transition from coordinative saturation to monodentate coordination 
of a metal. These results show stored length is the greatest when functionalized at the R1 
position compared to the R4 position. 

5.3.2 Linear tetradentate ligand  

In order to incorporate a higher denticity ligand into a polymer, synthesis of a 

macrocyclic tetradentate ligand was necessary. To meet this goal, a synthetic path 

similar to that used for the tridentate macrocycle was employed, including the synthesis 

of a linear diol ligand, an acyclic diene, and finally a ligand-containing macrocycle 

(Scheme 37).  

 The first generation of the tetradentate ligand contained methyl groups on the 

two central amines in hopes of preventing addition at the nitrogens (Scheme 37). Diol h 

was synthesized by the condensation between 2 eq. of a with N,N-dimethylethane-1,2-

diamine in the presence of K2CO3 in acetone (Scheme 37). Diol h was successfully 

isolated, and used to synthesize the acyclic diene, i, by EDCI coupling with 4-pentenoic 
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acid in the presence of DMAP in THF. Addition of 4-pentenoic acid at the central 

nitrogens occurred, suggesting the methyl group may not be bulky enough to prevent 

this reaction; however, some of the intended product was successfully isolated. RCM 

was run with similar conditions established in Ch. 2, with use of Hoveyda-Grubbs 2nd 

generation catalyst under dilute conditions and titanium isopropoxide as an additive. 

Macrocycle j was successfully isolated, but in very poor yield (~5%). Regardless, several 

attempts at ED-ROMP were made, but resulted in insoluble solids, potentially from 

polymer crosslinking. 

 

Scheme 37: Total synthetic scheme of a macrocycle containing a tetradentate ligand.  
Condensation reaction between a and N,N-dimethylethane-1,2-diamine resulted in the 
diol-functionalized tetradentate ligand (h). h was further functionalized with terminal 
alkenes. A small amount of desired product was isolated because addition at the central 
amines occurred. RCM was run on the purified acyclic diene, i, and macrocycle j was 
isolated. 
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Since the methyl group on the central nitrogens did not seem bulky enough to 

prevent reactions at that position, the N,N-dimethylethane-1,2-diamine starting material 

for the diol was replaced with N,N-dibenzylethane-1,2-diamine (Scheme 38, k). The 

acyclic diene, l, was synthesized using diol k with DMAP and 4-pentenoic anhydride. 

Using the more reactive anhydride increased the yield of the acyclic diene. Additionally, 

the bulky group on the central amines prevented addition at this position. Macrocycle m 

was successfully isolated using conditions for RCM found in Ch. 2.  

 

Scheme 38: Total synthetic scheme of a macrocycle containing a tetradentate ligand 
that has been modified to have a bulky group on the central amines.  
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Diol k was synthesized by the condensation reaction between a and N,N-
dibenzylethane-1,2-diamine. The benzyl group on the central amines of diol k were 
bulkier than the methyl groups of diol h, and prevented addition of 4-pentenoic 
anhydride at this position, resulting in the acyclic diene l. Macrocycle m was 
successfully synthesized using RCM reaction conditions as described above. 

5.3.3 Pyridine pendant arm ligand 

Introduction of a chelating group on the central nitrogen of the tridentate ligand, 

such as a pyridyl group, provides for a tetradentate ligand with a different architecture 

(Scheme 39). There are many known metal complexes with this tetradentate ligand. 

While the pyridyl-metal bond of the pendant arm will not be in directly in the force 

vector, it could provide for a more thermodynamically stable metal complex and may 

alter the force-responsive behavior.  

 

Scheme 39: Synthesis of a tetradentate macrocycle utilizing a pyridine pendant arm.  
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Condensation reaction between a and pyridine-2-yl-methanamine resulted in the diol-
functionalized ligand (n). EDCI coupling resulted in the acyclic diene ligand, o. RCM 
was run on the purified acyclic diene, o, and macrocycle p was isolated. 

The synthesis of this ligand followed the same general path as all the other 

ligands. Diol n was successfully synthesized by the condensation reaction between a and 

pyridine-2-yl-methanamine in the presence of TEA in MeCN. The acyclic diene, o, was 

synthesized by EDCI/DMAP coupling of 4-pentenoic acid in THF. Yield was modest 

(26%), and would likely be improved using the anhydride instead of the acid. RCM of o 

produced macrocycle p in poor yield (12%). Purification of all of these intermediates was 

difficult since these compounds do not run well on column chromatography.  

5.3.4 Polymer Synthesis and Force Testing 

ROMP-type polymers were successfully synthesized using both macrocycle m 

and p (Scheme 40). Conditions described in Ch.2 were used in the synthesis of these 

polymers. For both LT-ROMP and PT-ROMP, the respective macrocycle was loaded 

into an LC-MS vial, along with Ti(OiPr)4 and epoxyCOD. Grubbs 3rd generation catalyst 

was added, and the reaction stirred overnight.  
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Scheme 40: ROMP polymerization of tetradentate ligands.  
Reaction conditions for both polymerizations were similar to those used for polymers in 
Chapter 2.  

Both polymers were collected, and metallation with Cu(NO3)2�3H2O was 

attempted, resulting in a blue substance. No further characterization of these 

compounds was completed. For both the apo- and metallo-polymers of both ligand 

types, SMFS experiments were attempted using a cantilever with a spring constant 

around 20 pN/nm. Pulls on single polymer strands were successfully made for all 

polymers; however, no plateaus were observed for the metallopolymers. The results of 

these SMFS experiments are inconclusive.  

If SMFS experiments were to be completed on polymers like LT-ROMP and PT-

ROMP and their resulting metallopolymers, the metallopolymers must be stringently 

characterized, including how the metal in coordinated. Further, future SMFS 
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experiments should utilize cantilevers with spring constants ~6 pN/nm, which allow for 

resolution of low forces, as described in Ch. 4.  

5.3.5 Outlook  

 Before any additional testing by SMFS is completed, a small molecule model 

should be synthesized in order to characterize the coordination environment of the 

metal. It is important to map the coordination behavior of the metal in a model system in 

order to compare the behavior in the polymeric system. Scheme 41 proposes the 

synthesis of ligands that could serve as a model system for the behavior of the complex 

in the polymer. These ligands contain the ester functional group, allowing for a more 

direct comparison to the polymer.  

 

Scheme 41: Proposed small molecule models for the different ligands discussed in 
this chapter.  
Taking advantage of chemistry already discussed, the diol ligands can be functionalized 
with an ester moiety, allowing for direct comparison to metal binding abilities in 
polymeric systems.  
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 Both of these tetradentate ligands have been demonstrated to bind a variety of 

different metals.256-263 Many of the characterization techniques of metal complexes 

described in this work could be used for the characterization of metal complexes 

containing these ligands. Crystal structures of the small molecule models will be 

important for determining the coordination environment around the metal center. 

Crystal structures will also allow for more accurate modeling by CoGEF for future 

complexes.  

 The ligands shown here have the potential for more stored length, as 

demonstrated by CoGEF calculations. SMFS experiments should be repeated, however 

using cantilevers with a smaller spring constant, to allow for resolution of the low force 

regime. Work in this dissertation only demonstrated the possibility of incorporating 

these ligands into polymers by ED-ROMP; continued work should be focused on 

improving the synthetic methods for high molecular weight polymers. If high molecular 

weight polymers cannot be achieved using ROMP, polycondensation is a viable 

polymerization technique, which has not been attempted with these ligands. 

Polycondensation is an attractive method because it minimizes the number of synthetic 

steps before polymerization, which reduces the need of time-consuming purification of 

the intermediates.  
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5.4 Experimental methods 

5.4.1. General information  

General Information. Solvents were purchased from Sigma Aldrich and purified with 

an Innovative Technology solvent purification system. CDCl3 and MeCN-d3 were 

purchased from Sigma Aldrich. Metal salt starting materials were purchased from TCI. 

Grubbs catalysts were a gift from Materia. All other reagents were purchased from 

Sigma-Aldrich or Alfa Aesar and used without further purification. All gel permeation 

chromatography (GPC) was performed with an Agilent Infinity LC system utilizing two 

in-series columns (Agilent Technology PL gel mixed-C 105Å, 7.5 × 300 mm, 5 µm, part 

number PL1110-6500) with THF as the mobile phase and a flow rate of 1.0 mL min-1 

maintained with a Varian Prostar Model 210 pump. In-line Wyatt Optilab T-rEX 

refractive index detector and Wyatt miniDAWN TREOS multi-angle light scattering 

detector were used to calculate molecular weights. An Agilent 1260 Infinity DAD 

detector was used to measure UV absorbance.  

Characterization. NMR spectra (1H and 13C) were obtained on either a 400 MHz 

Varian INOVA or 500 MHz Varian spectrometer, as noted. High-resolution mass 

spectrometry was performed on an Agilent LCMS-TOF–DART at Duke University’s 

Department of Chemistry Instrumentation Facility. MALDI was collected on a Bruker 

Autoflex Speed LRF MALDI-TOF System using gold-coated plates. UV-Visible 
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absorption spectra were collected using a Varian Cary 50 UV-Visible spectrophotometer 

in quartz cuvettes with 1-cm pathlengths.  

Crystals suitable for X-ray crystallography were collected by vapor diffusion using 

MeCN and diethyl ether. Dr. Roger Sommer at NCSU collected the crystal structure. 

Data collection: Bruker Instrument Service v2013.12.0.0; cell refinement: APEX3 v2017.3-

0 (Bruker AXS); data reduction: SAINT V8.38A (Bruker AXS Inc., 2017); program(s) used 

to solve structure: XS, VERSION 2013/1; program(s) used to refine structure: 

SHELXL2016/6 (Sheldrick, 2016). 

XPS data was collected by Catherine Mckenas and Dr. Carrie Donley using a Kratos 

Axis Ultra DLD X-ray Photoelectrons Spectrometer.   

5.4.2 Different metals 

5.4.2.1 Uv-vis titrations  

In the typical titration experiment, 90 µL of 2 mM ligand in DCM was diluted to 2.4 mL 

with DCM in a UV-vis cuvette. 4 µL aliquots of 4.75 mM metal stock solution in MeCN 

was added to the polymer and monitored by UV-vis. 

Ligands include c (NsDiol), g (BuEster), and poly-S-1 (~5 kDa polycondensatio-type 

polymer with the short linker). Molarity of the polymer was determined using the 

MWsum of the monomer unit.  

Metal salts include Cu(NO3)2�3H2O and Cu(NTf2)2. 
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5.4.2.2 Using Cu(NO3)2 

Crystals suitable for X-ray crystallography were collected by vapor diffusion using 

MeCN and ether. Dr. Roger Sommer at NCSU collected the crystal structure on a 

Bruker-Nonius X8 Kappa APEXII equipped with an APEX II CCD detector and four 

circle goniometer. Radiation source was MoKa radiation. 

Synthesis of ligand g 

 

Scheme 42: Synthesis of g, (((((4-
nitrophenyl)sulfonyl)azanediyl)bis(methylene))bis(pyridine-6,2-diyl))bis(methylene) 
dipentanoate. 

In a RB flask, c (1.15 g, 2.59 mmol) and DMAP (0.95 g, 7.76 mmol) were dissolved in 125 

mL anhydrous DCM. Valeric anhydride ( 1.91 g, 2.03 mL, 10.3 mmol) was added. After 

72 hours, the reaction was filtered, and the solvent from the filtrate was removed by 

evaporation under reduced pressure. The compound was purified by flash 

chromatography (silica gel) using 5% MeOH in DCM as the eluent. The solvent was 

removed by evaporation under reduced pressure, yielding a yellow oil. 1.50 g, 95% 

yield. 1H NMR (400 MHz, Chloroform-d) δ 8.28 – 8.20 (m, 2H), 7.97 – 7.92 (m, 2H), 7.63 

(t, J = 7.8 Hz, 2H), 7.26 (s, 2H), 7.17 (d, J = 7.7 Hz, 2H), 4.97 (s, 4H), 4.67 (s, 4H), 2.42 – 2.37 

(m, 4H), 1.64 (dt, J = 15.2, 7.5 Hz, 4H), 1.36 (dq, J = 14.6, 7.4 Hz, 4H), 0.92 (t, J = 7.4 Hz, 
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6H). 13C NMR (400 MHz, CDCl3) δ 172.64, 155.34, 154.89, 149.26, 145.50, 137.05, 128.16, 

123.46, 121.24, 119.69, 77.16, 65.55, 52.54, 33.25, 26.46, 21.75, 13.23. HR-ESIMS (m/z): calcd 

for [M + H]+ C30H36N4O8S is 613.2327, found 613.2335. 

5.4.3 Exploring larger deniticity ligands  

5.4.3.1 CoGEF modeling  

Contour length was determined based on established methods that have 

provided results for organic molecules consistent with experimental SMFS 

measurements within instrumental error. 28, 90-91 Modeling was performed on Spartan ’10 

molecular modeling software using Molecular Mechanics at the MMFF level.  

Unconstrained molecules were modeled to give ground state energies. A 

constraint was then applied to the termini of each molecule’s polymer handles and then 

lengthened until the molecular energy predicted by MMFF was greater than 100 kJ/mol 

above the ground state. The equilibrium geometry for a series of molecules at constraint 

intervals of 0.02 Å was then evaluated by MMFF. The molecule was allowed to relax 

down the potential energy surface by contraction of the constraint, giving a series of 

predicted molecular energies as a function of constraint distance. These energies were 

plotted against constraint distance (displacement) and fit with a quadratic equation. The 

derivative of the quadratic fit gives a force vs. distance linear function. Extrapolation to 

zero forces gives the force-free end-to-end distance, or the force-free contour length. 

Subtracting the calculated contour length of the singly coordinated species from the 
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completely coordinated of the different polymer handle attachment points provides an 

estimate of total “stored length” that should be released upon application of force. 

5.4.3.2 Synthetic procedures 

Synthesis of compound h 

 

Scheme 43: Synthesis of (((ethane-1,2-
diylbis(methylazanediyl))bis(methylene))bis(pyridine-6,2-diyl))dimethanol. 

A mixture of a (7.39 g, 36.9 mmol), N,N-dimethylethylenediamine (1.62 g, 1.98 mL, 18.5 

mmol), and K2CO3 (5.12 g, 36.9 mmol) in 500 mL acetone was heated to 60°C. After 48 h, 

the reaction was cooled to RT, and a precipitate formed. The reaction was filtered, and a 

clear filtrate was collected. Solvent was removed by evaporation under reduced 

pressure. The compound was purified by flash chromatography (silica gel) using 20% 

MeOH in CHCl3 as the eluent.  1.74 g, 29% yield. 1H NMR (400 MHz, Chloroform-d) δ 

7.60 (t, J = 7.7 Hz, 2H), 7.23 (d, J = 7.6 Hz, 2H), 7.12 (d, J = 7.7 Hz, 2H), 4.71 (s, 4H), 4.08 (s, 

2H), 3.70 (s, 4H), 2.61 (s, 4H), 2.24 (s, 6H). 13C NMR (400 MHz, Chloroform-d) δ 159.43, 

157.34, 137.30, 121.83, 119.29, 77.16, 64.22, 63.48, 54.65, 42.71. HR-ESIMS (m/z): calcd for 

[M + H]+ C18H26N4O2 is 331.2129, found 331.2129. 

Synthesis of compound i 
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Scheme 44: Synthesis of i, (((ethane-1,2-
diylbis(methylazanediyl))bis(methylene))bis(pyridine-6,2-diyl))bis(methylene) 
bis(pent-4-enoate). 

In a RB flask, h (1.42 g, 4.30 mmol) and DMAP (1.64 g, 13.4 mmol) were dissolved in 50 

mL dry THF. Dry DCM (50 mL) was added until everything dissolved fully. In a 

separate flask, 4-pentenoic acid (0.96 g, 1.03 mL, 12.88 mmol) and EDCI (1.33 g, 8.60 

mmol) were dissolved in 50 mL dry THF. The solution of h/DMAP was transferred to 

the suspension of 4-pentenoic acid/EDCI by cannula. The reaction was heated to 70°C 

and allowed to stir under argon overnight. After 72 hours, the reaction was cooled to RT, 

and drops of H2O were added. The reaction was filtered, and the solvent from the 

filtrate was removed by evaporation under reduced pressure. The compound was 

purified by flash chromatography (silica gel) using 10% MeOH in DCM as the eluent. 

The solvent was removed by evaporation under reduced pressure, yielding a yellow oil. 

0.892 g, 42% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.64 (t, J = 7.7 Hz, 2H), 7.37 (d, J 

= 7.6 Hz, 2H), 7.19 (d, J = 7.7 Hz, 2H), 5.82 (ddt, J = 16.7, 10.3, 6.4 Hz, 2H), 5.19 (s, 4H), 

5.05 (dq, J = 17.2, 1.6 Hz, 2H), 5.01 – 4.97 (m, 2H), 3.69 (s, 4H), 2.56 – 2.47 (m, 6H), 2.44 – 

2.35 (m, 6H), 2.27 (s, 6H). 13C NMR (400 MHz, Chloroform-d) δ 172.65, 159.00, 155.14, 

137.16, 136.56, 122.25, 119.96, 115.65, 77.16, 66.85, 63.87, 55.25, 42.87, 33.46, 28.81. HR-

ESIMS (m/z): calcd for [M + H]+ C28H38N4O4 is 495.2966, found 495.2964. 
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Synthesis of compound j 

 

Scheme 45: Synthesis of j, 3,6-dimethyl-10,19-dioxa-3,6-diaza-1,8(2,6)-
dipyridinacycloicosaphan-14-ene-11,18-dione. 

A dry round bottom was charged with i (0.79 g, 1.59 mmol) and anhydrous DCM to a 

final reactant concentration of 1.5 mM (1.2 L). To this was added titanium isopropoxide 

(0.462 g, 0.481 mL, 1.59 mmol). Hoveyda-Grubbs II (0.048 g, 0.08 mmol) was added, and 

the solution turned light green. The reaction was sparged with argon and allowed to stir 

overnight. After ~20 hours, the reaction was quenched by addition of ethyl vinyl ether 

(0.171 g, 0.190 mL, 2.28 mmol). After 30 minutes of stirring, several scoops of silica were 

added, and the solvent was removed by evaporation under reduced pressure. The 

products, having been adsorbed onto the silica, were purified by flash chromatography 

using 10% MeOH in DCM. 0.037 g, 5% yield. 

Synthesis of compound k 
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Scheme 46: Synthesis of k, (((ethane-1,2-
diylbis(benzylazanediyl))bis(methylene))bis(pyridine-6,2-diyl))dimethanol. 

A mixture of a (5.47 g, 27.3 mmol), N,N’-dibenzylethylenediamine (3.28 g, 3.22 mL, 13.7 

mmol), and Cs2CO3 (8.90 g, 27.3 mmol) in 225 mL acetone was heated to 60°C. After 72 

hours, the reaction was cooled to RT, and a precipitate formed. The reaction was filtered, 

and a brown filtrate was collected. Solvent was removed by evaporation under reduced 

pressure. The compound was purified by flash chromatography (silica gel) using 10% 

MeOH in DCM as the eluent. The solvent was removed by evaporation under reduced 

pressure, yielding a brown oil, 6.12 g, 93% yield. 1H NMR (400 MHz, Chloroform-d) δ 

7.57 (t, J = 7.7 Hz, 2H), 7.33 (d, J = 7.6 Hz, 2H), 7.27 (d, J = 6.6 Hz, 7H), 7.26 – 7.21 (m, 3H), 

7.06 (d, J = 7.6 Hz, 2H), 4.70 (s, 4H), 3.72 (s, 4H), 3.59 (s, 4H), 2.68 (s, 4H). 13C NMR (400 

MHz, Chloroform-d) δ 158.88, 158.46, 138.90, 137.17, 128.83, 128.27, 127.05, 121.35, 

118.85, 77.16, 64.12, 59.91, 59.08, 51.53. HR-ESIMS (m/z): calcd for [M + H]+ C30H34N4O2 is 

483.2755, found 483.2755. 

Synthesis of compound l 
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Scheme 47: Synthesis of l, (((ethane-1,2-
diylbis(benzylazanediyl))bis(methylene))bis(pyridine-6,2-diyl))bis(methylene) 
bis(pent-4-enoate). 

In a RB flask, k (0.652 g, 1.35 mmol) and DMAP (0.495 g, 4.05 mmol) were dissolved in 

100 mL dry DCM. In a separate flask, 4-pentenoic anhydride (0.517 g, 0.518 mL, 2.84 

mmol) was dissolved in 5 mL dry DCM. The solution of 4-pentenoic anhydride was 

transferred to the k/DMAP solution by cannula. The reaction was allowed to stir under 

argon for 48 hours. Solvent was removed to about 20% of the initial amount by 

evaporation under reduced pressure. Ether was added, and the product was extracted 

into DCM and washed with water. The DCM layer was dried over sodium sulfate, and 

the solvent was removed by evaporation under reduced pressure, yielding a brown oil. 

0.815 g, 93% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.59 (t, J = 7.7 Hz, 2H), 7.42 (d, J 

= 7.7 Hz, 2H), 7.30 – 7.26 (m, 5H), 7.26 – 7.20 (m, 5H), 7.17 (d, J = 7.6 Hz, 2H), 5.83 (ddt, J = 

16.7, 10.2, 6.4 Hz, 2H), 5.18 (s, 4H), 5.08 – 4.98 (m, 4H), 3.71 (s, 4H), 3.57 (s, 4H), 2.68 (s, 

4H), 2.53 – 2.48 (m, 4H), 2.44 – 2.40 (m, 4H). 13C NMR (400 MHz, Chloroform-d) δ 172.73, 

160.16, 154.88, 139.14, 137.18, 136.64, 128.84, 128.29, 127.03, 121.83, 119.91, 115.71, 77.16, 

66.91, 60.34, 59.01, 51.81, 33.53, 28.89. HR-ESIMS (m/z): calcd for [M + H]+ C40H46N4O4 is 

647.3592, found 647.3588. 



 

 

170 

Synthesis of compound m 

 

Scheme 48: Synthesis of m, 3,6-dibenzyl-10,19-dioxa-3,6-diaza-1,8(2,6)-
dipyridinacycloicosaphan-14-ene-11,18-dione. 

A dry round bottom was charged with l (0.7985 g, 1.23 mmol) and anhydrous DCM to a 

final reactant concentration of ~1.0 mM (1.5 L). To this was added titanium isopropoxide 

(0.357 g, 0.372 mL, 1.23 mmol). Hoveyda-Grubbs II (0.0369 g, 0.062 mmol) was added, 

and the solution turned light green. The reaction was sparged with argon and allowed to 

stir overnight. After ~20 hours, the reaction was quenched by addition of ethyl vinyl 

ether (0.133 g, 0.149 mL, 1.85 mmol). After 30 minutes of stirring, several scoops of silica 

were added, and the solvent was removed by evaporation under reduced pressure. The 

products, having been adsorbed onto the silica, were purified by flash chromatography 

using 3:2 ethyl acetate and hexanes with 1% acetone. 0.1094 g, 14% yield. 1H NMR (400 

MHz, Chloroform-d) δ 7.53 (t, J = 7.7 Hz, 2H), 7.39 – 7.27 (m, 10H), 7.25 – 7.21 (m, 2H), 

7.10 (d, J = 7.6 Hz, 2H), 5.46 (d, J = 3.3 Hz, 2H), 5.10 (s, 4H), 3.65 (s, 4H), 3.58 (s, 4H), 2.62 

(s, 4H), 2.39 (d, J = 6.4 Hz, 6H), 2.32 (s, 4H). 13C NMR (400 MHz, Chloroform-d) δ 160.27, 

158.67, 139.26, 137.17, 136.68, 128.85, 128.32, 127.04, 121.80, 119.91, 115.74, 77.16, 67.00, 
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60.47, 59.07, 51.91, 33.58, 29.83, 28.94. HR-ESIMS (m/z): calcd for [M + H]+ C38H42N4O4 is 

619.3279, found 619.3268. 

Synthesis of compound n 

 

Scheme 49: Synthesis of n, ((((pyridin-2-
ylmethyl)azanediyl)bis(methylene))bis(pyridine-6,2-diyl))dimethanol. 

A mixture of a (5.71 g, 28.5 mmol), 2-picolamine (1.54 g, 1.47 mL, 14.3 mmol), and 

triethylamine (2.88 g, 4.00 mL, 28.5 mmol) in 200 mL MeCN was heated to 60°C. After 72 

hours, the reaction was cooled to RT, and a white precipitate formed. The reaction was 

filtered, and a brown filtrate was collected. Solvent was removed by evaporation under 

reduced pressure. The compound was purified by flash chromatography (silica gel) 

using 8:2 ethyl acetate to hexanes as the eluent. The solvent was removed by 

evaporation under reduced pressure, yielding a brown oil, 1.74 g, 35% yield. 1H NMR 

(400 MHz, Chloroform-d) δ 8.46 (d, J = 4.6 Hz, 1H), 7.57 (dt, J = 15.4, 7.7 Hz, 4H), 7.42 (d, 

J = 7.7 Hz, 1H), 7.24 (s, 1H), 7.07 (d, J = 7.7 Hz, 3H), 4.68 (s, 4H), 3.75 (s, 6H). 13C NMR 

(400 MHz, Chloroform-d) δ 159.22, 158.61, 157.53, 149.20, 137.24, 136.84, 123.21, 122.36, 

121.49, 119.22, 77.16, 63.93, 59.66, 50.09. HR-ESIMS (m/z): calcd for [M + H]+ C20H22N4O2 

is 351.1816, found 351.1822. 
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Synthesis of compound o 

 

Scheme 50: Synthesis of o, ((((pyridin-2-
ylmethyl)azanediyl)bis(methylene))bis(pyridine-6,2-diyl))bis(methylene) bis(pent-4-
enoate). 

In a dry RB flask, n (2.39 g, 6.83 mmol) and DMAP (2.50 g, 20.5 mmol) were dissolved in 

100 mL dry THF. In a separate RB, 4-pentenoic acid (1.65 mL, 15.0 mmol) and EDCI (2.12 

g, 13.7 mmol) were dissolved in dry THF. The solution of TPA diol/DMAP was 

transferred to the suspension of 4-pentenoic acid/EDCI by cannula. The reaction was 

heat to 60°C and stirred for 48 hours. The reaction was cooled to RT and filtered. The 

filtrate was collected and solvent was removed by evaporation under reduced pressure. 

The compound was purified by flash chromatography (silica gel) using 15% MeOH in 

DCM as the eluent. The solvent was removed by evaporation under reduced pressure, 

yielding a yellow-brown oil. 0.92 g, 26% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.61 

(td, J = 7.7, 3.6 Hz, 3H), 7.53 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 7.7 Hz, 2H), 7.12 (dd, J = 10.0, 

7.1 Hz, 3H), 5.81 – 5.70 (m, 2H), 5.15 (s, 4H), 5.01 – 4.91 (m, 4H), 3.82 (s, 4H), 2.47 – 2.43 

(m, 4H), 2.34 (q, J = 6.6, 6.1 Hz, 6H). 13C NMR (400 MHz, Chloroform-d) δ 175.79, 172.54, 

158.98, 155.06, 148.55, 137.18, 136.84, 136.45, 123.15, 122.02, 119.96, 115.56, 115.14, 77.16, 
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66.59, 59.90, 59.74, 33.35, 28.72. HR-ESIMS (m/z): calcd for [M + H]+ C30H34N4O4 is 

515.2653, found 515.2656. 

Synthesis of compound p 

 

Scheme 51: Synthesis of p, 3-(pyridin-2-ylmethyl)-7,16-dioxa-3-aza-1,5(2,6)-
dipyridinacycloheptadecaphan-11-ene-8,15-dione. 

A dry RB flask was charged with o (0.49 g, 0.97 mmol) and 1 L anhydrous DCM. 

Titanium isopropoxide (0.29 mL, 0.97 mmol) was added, followed by Hoveyda-Grubbs 

II (0.02 g, 0.048 mmol), and the solution turned light green. The reaction was sparged 

with argon and allowed to stir overnight. The next day, the reaction was quenched with 

ethyl vinyl ether (0.12 mL, 1.45 mmol) and stirred for ~30 minutes. Silica gel was added, 

and solvent was removed under reduced pressure. The product was purified by flash 

chromatography using 5% MeOH in DCM as the eluent. 0.056 g, 12% yield. 1H NMR 

(400 MHz, Chloroform-d) δ 8.56 (s, 1H), 7.67 (d, J = 7.6 Hz, 2H), 7.58 (t, J = 7.8 Hz, 3H), 

7.41 (d, J = 7.4 Hz, 1H), 7.34 (d, J = 7.6 Hz, 1H), 7.19 (s, 1H), 7.12 (d, J = 6.2 Hz, 1H), 5.09 (s, 

4H), 3.90 (d, J = 18.3 Hz, 6H), 2.55 – 2.13 (m, 12H). 13C NMR (400 MHz, Chloroform-d) δ 

172.88, 159.45, 154.57, 149.09, 136.93, 136.75, 129.31, 128.96, 123.23, 122.75, 122.31, 121.03, 
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77.16, 66.54, 60.75, 60.09, 34.50, 34.21, 28.03. HR-ESIMS (m/z): calcd for [M + H]+ 

C28H30N4O4 is 487.2340, found 487.2345. 

Polymer synthesis  

 

Scheme 52: ED-ROMP synthesis of higher denticity ligands.  

To a dry LCMS vial was added ligand macrocycle (m or p) as a solid. Titanium 

isopropoxide (0.1 equiv compared to ligand macrocycle) was added, and epoxyCOD 

was added, followed by a minimal amount of dry DCM. A 5 mM stock solution of 

Grubbs 3rd generation in dry DCM made and added to the reaction vial (see Table 5 

below for specifics). The vial was purged with inert gas, sealed, and stirred overnight, 

after which 0.01 mL di(ethylene glycol) vinyl ether was added and allowed to stir for 30 

min. The solution was diluted with a minimal amount of dry DCM and passed through 

a silica plug. The flow-through was precipitated by addition of ether, redissolved in 
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DCM, and precipitated from ether 2 additional times. Representative NMR for LT-

ROMP: 1H NMR (400 MHz, Chloroform-d) δ 7.67 (s, 1H), 7.55 (s, 1H), 7.19 (s, 1H), 5.48 

(d, J = 19.8 Hz, 17H), 3.87 (s, 3H), 3.75 (s, 3H), 3.63 (s, 1H), 2.92 (s, 17H), 2.17 (s, 43H), 1.58 

(s, 74H). Representative NMR for PT-ROMP: 1H NMR (400 MHz, Chloroform-d) δ 7.58 

(s, 1H), 7.42 (d, J = 8.3 Hz, 1H), 7.26 (s, 5H), 7.16 (s, 1H), 5.48 (d, J = 19.9 Hz, 16H), 3.77 – 

3.52 (m, 9H), 2.92 (s, 14H), 2.20 (d, J = 25.8 Hz, 39H), 1.58 (s, 45H). 

Table 18: Exact reaction conditions for ROMP polymerizations of higher denticity 
ligands.  
aDetermined by GPC. 

 Macrocycle 
(mg) 

epoxyCOD 
(µL) 

Ti(
OiPr

)4 
(µL) 

Grubbs 3rd (µL, 
5mM stock) 

DCM 
(µL) 

Mna 

(kDa) 
Đa 

LT-ROMP 20.0, m 29.0 1.00 42 200 26 1.4 
PT-ROMP 10.6, p 21.0 0.70 27  150 21 1.3 
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6. Structure-activity relationships of metal-binding 
hydrazone photoswitches14 

6.1 Introduction 

Light is an attractive stimulus because it offers precise and specific control over 

chemical transformations. The use of photochromic moieties as light-activated molecular 

switches has impacted several disparate fields, from neurobiology to materials 

science.264-269 The simple input of light can induce chemical and physical changes in the 

switching species that result in an array of desirable outputs, ranging from enzyme 

activation176, 270-272 and drug delivery273 to feedback loops,274 self-organizing materials,275 

and energy and electron transfer.181, 276-277 

  The desirable properties of a photoswitch depend on the application. For 

example, activation wavelengths in the visible region of the electromagnetic spectrum 

are preferable for in cellulo photoswitching experiments to avoid UV-induced 

photodamage or other off-target effects on cells.278 Much work towards visible-light 

switching azobenzene derivatives have successfully been completed,279, 280 and some 

azobenzene derivatives undergo a trans/cis isomerization under near infrared light, 

which is desirable for work with human tissue.281 Applications in chemical signaling 

would benefit from rapid thermal relaxation of the metastable photoproduct so that a 

single light source could provide brief pulses of a photoisomer.282-283 A great deal of work 

                                                        

14 This chapter was adopted from: Hall, K.C. et al., Photochem. Photobiol. Sci. 2017, 16(11), 1604-1612. 
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in recent years has produced several promising methods for improving photoisomer 

yields.284-290  

 While strides have been made to expand the scope of photoswitching molecules, 

the ability to dial particular attributes into multi-responsive molecules remains an active 

research goal toward creating increasingly sophisticated responsive molecules and 

materials.191, 279-280, 291-292 Hydrazones are attractive photoswitches because of their ease of 

synthesis and the variety of modifications that can be made to change their 

photophysical behaviour.191 Photoswitching behavior was reported by our group for a 

metal-binding aroylhydrazone, (E)-N'-(1-(2-

hydroxyphenyl)ethylidene)isonicotinohydrazide (HAPI).194 Irradiation of HAPI with 

broad spectrum UVA light centered at 365 nm induces E-Z isomerization, as depicted 

schematically in Figure 47. Calculations to determine geometry optimizations of the E 

and Z isomers of HAPI using B3LYP293-294 functional and a polarizable continuum model 

predicted the E isomer to adopt a planar structure, while the phenol-bearing aromatic 

ring is predicted to rotate out of the molecular plane in the Z configuration, disrupting 

electronic conjugation and resulting in loss of features in the absorption spectrum.194 

 

Figure 47: Photoisomerization of aroylhydrazones.  
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Isomerization from the ground-state E isomer to the metastable Z isomer is expected to 
cause the phenol-containing ring to rotate out of the molecular plane and disrupt the 
extended conjugation present in the ground state. 

While similar behavior has been observed for some arylhydrazones,192, 295-297 this 

was the first report of dual-wavelength switchability in this class of O,N,O-chelator 

aroylhydrazones. In pH 7.4 buffer the metastable Z isomer was found to switch back to 

E slowly by thermal relaxation or the equilibrium could be shifted to E rapidly by UVC 

irradiation centered at 254 nm. E-Z isomerization abrogates metal binding affinity, thus 

metal chelation occurs only when in the E isomer. In this way the ligand’s metal affinity 

can be toggled in a wavelength-dependent manner, with the caveat that formation of a 

highly stable metal-(E)-HAPI complex renders the molecule inert to photoreaction. The 

suppression of HAPI isomerization by transition metal binding installs a layer of 

chemical control over photoswitch reactivity. The reactivity of HAPI or analogous 

structures will potentially be useful for constructing systems subject to control by 

multiple stimuli, including responsive materials, molecular logic systems, and light-

triggered molecular interactions. 

 The interesting properties of HAPI motivated the further exploration of the 

photoactive properties of this class of phenol-containing aroylhydrazone metal 

chelators. In particular, we were interested in developing analogs that could 

photoisomerize upon excitation with visible light, could be repeatedly toggled between 

two isomers, would have lifetimes of the metastable photoisomer that could be tuned for 
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either fast or slow thermal relaxation back to their resting state, and would retain the 

differential metal affinity between the two isomers. We were also interested in 

identifying sites that could be used to link the photoswitch to other molecules for future 

applications, while maintaining their overall ease of synthesis. The straightforward, one-

step reaction with one-step filtration makes this hydrazone class of compounds 

attractive on that front. In this work, 16 HAPI-like aroylhydrazones were prepared and 

the effect of various structural modifications on UV and visible light sensitivity, 

photostationary state composition, Z isomer thermal stability, and relative iron(III) 

binding affinity are compared. 

6.2 Results and discussion 

6.2.1 Synthesis and spectral properties of HAPI derivatives 

 HAPI and 16 derivatives were synthesized in straightforward, one-step reactions 

from commercially available hydrazides and acetophenones (Table 19). Most 

compounds were prepared by combining the two starting materials in ethanol, heating 

to reflux, then collecting the precipitate by vacuum filtration directly from the cooled 

reaction mixture without further purification necessary. All products were isolated as 

solids. In some cases use of catalytic acetic acid or a higher-boiling alcohol solvent 

optimized these general conditions. Several compounds from this set have been 

previously reported.298 The hydrazone-forming reaction is sufficiently robust to tolerate 

a wide range of substituents.  
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 All compounds are readily soluble in DMSO, with variable solubility in aqueous 

solutions. UV-visible spectra in DMSO and acetonitrile for these compounds under 

ambient laboratory light at room temperature generally exhibit absorption maxima 

between 275 and 350 nm, with some derivatives showing bands that extend beyond 350 

nm into the visible portion of the spectrum. Several compounds exhibit two distinct 

absorption bands similarly to HAPI (solid black lines in Figure 48 for compounds 9 and 

12 as examples), while others show a single feature or overlapping features with less 

definition (4 and 13 in Figure 48 as examples). Spectra for all compounds in DMSO are 

shown in the Appendix (Appendix A, Figure 53). With a λmax at 366 nm, 16 extends the 

furthest into the visible range. The absorbance values of most compounds show a linear 

dependence up to 150 µM, with exceptions being compound 10 with a linear range 

below 80 µM and 2 and 16 below 40 µM (Figure 54 in Appendix A). Subsequent 

spectrophotometric experiments were conducted at concentrations within the 

appropriate linear range for each compound.  
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Table 19: Synthetic scheme, labeling system, and table for aroylhydrazone 
compounds studied in the present work. 

 

 In water below pH 6, HAPI has two absorption bands around 290 and 331 nm, 

similar to its spectra in organic solvents (Figure 55 in Appendix A). In aqueous solutions 

with pH between 6–9, a third absorption band appears around 406 nm, and above pH 9 

the spectrum shifts again and shows two absorption bands at 320 and 406 nm (Figure 55 

in Appendix A). The pH-dependence of the electronic absorption spectrum implies that 

pH is likely to bias photoisomer equilibrium.299 To avoid this complication and maintain 
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consistent solubility across all derivatives, DMSO and acetonitrile were chosen as 

solvents for subsequent studies.  

 

Figure 48: Response to different light sources.  
Irradiation of aroylhydrazone chelators alters UV-visible absorption. Solutions of 25 µM 
aroylhydrazones in DMSO exhibit diverse absorption profiles (solid black lines). The 
dashed purple line represents UVA PSS, and the dotted blue line represents blue light 
PSS. 

The 1H NMR spectra of most compounds in d6-DMSO are consistent with one 

species in solution, with the exceptions being 13 and 15. Additional peaks for these 

compounds suggest a mixture of isomers observable at concentrations used for NMR at 

or above 500 µM. The NMR spectra of all the compounds contain a strongly deshielded 
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signal for the phenol proton with a chemical shift δ ≥ 12 ppm (see Appendix A, Table 

21). This peak is attributed to the deshielding effect of the nearby ketimine nitrogen.300-301 

For all compounds, the NMR spectra also contain a characteristic amine signal with a 

chemical shift δ ≥ 10 ppm (see Appendix A). 

6.2.2 Sensitivity of photoisomerization (EàZ) to UV and visible light 

In order to determine the sensitivity of photoisomerization of each derivative to 

different wavelengths of light, freshly prepared samples of all reported compounds in 

DMSO were monitored by UV-visible spectroscopy following irradiation with UVA, 

UVC and blue light (emission spectra of light sources and their characterization by 

actinometry are shown in Appendix A Figure 56 and Figure 57). Samples were 

irradiated until no further changes were observed in the absorption spectra, indicating 

the samples had reached their photostationary state (PSS). Select examples showing UV-

vis spectra of the ground state, UVA, and blue light PPS are shown in Figure 48, with all 

others in Appendix A Figure 53.  

The solid black lines in Figure 48 represent the ground state spectra of each 

compound. Irradiation generally caused decreases in absorbance, as shown by the PSS 

spectra obtained upon exposure to UVA (dashed purple lines) and blue light (dotted 

blue lines).  The extent of absorbance change between the ground state and PSS spectra 

indicates their relative sensitivity to each light source. Most derivatives responded 

maximally to UVA light, with 5 and 13 responding best to blue light, 16 responding only 
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to blue light, and 2 not responding to UVA or blue light, as evidenced by the negligible 

change in absorption spectra as a result of irradiation. The decrease in absorption 

spectra for the other derivatives is consistent with HAPI and previous computational 

data of E to Z isomerization.  

 A key component of a photoswitch is reversibility. As shown by the time-

dependent spectra in Figure 49 and Appendix A Figure 58 and Figure 59, compounds 

that respond to UVA or blue light eventually return to their original ground-state 

spectra over time. In acetonitrile, the appearance of clean isosbestic points signals the 

presence of two interconverting species in solution. 

The reversibility of the photoreaction was confirmed by liquid chromatography 

with in-line mass spectrometry (LC-MS). Samples of HAPI dissolved in acetonitrile and 

analyzed before irradiation show a single peak in the UV, total ion (TIC), and extracted 

ion (EIC) chromatograms (see Figure 50 for representative EIC and Appendix A Figure 

60 for all channels). After irradiation with UVA or UVC light, a new peak of identical 

mass appears in the chromatograms, suggesting the presence of a photoisomer. After the 

irradiated samples relaxed in the dark overnight, the chromatograms show only one 

eluting peak corresponding to one mass, similar to the chromatogram of the ground 

state solution. This return of the original peak after UVA or UVC irradiation 

demonstrates the reversibility of the photoreaction. 
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Figure 49: Reversibility of HAPI and its derivatives after irradiation.  
25 µM  solutions of aroylhydrazones (except HAPI, 50 µM) in MeCN were monitored by 
UV-Vis spectroscopy (solid black lines), and were irradiated with broadband UVA light 
(top row) or blue light (bottom row) to their PSS (red lines). UV-Vis scans subsequently 
taken every hour (solid gray lines) for 10 hours (blue dashed line) reveal that all 
compounds return to their original ground-state spectra with a clean isosbestic point. 
These data suggest thermal relaxation from the photoexcited state, and demonstrate 
photochemical reversibility. 

The LC-MS data from Figure 50 and Appendix A Figure 60 were also used to 

quantify the percent isomer abundances present at equilibrium either in the ground state 

or at a particular photostationary state for all derivatives. Initial attempts to quantify 

isomer abundance using NMR spectroscopy were made; however, the concentrations for 

quality resolution for NMR samples of 500 µM or more were well above the linear range 
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of the Beer’s plots for all derivatives in both isomers. At such high concentrations, self-

absorption of the photoswitch may affect isomerization efficiency. LC-MS analysis was 

run for samples at 20 µM in acetonitrile, well within in the linear range for both isomers 

for all derivatives. Chromatograms were collected at an absorbance wavelength 

corresponding to an isosbestic point shared between the ground state and UVA PSS 

spectra of each compound so that integrated peak areas correspond directly to the 

relative concentration of isomers. LC-MS analysis of samples in the ground state 

revealed in most cases a single band eluting between 1.3–10 min with a corresponding 

m/z signal consistent with the mass expected for that compound (Figure 50 and 

Appendix A Figure 60). We attribute these peaks to the predominant ground state E 

isomer. The exceptions were compounds 1, 3, 11, 13, and 16, which revealed an 

additional peak of weaker absorbance but the same m/z value, which we attribute to the 

presence of some Z isomer in the ground state equilibrium. At 19%, compound 11 was 

found to have the highest percentage Z-isomer present in the ground state amongst all 

derivatives. The percent E:Z composition obtained by LC-MS analysis of non-irradiated 

samples is shown in column 1 of Table 20.  
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Figure 50: Extracted Ion Chromatograms (EIC) from LC-MS characterization of HAPI.  
(GS): a 20 µM solution of HAPI in MeCN before irradiation is the ground state sample 
with only one peak eluting at 3.2 min, attributed to the E isomer. (UVA/UVC): the same 
composition solutions of HAPI, but irradiated to either its UVA or UVC PSS. The 
additional peak eluting at 2.1 min with identical m/z value is attributed to the 
photoswitched Z isomer. (UVA Relax/UVC Relax): the UVA or UVC irradiated samples 
analyzed after resting in the dark overnight. The solo peak at 3.2 min indicates a return 
to the ground state and a demonstration of a reversible photoreaction. 

 Samples of each compound were then irradiated to either their UVA or UVC PSS 

and analyzed by the same LC-MS protocol. As shown in Figure 50 (and Appendix A 

Figure 60), all samples revealed two eluting peaks with identical m/z values after 

irradiation, indicating the presence of two isomers in equilibrium. The ratio of peak 

areas in the UV chromatograms varied depending on derivative, as shown by the 

variations in % E:Z composition for UVA PSS and UVC PSS in columns 2 and 3 of Table 

20. 
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Table 20: Ratio of E:Z isomers after exposure to different light sources as determined 
by LC-MS and UV-visible spectroscopy in MeCN or DMSO.  
Thermal relaxation rates from UVA PSS to dark equilibrium ratio (Z → E), and half-life 
of the photostationary Z isomer as determined by UV-visible spectroscopy in DMSO 
(standard deviation in parentheses). Relative affinity for Fe3+ based on calcein 
competition and reported relative to non-irradiated HAPI as 100%. PSS signifies calcein 
competition after the chelator was irradiated with UVA light to its PSS. 

 

The relative isomer abundances obtained by LC-MS for the ground state and 

UVA PSS were then used to calculate working extinction coefficients for each isomer. 

The composition of E:Z isomers for the blue light photostationary state was then 

calculated spectrophotometrically using the calculated extinction coefficients (see 

Appendix A for calculations). The PSS composition of isomers under blue light for all 

compounds are listed in column 4 in Table 20 as the E:Z ratio.  
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 As described above, most compounds had some amount of response to UVA 

light. HAPI, 8, and 10 are the most efficient UVA photoswitches, with 67–69 % 

conversion. Notably, 2 and 16 had essentially no response to UVA light. Collectively, 

this shows some derivatives respond to UVA irradiation better than others. Compound 

8, which has an electron-withdrawing group at the R1 position, was more efficient in 

response to UVA light compared to HAPI, 6, and 7, which have electron donating 

groups in the same position. All of the compounds substituted at the R5 position were 

less efficient in conversion, suggesting the importance of the lone pair on the pyridine 

ring for the overall stability of the two isomers.  

 In response to blue light, all compounds except 2 had a response and switched to 

the Z isomer. Compounds 4, 5, 11, 12, 13, 15, and 16 all had a greater switching efficiency 

in response to blue light than UVA light. Among these compounds, 5, 11, 12 and 13 all 

have a greater ratio of switching as compared to HAPI. Compound 13 is exceptional, 

having an 81% efficiency of switching to its excited state in response to blue light. These 

data suggest an electron donating group at the R2 position appears to facilitate 

photoswitching in response to blue light. Electron withdrawing groups at the R5 position 

may also facilitate photoswitching in response to blue light, as can be demonstrated by a 

70% switching to the excited state by Compound 5. 
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6.2.3 Lifetime of photoexcited state 

The spectra of HAPI in acetonitrile or DMSO treated with UVA irradiation 

eventually return to spectra matching their original state, suggesting a thermal 

relaxation from photoexcited Z to E (Figure 49). Initially, experiments were run in PBS, 

but thermal relaxation rates of HAPI in PBS were inconsistent, likely due to the pH (7.4) 

of the buffer (Figure 61 in Appendix A). To minimize the effect of pH on the thermal 

relaxation rates and half-life determinations, all experiments were conducted in DMSO. 

In order to determine how spectral sampling rate affects HAPI equilibrium, thermal 

relaxation from Z to E after irradiation with UVA light for HAPI was monitored at a 

specific wavelength by UV-vis spectroscopy, altering the number of time points taken 

over a 10 hour period, allowing for various exposure times to sampling light (Figure 62 

Appendix A). Thermal relaxation rates calculated for the 5 and 3 time point data were 

within error of each other, while the thermal relaxation rate from the 10 time point data 

was significantly smaller, signaling that repetitive sampling affects the thermal 

relaxation rate. Since 5 time points over the course of the experiment minimally affected 

the equilibrium while giving better resolution, this method was used for determining 

the thermal relaxation rates for all derivatives. For derivatives with longer half-lives, 

absorbance was recorded every 2.5 hours over 10 hours. For derivatives with shorter 

half-lives, absorbance was recorded every 18 minutes over 72 minutes for better 

resolution. 
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As demonstrated by the UV-vis analyses in Figure 49 and Appendix A Figure 58, 

and the LC-MS analysis in Figure 50 and Appendix A Figure 60, UVA-treated 

derivatives return to their original state, mimicking the behavior of HAPI. Thermal 

relaxation rates and half-lives were determined in DMSO for all compounds (except 2 

and 16) and are presented in columns 5 and 6 in Table 20. Half-lives of the different Z 

isomers vary between 20 minutes (compound 7) to 220 minutes (compound 14). The 

half-life of the Z isomer of HAPI is 54 minutes, which falls in the middle of all the 

derivatives. Even with the variability among the derivatives, all half-lives are long-lived, 

likely due to hydrogen bonding stabilization of the Z isomer.  

All the compounds substituted at the R1 position have shorter half-lives than 

HAPI, suggesting that regardless of electron donating or withdrawing substituent, 

substitution para to the hydrazone bond provides a less stable excited state. Substitution 

at R2 has the opposite effect; all the compounds substituted meta to the hydrazone bond 

provide a more stable, longer lived excited state. Interestingly, replacing methyl with 

ethyl at the R4 position resulted in a compound very similar to HAPI. Compound 1 had 

a slightly more stable excited state, slightly less efficient photoswitch ability, and about 

half the reversibility of HAPI to its original state by a secondary wavelength of light. 

Conversely, substituting a tri-fluoro moiety at the R4 position (2) resulted in a compound 

that is essentially non-photoswitching. This strong electron-withdrawing group may be 

pulling electron density away from the hydrazone bond, rendering it unreactive. Finally, 
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a substitution of the pyridine to a electron withdrawing group at the R5 position seems 

to give a less stable excited state, resulting in a faster relaxation to the ground state. 

6.2.4 Compound switchability  

To assess the reversible switchability of the different equilibria, HAPI underwent 

cycles of UVA/UVC irradiation. Assessment of HAPI fatigue resistance found that a 

solution of HAPI in DMSO could undergo 22 cycles of alternating UVA/UVC irradiation 

before the spectroscopic signal was reduced to 80% of the UVC PSS signal at 331 nm 

(dashed black line in Figure 51). 
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Figure 51:  Fatigue resistance of HAPI in DMSO to assess reversible switchability.  
A 50 µM solution of HAPI in DMSO (dashed blue line) was first irradiated with UVA 
light until the spectra stopped changing (solid black line) favoring the Z isomer. The 
sample was subsequently irradiated with UVC light until the spectra stopped changing 
(dashed black line), favoring the E isomer. Inset: the different wavelengths of light can 
toggle between the two equilibria, but the reaction is not fully reversible because 
photodegradation of HAPI occurs in DMSO as a result of UVC irradiation. 
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However, the spectrum shows evidence of degradation, indicating the 

photoreaction of HAPI in DMSO after UVC irradiation is not fully reversible. It has 

previously been demonstrated that DMSO is photoreactive and fragments into reactive 

formaldehyde and methanesulphenyl radicals in response to irradiation at 254 nm.302 

Because of the reactivity of DMSO in UVC light, the hydrazone photoisomerization is 

not reversible under these conditions. 

6.2.5 Relative Fe3+ binding affinity in response to UV light  

Previous studies have shown that some hydrazones are capable of chelating a 

variety of metal ions, including Fe3+. A crystal structure of a structurally related 

salicylaldehyde benzoyl hydrazone showing the preferred binding mode is 2:1 

hydrazone:Fe3+.298, 303 The crystal structure shows the ligands coordinate Fe through the 

phenolate O, imine N, and carbonyl O. Additionally, a conditional metal binding 

constant of E-HAPI for Fe3+ was previously found by competition with 

ethylenediaminetetraacetic acid (EDTA) to be log K’ = 20.5 for the 2:1 ligand:Fe 

complex.194 In this same study, it was also shown that metal-binding abilities were 

mitigated when HAPI was irradiated with UVA light and photoswitched to the Z 

isomer.194   

 The ability to alter the iron affinity of hydrazone chelators with light was 

evaluated here by competition with calcein in a microplate fluorescence assay. Calcein is 

a chelating compound that fluoresces strongly in the absence of paramagnetic metals, 



 

 

194 

and has an Fe(III) stability constant of log K = 33.9 for the 1:1 ligand:Fe complex.304 When 

bound to ferric ions in a characteristic 1:1 complex, calcein fluorescence is quenched. In 

the presence of a competing chelator, transfer of Fe3+ away from Fe(calcein) restores 

fluorescence. Fe(calcein) solutions were treated with 2 equivalents of hydrazone chelator 

that had either been stored in the dark or irradiated with UVA light prior to addition. 

Each treatment was run in triplicate, averaged, and normalized as the fluorescence 

signal from calcein set to 100% and quenched calcein as 0%. Data in Table 20 and Figure 

52 show the comparison between the fluorescence signals of each sample in the presence 

of non-irradiated and irradiated hydrazone.  
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Figure 52: Relative iron affinity of derivatives in the ground state and UVA PSS.  
Calcein assay of the different derivatives, both ground state  (pink) and photostationary 
state (blue). Fluorescence of each well was normalized such that calcein was set to 100% 
fluorescence and calcein-Fe complex as 0% fluorescence. Calcein emission from wells 
was measured once equilibrium was reached. The higher the emission, the more free 
calcein in solution, and more Fe3+ bound to the hydrazone. Lower calcein emission for 
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the UV-treated compounds is expected because the photoswtiched compounds are not 
able to bind metal, and therefore unable to outcompete calcein. Conditions:  [Fe] = 
[calcein] = 2 µM, [compound] = 4 µM. Solutions in 50:50 DMSO:H2O. 

 Almost all derivatives retained the iron binding ability in their ground state. 

Compound 9 was the only derivative that out-performed HAPI as a ferric iron chelator. 

The compounds that bind metals in their ground state lose metal-binding affinity in 

their PSS, behavior similar to HAPI. Interestingly, 2, 4, 15, and 16 do not outcompete 

calcein for Fe. This behavior is unsurprising for 15 since the hydroxyl group that 

participates in metal binding has been substituted with a methoxy group. The different 

substitutions of 2, 4, and 16 could have an electronic effect on the compound, which is 

negatively impacting their abilities to outcompete calcein for Fe binding. 

6.3 Conclusions 

Photoswitching molecules are tools that enable precise and rapid manipulation 

of molecular-scale interactions and processes. Our results show that photoactive 

hydrazones can be tuned across a number of parameters that are desirable for 

constructing stimulus-responsive molecules and materials that respond to multiple 

inputs. By assessing these parameters for a series of compounds, we have developed 

molecules that can be activated efficiently by visible light irradiation, can generate high 

yields of photoisomer, and have long-lived excited states. The lifetimes of those 

photoisomers can be tuned from 26 min to about 3.5 h, depending on substitution about 

the hydrazone core. While many of the derivatives show diminished iron binding 
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affinity in their dark state compared to HAPI, they retain the potentially very useful 

feature of metal binding. We continue to consider the potential of aroylhydrazones as 

photoswitching compounds with sensitivity to both light and metal stimuli.  

 Assessing behavior of photoswitches in solvents such as PBS buffer is necessary 

for their use in biological settings. Compounds like these metal-binding hydrazones 

could have differential binding at different pH values, which could be advantageous for 

the specific application. Thermal relaxation rates could be further tuned depending on 

the protonation state of the molecule, and if an isomer was more favored. For the 

purposes of this study, PBS buffer was not chosen because of this potential. Further 

development and studies into these parameters could make obvious their use in such 

potential applications.  

6.4 Experimental methods  

(E)-N'-(1-(2-hydroxyphenyl)ethylidene)isonicotinohydrazide (HAPI) and hydrazones 1, 

6, 7, 9, 10 (94% yield), and 13 (91% yield) (see Table 19 for structures) were prepared 

according to the literature procedure for condensation of aroylhydrazides and 

acetophenones. Identity and purity were confirmed by 1H NMR and HRMS. Isonicotinic 

acid hydrazide (Acros Organics), 2-hydroxy-trifluoroacetophenone (Oakwood 

Chemical), 2-acetyl-1-naphthol (Acros Organics), 2’,5’-dihydroxyacetophenone (Alfa 

Aesar), 4-dimethylaminobenzoic hydrazide (Alfa Aesar), and 2',4’-

dihydroxyacetophenone (Ark Pharm, Inc.) were purchased in reagent grade and used 
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without further purification. All other reagents were purchased from Sigma Aldrich 

Corp. 1H NMR spectroscopy was performed on a Varian 400 MHz spectrometer. Exact 

mass measurements were acquired using an Agilent 6224 TOF-ESI-MS. 

6.4.1 Synthetic procedures 

(E)-N'-(2,2,2-trifluoro-1-(2-hydroxyphenyl)ethylidene)isonicotinohydrazide (2): 2-

hydroxy-trifluoroacetophenone (163 mg, 0.857 mmol) and isonicotinic acid hydrazide 

(117 mg, 0.857 mmol) were added to absolute ethanol (5 mL). The mixture was heated to 

reflux. After cooling, the solvent was removed and the remaining residue was purified 

by silica column chromatography (100% ethyl acetate eluent) to yield an off-white solid 

(0.09g, 34% yield). 1H NMR (400 MHz, d6-DMSO) δ 11.28 (s, 1H), 10.40 (s, 1H), 8.72 (s, 

2H), 7.57 (d, J = 4.4 Hz, 2H), 7.39 (t, J = 7.5 Hz, 1H), 7.24 (d, J = 7.4 Hz, 1H), 7.00 (d, J = 8.2 

Hz, 2H), 6.94 (t, J = 7.3 Hz, 1H). HR-ESIMS (m/z): calcd for [M + H]+ C14H10F3N3O2 is 

310.0798, found 310.0803. 

(E)-N'-(1-(2-hydroxyphenyl)ethylidene)benzohydrazide (3): Portions of 2’-

hydroxyacetophenone (0.50 mL, 4.4 mmol) and benzhydrazide (0.59 g, 4.4 mmol) were 

combined in absolute ethanol (25 mL) and acetic acid (2 mL) then stirred at reflux 

overnight.  Upon cooling to room temperature, the resulting precipitate was collected by 

vacuum filtration, washed with 95% ethanol and dried in a vacuum oven to yield pale 

yellow crystals (446 mg, 40% yield).  1H NMR (400 MHz, d6-DMSO): δ ppm 13.36 (s, 1H), 

11.34 (s, 1H), 7.94 (dd, J = 7, 1 Hz, 2H), 7.67-7.60 (m, 2H), 7.59-7.51 (m, 2H), 7.31 (ddd, J = 
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8, 8, 1 Hz, 1H), 6.95-6.88 (m, 2H), 2.49 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ 

C15H14N2O2 is 255.1128, found 255.1138. 

(E)-4-amino-N'-(1-(2-hydroxyphenyl)ethylidene)benzohydrazide (4): A portion of 2-

hydroxyacetophenone (199 µL, 1.65 mmol) was added to a roundbottom flask and 

dissolved in 5 mL absolute ethanol. To the flask, 4-aminobenzoic hydrazide (250 mg, 

1.65 mmol) and acetic acid (0.5 mL) were added. The mixture was stirred at reflux for 3 

h; during this time the heterogeneous mixture dissolved completely before a precipitate 

formed.  The reaction mixture was cooled to 0°C then filtered via vacuum filtration. The 

remaining solid was washed with chilled ethanol then dried in a vacuum oven to afford 

light yellow crystals (409 mg, 92% yield).  1H NMR (400 MHz, d6-DMSO) δ (ppm): 13.46 

(s, 1H), 10.80 (s, 1H), 7.66 (d, J = 9 Hz, 2H), 7.57 (dd, J = 8, 2 Hz, 1H), 7.24 (ddd, J = 8, 7, 2 

Hz, 1H), 6.86 (d, J = 8 Hz, 1H), 6.84 (ddd, J = 9 Hz, 7 Hz, 1 Hz, 1H), 5.81 (s, 2H), 2.42 (s, 

3H) HR-ESIMS (m/z): calcd for [M + H]+ C15H15F3N3O2 is 270.1237, found 270.1235. 

(E)-N'-(1-(2-hydroxyphenyl)ethylidene)-4-nitrobenzohydrazide (5): 2-

hydroxyacetophenone (0.190 mL, 1.83 mmol) and 4-nitrobenzoic hydrazide (0.331 g, 1.83  

mmol) were combined in a flask with ethanol (10 mL) and acetic acid (1.0 mL).  The 

mixture was heated to reflux overnight. After cooling on ice, the precipitate was isolated 

by vacuum filtration and washed with cold EtOH.  The solid was dried in a vacuum 

oven to give yellow crystals (544 mg, 99% yield). 1H NMR (400 MHz, d6-DMSO) δ 

(ppm): 13.22 (s, 1H) 11.63 (s, 1H), 8.35 (d, J = 8 Hz, 2H), 8.16 (d, J = 8 Hz, 2H), 7.63 (d, J = 8 
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Hz, 1H), 7.30 (dd, J = 8, 8 Hz, 1H), 6.91-6.87 (mult, 2H) 2.49 (s, 3H) HR-ESIMS (m/z): 

calcd for [M + H]+ C15H13N3O4 is 300.0979, found 300.0966. 

(E)-N'-(1-(4-fluoro-2-hydroxyphenyl)ethylidene)isonicotinohydrazide (8):  4’-fluoro-2’-

hydroxyacetophenone (0.44 g, 3.23 mmol) and isonicotinic acid hydrazide (0.50 g, 3.23 

mmol) were dissolved in 10 mL absolute ethanol and 1 mL acetic acid. The mixture was 

refluxed overnight and a precipitate formed. Upon cooling to room temperature, the 

precipitate was filtered A white crystalline powder was collected by vacuum filtration 

with no further purification (577 mg, 74% yield). 1H NMR (d6-DMSO, 400 MHz) δ (ppm): 

13.71 (s, 1H), 11.62 (s, 1H), 8.82 (d, J = 6 Hz, 2H), 7.84 (d, J = 6 Hz, 2H), 7.74-7.70 (m, 2H) 

6.80-6.70 (m 2H), 2.47 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ C14H12FN3O2 is 

274.0986, found 274.0984. 

(E)-N'-(1-(2,5-dihydroxyphenyl)ethylidene)isonicotinohydrazide (11): Isonicotinic acid 

hydrazide (0.45 g, 3.28 mmol) and 2’,5’-dihydroxyacetophone (0.50 g, 3.28 mmol) were 

combined in a roundbottom flask with 25 mL ethanol and 2 mL acetic acid. The solution 

was heated to reflux and stirred overnight. Upon cooling, the resulting precipitate was 

filtered, washed with ethanol, then dried in a vacuum oven to produce a yellow powder 

(891 mg, 76% yield). 1H NMR (d6-DMSO, 400 MHz) δ (ppm) 12.41 (s, 1H), 11.51 (s, 1H), 

8.93 (s, 1H), 8.77 (d, J = 6 Hz, 2H), 7.82 (d, J = 6 Hz, 2H), 6.97 (d, J = 3 Hz, 1H), 6.76 (dd, J = 

9, 3 Hz, 1H), 6.72 (d, J = 9 Hz, 1H), 2.40 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ 

C14H13N3O3 is 272.1030, found 272.1024. 
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(E)-N'-(1-(2-hydroxy-5-methoxyphenyl)ethylidene)isonicotinohydrazide (12): Portions 

of isonicotinic acid hydrazide (825 mg, 6.02 mmol) and 2’-hydroxy-5’-

methoxyacetophenone (999 mg, 6.02 mmol) were combined in a 100-mL roundbottom 

flask with 50 mL absolute ethanol and 3 drops glacial acetic acid. The mixture was 

heated to reflux overnight then cooled to room temperature. The solid product was 

isolated by vacuum filtration, rinsed with H2O and chilled ethanol, and dried to give a 

yellow powder (850 mg, 50% yield). 1H NMR (d6-DMSO, 400 MHz) δ (ppm) 12.66 (s, 

1H), 11.57 (s, 1H), 8.80 (d, J = 6 Hz, 2H), 7.85 (d, J = 6 Hz, 2H), 7.15 (d, J = 3 Hz, 1H), 6.97  

(dd, J = 9, 3 Hz, 1H), 6.87 (d, J = 9 Hz, 1H), 3.76 (s, 3H), 2.52 (s, 3H) HR-ESIMS (m/z): 

calcd for [M + H]+ C15H15N3O3 is 286.1186, found 286.1189. 

(E)-N'-(1-(2-hydroxyphenyl)ethylidene)-3,4,5-trimethoxybenzohydrazide (14): 

Compound 14 was synthesized from 2’-hydroxyacetophenone (250 mg, 1.83 mmol) and 

3,4,5-trimethoxybenzoic acid hydrazide (414 mg, 1.83 mmol) following the procedure 

used for 4 to yield white crystals (442 mg, 70% yield). 1H NMR (d6-DMSO, 400 MHz) δ 

(ppm): 13.34 (s, 1H), 11.23 (s, 1H), 7.65 (d, J = 8 Hz, 1H), 7.32 (dd, J = 8, 8 Hz, 1 H), 7.25 (s, 

2H), 6.94-6.89 (mult, 2H), 3.88 (s, 6H), 3.74 (s, 1H), 2.50 (s, 3H) HR-ESIMS (m/z): calcd for 

[M + H]+ C18H20N2O5 is 345.1445, found 345.1446. 

(E)-N'-(1-(2-methoxyphenyl)ethylidene)isonicotinohydrazide (15): A portion of 2’-

methoxyacetophenone (284 mg, 1.89 mmol) was dissolved in absolute ethanol (10 mL). 

Isonicotinoyl hydrazide (259 mg, 1.89 mmol) was added to the solution, followed by 
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addition of 2 drops of glacial acetic acid. Approximately 1 g MgSO4 was added to the 

reaction flask. The heterogeneous mixture was heated to reflux overnight then vacuum 

filtered while still warm to remove MgSO4. The filter paper was rinsed with methanol. 

Upon standing, the filtrate produced a white crystalline solid out of a yellow solution. 

The supernatant was removed by filtration and the crystals were washed with cold 

methanol. Product was recrystallized from hot methanol (106 mg, 21% yield). 1H NMR 

(d6-DMSO, 400 MHz) δ (ppm): 10.91 (s, 1H), 8.76 (d, J = 5 Hz, 2H), 7.79 (d, 5 Hz, 2H), 7.41 

(dd, J = 8, 7 Hz, 1H), 7.33 (d, J = 7 Hz), 7.11 (d, J = 8 Hz, 1H), 7.00 (dd, J = 8, 7 Hz, 1H), 3.83 

(s, 3H), 2.30 (s, 3H) HR-ESIMS (m/z): calcd for [M + H]+ C15H15N3O2 is 270.1244, found 

270.1237. 

(E)-N'-(1-(1-hydroxynaphthalen-2-yl)ethylidene)isonicotinohydrazide (16): 2-acetyl-

1naphthol (0.68 g, 3.65 mmol) and isonicotinic acid hydrazide (0.50 g, 3.65 mmol) were 

dissolved in 10 mL 1-propanol and 1 mL acetic acid. The mixture was refluxed overnight 

and a precipitate formed. Upon cooling to room temperature, the precipitate was 

filtered. An orange powder was collected by vacuum filtration with no further 

purification (758 mg, 68% yield). 1H NMR (400 MHz, d6-DMSO) δ 14.82 (s, 0H), 11.69 (s, 

0H), 8.82 (d, J = 4.2 Hz, 1H), 8.35 (d, J = 8.2 Hz, 1H), 7.87 (t, J = 5.9 Hz, 2H), 7.74 (d, J = 8.7 

Hz, 1H), 7.56 (dt, J = 21.4, 6.9 Hz, 1H), 7.41 (s, 1H), 2.61 (s, 1H). 
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6.4.2 Sensitivity of photoisomerization (EàZ) to UV and visible light 

UV-Visible absorption spectra were collected using a Varian Cary 50 UV-Visible 

spectrophotometer in quartz cuvettes with 1-cm pathlengths. DMSO was purchased 

from Sigma Aldrich Corp. Hydrazone samples (25 µM in DMSO unless otherwise noted 

in Appendix A) were irradiated to their photostationary states by each different light 

sources, and post-irradiation spectra were then collected. Instrument settings:  Ave time 

– 0.0125 s; Data Interval – 1.00 nm; Scan Rate  – 4800.00 nm/min; Scan width – 800 to 200 

nm. 

6.4.3 Reversibility  

Fresh solutions of aroylhydrazones in DMSO or MeCN (25 µM unless otherwise 

noted in Appendix A) were monitored by UV-Vis spectroscopy and were irradiated 

either with broadband UVA light or blue light. A UV-Vis scan was taken every hour for 

10 hours. Instrument settings:  Ave time – 0.0125 s; Data Interval – 1.00 nm; Scan Rate – 

4800.00 nm/min; Scan width – 800 to 200 nm. 

6.4.4 LC-MS characterization  

LC-MS characterization was done for ground state samples, and samples 

irradiated with UVA or UVC light. LC-MS were taken on an Agilent 1200 System on an 

Agilent 6224 TOF. 2 × 50 mm C-18 column, 2.5µm particle size, 220 µL s-1 flow rate. 

Eluent conditions can be found in Appendix A. 20 µM solutions of each hydrazone in 

acetonitrile was irradiated either with UVA or UVC light, and injected immediately after 
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treatment. Samples were monitored at the isosbestic point, and area under the peak was 

integrated to give relative composition of each isomer. 

6.4.5 Lifetime of photoexcited state 

For each compound, 3 concentrations were used to demonstrate an 

independence of the rate on concentration. Compound 2 and 16 do not react 

significantly to UVA light, so a rate was not determined. For each compound, at each 

concentration, the sample was irradiated with UVA light until the PSS was reached. 

Samples were monitored by UV-vis chosen for a specific wavelength. Time-points were 

taken every 2.5 h over a 10-h period for compounds with longer half-lives, or every 18 

minutes over 72 minutes for compounds with shorter half-lives. Data for each 

compound was normalized (X-Xmin/Xmax-Xmin) and a non-linear regression one-phase 

association fit using Prism graphing software was applied to give the rate (K) and half-

life. Instrument settings:  Ave time – 0.0125 s 

6.4.6 Compound Switchability  

Assessment of fatigue resistance of HAPI as monitored by UV-VIS. A 50 µM 

solution of HAPI in DMSO was first irradiated with UVA light until it reached the PSS 

(5 min), subsequently irradiated with UVC light until it no longer changed (1 min). The 

different wavelengths of light are shifted between two different equilibria, reversibly 

cycling between the two E:Z ratios. Fatigue resistance was calculated when the 

absorbance of HAPI reached less than 80% of the spectrum of UVC light. Absorbance of 
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HAPI at 331 nm over the cycles of UVA/UVC irradiation was converted to %E and 

graphed against the number of cycles. Instrument settings:  Ave time – 0.0125 s; Data 

Interval – 1.00 nm; Scan Rate – 4800.00 nm/min; Scan width – 800 to 200 nm. 

6.4.7 Relative Fe3+ binding affinity in response to UV light 

A stock of Fe(calcein) complex was prepared by mixing a calcein stock (1 mM in 

1 M NaHCO3) with an equal concentration of freshly prepared ferrous ammonium 

sulfate solution (1 mM in deionized H2O) and diluting to a final concentration of 4 µM, 

with the final solvent mixture being 50:50 DMSO:deionized H2O. This mixture was 

allowed to equilibrate overnight. Working stock solutions of chelators were prepared in 

50:50 DMSO:deionized H2O with a final concentration of 8 µM. For those experimental 

conditions requiring irradiation, the solutions were irradiated with UVA light in a 

quartz cuvette until PSS was reached immediately before use. 

 In a black 96-well plate with clear bottoms, 100 µL chelator solutions were mixed 

with 100 µL Fe(calcein) solution to produce a solution containing 2 µM Fe(calcein) and 4 

µM chelator. The plate was shaken for 30 s on a Perkins Elmer Wallac 1400 plate reader, 

then calcein emission was measured with a 485 nm (bandwidth = 15 nm) excitation filter 

and a 535 nm (bandwidth = 30 nm) emission filter.  The plate was kept in the dark at 

room temperature and emission readings were collected again after equilibrium was 

reached. Each set of conditions was done in triplicate, and averaged. These averages 
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were normalized to free calcein as 100% fluorescence and calcein-Fe complex as 0% 

fluorescence, which was determined using the following equation: 

   
NormalizedFluorescence =

Fcompound − Fcalcein+Fe

Fcalcein − F
!

×100%  
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7. Conclusion  
Stimuli responsive molecules have been used in a variety of applications because 

of the ability to change physical and chemical properties in a controlled manner. The 

inclusion of metal ions into stimuli responsive molecules present new properties unique 

to metals, such as lower dissociation energies, reversible chelation, and increased 

bonding geometries, which allows for additional modes of control.  

The potential for metal-based stimuli responsive materials has been realized; 

however, a large scope remains to be explored. Toward this goal, the work presented 

discusses the design, synthesis, and characterization of metal complexes for response to 

force and light.  

7.1 Synthetic techniques for metal-chelating polymers 

Prior to this work, a synthetic technique to incorporate metal-chelating ligands 

into polymers suitable for testing by SMFS was lacking. This work demonstrated ED-

ROMP and polycondensation as two polymerization techniques that would allow for 

many metal-chelating ligands to be dispersed along the main chain of a polymer where 

geometric distortion would most closely be coupled to applied force (Chapter 2 and 3).  

A dpa-type ligand was the first ligand incorporated into polymers by both 

techniques. Advantages of ED-ROMP include control of the ligand:comonomer ratio 

and typically high molecular weight polymers. The major drawback of ED-ROMP is the 

need for a metal-catalyst for the reaction to proceed, which proves troublesome in the 
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presence of a metal-chelating ligand. Chelation of the catalyst by the ligand was 

overcome with the use of titanium isopropoxide. Polycondensation is an attractive 

alternative technique because no metal catalyst is required for the polymerization to 

occur; however, resulting polymers are typically small, and higher molecular weight 

polymers (>100 kDa) are desired for SMFS experiments. Chain extension techniques in 

this work have proven to be fruitful for increasing molecular weight of the polymers, 

and further optimization of these reactions could make polycondensation the method of 

choice for synthesizing metallopolymers used in SMFS experiments.  

Both the ROMP- and polycondensation-type polymers were capable of binding 

Zn2+, and a 1:1 Zn:ligand complex was confirmed by 1H NMR and UV-vis spectroscopy. 

The synthetic and characterization techniques developed in this work provide a 

framework for achieving metallopolymers suitable for SMFS experiments, which lays 

the foundation for a systematic study of how metal-ligand bonds respond to mechanical 

force.  

7.2 Application of force to a metallopolymer 

A crystal structure of a Zn small-molecule model elucidated the coordination 

environment around the metal center, and represented the coordination environment 

that was present in the polymer (Chapter 4). COGEF modeling based on this crystal 

structure revealed the potential of stored length of the coordination compound upon 

metal-ligand bond dissociation.  
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SMFS experiments were conducted on ROMP-type metallopolymers that 

contained Zn2+. These SMFS experiments were run using a gold-coated cantilever with a 

smaller spring constant (~6 pN/nm), which allowed for better resolution of the small 

force regimes (<200 pN) as compared to cantilevers with larger spring constants (~20 

pN/nm).  

Force curves from the metallopolymer appeared to have a plateau around 20 pN, 

which is the putative release of stored length from metal-ligand bond dissociation. The 

apo-polymer appeared to have no obvious plateau. The data presented showed exciting 

potential for quantifying force-induced metal-ligand bond dissociation, continued 

efforts will need to be made to validate these results.  

One possibility to achieve high-quality force curves would be to promote better 

adhesion between the metallopolymer and tip. Since these experiments use a gold-

coated cantilever, incorporating a sulfur-containing comonomer may promote tip 

adhesion. Additionally, isolation by higher molecular weight polymers could potentially 

improve quality of the force curves. Such isolation could be achieved through selective 

precipitations or the use of preparatory GPC. Finally, increasing the amount of the 

ligand incorporated into the polymer would increase the potential for released stored 

length upon application of force. This can easily be achieved by changing the initial 

monomer feed ratio to include a greater amount of ligand.  
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7.3 Expanding the scope of metal complexes embedded within 
polymers  

Incorporating different d-block metal ions into the polymer could present 

different force-responsive behavior as compared to Zn2+ (Chatper 5). In order to test 

different metallopolymers by SMFS, it is important to characterize the coordination 

environment around the metal ion. This work established methods for characterizing 

small molecule models of two Cu2+ complexes.  

Using the dpa-like ligand, a small molecule model using Cu(NO3)2�3H2O was 

characterized by UV-vis, X-ray crystallography, and XPS. UV-vis suggested complex 

formation but could not be used to determine the binding ratio for this complex because 

the nitrate ancillary ligand had its own absorbance. A crystal structure showed a 1:1 

Cu2+:ligand complex, and this structure is in good agreement with data collected by XPS. 

Electron paramagnetic resonance (EPR) can be used to further characterize the small 

molecule model.  

A small molecule model using Cu(NTf2)2 and the dpa-like ligand was 

characterized by UV-vis spectroscopy. Unlike the nitrate ancillary ligand, the NTf2 

ligand does not have its own absorbance, and the ratio of metal:ligand could be 

determined using this method. Data suggested a 1:2 metal:ligand binding ratio between 

the Cu(NTf2)2 and ligand, which is not desired for SMFS since this type of complex 

formation could promote polymer cross-linking. A crystal structure should be obtained 

to confirm the coordination environment.  
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To further expand the type of complexes incorporated into a polymer, larger 

denticity ligands can be used. COGEF modeling of larger denticity ligands have shown 

the potential for more stored length as compared to the original ligand. Two tetradentate 

ligands with different architectures have been successfully incorporated into a polymer 

by ED-ROMP. Further optimization of this procedure should be completed to obtain 

higher molecular weight polymers. Alternatively, polycondensation could be used for 

the synthesis of polymers containing these larger denticity ligands. Similar to the dpa-

type ligand, small molecule models should be developed to determine the coordination 

environment around the metal ion, which will allow for comparison of the coordination 

environment in the metallopolymer.  

Once the small molecule models have been fully characterized, the 

metallopolymer can be synthesized and characterized using similar methods and can be 

used in SMFS experiments.  

7.4 Structure-activity relationships of metal-binding hydrazone 
photoswitches 

Photoswitching molecules enable precise and rapid control of molecular-scale 

interactions and processes (Chapter 6). The results show that photoactive hydrazones 

can be tuned across a number of parameters that are desirable for constructing stimulus-

responsive molecules and materials that respond to multiple inputs. The ability of the 

HAPI-like compounds to bind metals added an additional layer of control and response. 
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We continue to consider the potential of aroylhydrazones as photoswitching compounds 

with sensitivity to both light and metal stimuli.  

 Assessing behavior of photoswitches in solvents such as PBS buffer is necessary 

for their use in biological settings. Compounds like these metal-binding hydrazones 

could have differential binding at different pH values, which could be advantageous for 

the specific application. Thermal relaxation rates could be further tuned depending on 

the protonation state of the molecule, and if an isomer was more favored. For the 

purposes of this study, PBS buffer was not chosen because of this potential. Further 

development and studies into these parameters could make obvious their use in such 

potential applications.  
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Appendix A 
The appendix contains the supplementary information from:  Hall, K.C. et al., 

Photochem. Photobiol. Sci. 2017, 16 (11), 1604-1612.  

1. UV-vis Spectra of Ground State and Photostationary States in DMSO 
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Figure 53: Response to different light sources.  
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Irradiation of aroylhydrazone chelators alters UV-visible absorption. Solutions of 
aroylhydrazones in DMSO exhibit diverse absorption profiles (solid black line). Samples 
were irradiated until the spectra no longer changed either with broadband UVA light 
(dash purple line) or blue light (dotted blue line). The equilibrium between the two 
isomers is shifted by the different light sources as can be seen by the different absorption 
profiles. Most solutions were 25 µM in compound, except HAPI (50 µM), 1 (10 µM), 2 
(30 µM), 8 (10 µM), and 16 (10 µM). Instrument settings:  Ave time – 0.0125 s; Data 
Interval – 1.00 nm; Scan Rate  – 4800.00 nm/min; Scan width – 800 to 200 nm. 

2. Beer’s Plots of HAPI and Derivatives 

Beer’s plot for each derivative were completed for both the ground state and irradiated 

state to ensure further analysis on the compounds was in the linear range. Serial 

dilutions of each compound was completed. For each derivative at each concentration, a 

UV-vis spectra was taken before treatment. Each sample was irradiated with UVA light 

until the spectra no longer changed, and another UV-vis spectra was taken. Absorbance 

at a chosen wavelength was plotted against concentration to produce the Beer’s plot. 
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Figure 54: Beer’s plot for HAPI and derivatives of absorption vs. concentration.  
A serial dilution of each compound was completed. The blue line represents the Beer’s 
plot analysis for the ground state, and the red line represents the PSS. At each 
concentration, an absorbance spectrum was taken. Then, the sample was irradiated with 
UVA light until the PSS was reached, and another absorbance spectrum was taken. The 
absorbance at a λmax for each compound was extracted from the full spectrum, and 
plotted against concentration. Only concentrations that fell in the linear range of the 
Beer’s plot were used for further analysis. Instrument settings:  Ave time – 0.0125 s; 
Data Interval – 1.00 nm; Scan Rate – 4800.00 nm/min; Scan width – 800 to 200 nm. 

3. HAPI Spectra in Different Solvents and pH 
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Figure 55: HAPI in different solvents.  
50 µM solutions of HAPI were prepared in DMSO, DI H2O (pH ~5.9), PBS (Phosphate 
Buffered Saline, pH 7.4), MeCN, Acidic pH, and Basic pH (solid black line). Samples 
were irradiated with broadband UVA light (red line). A UV-vis scan was taken every 
hour (solid gray lines) for 10 h (blue dashed line). Instrument settings:  Ave time – 
0.0125 s; Data Interval – 1.00 nm; Scan Rate – 4800.00 nm/min; Scan width – 800 to 200 
nm. 

4. 1H NMR shifts for hydrazone phenolic (O-H) and amide (N-H) protons in d6-DMSO 

Table 21. NMR spectra were collected on a Varian 400 mHz instrument.  
The 1H NMR spectra of the compounds often contain a strongly deshielded proton 
signal with a chemical shift δ ≥ 12 ppm. This peak has been previously attributed to the 
deshielding effect of the nearby ketimine nitrogen. 

Compound σ(O-H) σ(N-H) 
HAPI 13.21 11.59 

1 13.27 11.61 
2 11.25 10.39 
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3 13.37 11.33 
4 13.48 10.82 
5 13.29 11.65 
6 13.60 11.48 
7 13.40 11.41 
8 13.74 11.63 
9 13.29 11.67 

10 14.41 11.86 
11 12.53 11.53 
12 12.70 11.57 
13 11.41 11.08 
14 13.34 11.23 
15 N/A 10.91 
16 14.82 11.69 

 

5. Emission Spectra of Light Sources 

 

Figure 56: Emission Spectra of Light Sources Used in Experiments.  
Normalized emission spectra of each light source showing emission maxima at 371 ± 11 
nm for UVA (purple line), 254 nm for UVC (yellow line), and 395 ± 5 nm for the blue 
light source (blue line). All spectra were collected using a FLSP920 spectrometer 
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(Edinburg Instruments Ltd. Livingston, UK) and normalized to themselves, using the 
formula (X – Xmin)/(Xmax-Xmin). 

6. Actinometry of Light Sources 
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Figure 57: Absorption Spectra of Each Light Source for Ferrioxalate Actinometry.  
Solutions of ferrioxalate were irradiated with each light source. The light causes the 
decomplexation of the iron-oxalate complex, leaving free iron in solution. This irradiated 
solution is added to phenanthroline. The phenanthroline complexes with the free iron in 
solution, and this can be monitored spectroscopically at 510 nm by the formation of 
phenanthroline-iron charge transfer band. The reference treatment is shown as a black 
dotted line. The color traces represent the formation of the phenanthroline-iron complex. 

Ferrioxalate actinometry was completed to characterize the light sources used. All 

procedures were used following IUPAC guidelines published by Kuhn et al.305-306 All 

procedures were completed under red light. A 0.006 M solution of ferrioxalate was made 

by dissolving iron (III) potassium oxalate trihydrate (2.947 g) in 100 mL H2SO4 (0.5 M) 

and diluted to 1000 mL with DI water in a volumetric flask. A 0.1% 1,10-phenathroline 

solution was prepared by dissolving 1,10-phenanthroline monohydrate (0.5g) in 500 mL 

of DI water. Buffer solution was prepared by dissolving sodium propionate (82 g) in 10 

mL conc. H2SO4, and diluted to 1000 mL in a volumetric flask. 
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3 mL (V1) of the 0.006 M ferrioxalate solution was irradiated by each light source for 

exactly 15 sec (5 sec for UVA light) while effectively stirring. 1 mL (V2) of the irradiated 

solution was added to a 10 mL (V3) volumetric flask. 4 mL of the phenanthroline 

solution to the volumetric flask and diluted to 10 mL with DI water. A reference solution 

was made in the same manner, except the ferrioxalate solution was not irradiated. After 

1 h, an absorption spectrum was taken of both the reference and irradiated samples. 

Each sample was run in triplicate. The photon flux (qn,p in Einstein/s) was calculated 

using the following equation: 

  
qn,p =

ΔAV1V3

Φ(λ)ε(510nm)V2lt
(eq. 18) 

where  ΔA  is the difference in absorbance at 510 nm of the reference cell and irradiated 

sample, l is the optical pathlength, t is the time of total irradiation in seconds, Φ(λ)  is the 

quantum yield of the ferrioxalate-phenanthroline complex at the defined wavelength 

being used, and ε(510 nm) is the molar absorptivity of ferrioxalate-phenanthroline 

complex at the defined wavelength being used. 

Table 22: Photo flux of different light sources as calculated using ferrioxalate 
actinometry. 

 Photo Flux 
(10-8 Einstein/s) 

UVA 7.5(9) 
UVC 2.5(2) 

BL 1.0(2) 
 



 

 

221 

7. Reversibility/Thermal Relaxation Kinetics (ZàE) in DMSO After UVA Irradiation 
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Figure 58: Thermal relaxation rates of HAPI and its derivatives after UVA irradiation 
to PSS.  
Fresh solutions of aroylhydrazones in DMSO were monitored by UV-Vis spectroscopy 
(solid black lines), and were irradiated with broadband UVA light (red lines). A UV-Vis 
scan was taken every hour (solid gray lines) for 10 hours (blue dashed line). Most 
compounds were run at 25 µM except HAPI (50 µM), Compound 1 (10 µM), Compound 
2 (30 µM), Compound 8 (10 µM), and Compound 16 (10 µM). Instrument settings:  Ave 
time – 0.0125 s; Data Interval – 1.00 nm; Scan Rate – 4800.00 nm/min; Scan width – 800 to 
200 nm. Inset: For each compound, 3 concentrations were used to demonstrate an 
independence of the rate on concentration. Compound 2 and 16 do not react 
significantly to UVA light, so a rate was not determined. For each compound, at each 
concentration, the sample was irradiated with UVA light until the PSS was reached. 
Samples were monitored by UV-vis chosen for a specific wavelength. Time-points were 
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taken every 2.5 hours over a 10-hour period for compounds with longer half-lives, or 
every 18 minutes over 72 minutes for compounds with shorter half-lives. Data for each 
compound was normalized (X-Xmin/Xmax-Xmin) and a non-linear regression one-phase 
association fit using Prism graphing software was applied to give the rate (K) and half-
life. Instrument settings:  Ave time – 0.0125 s 
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8. Thermal Relaxation in MeCN After UVA Irradiation  
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Figure 59: Thermal relaxation rates of HAPI and its derivatives after UVA irradiation 
to PSS, full spectrum in MeCN.  
Fresh solutions of aroylhydrazones in MeCN were monitored by UV-Vis spectroscopy 
(solid black lines), and were irradiated with broadband UVA light (red lines). A UV-Vis 
scan was taken every hour (solid gray lines) for 10 hours (blue dashed line). Most 
compounds were run at 25 µM except HAPI (50 µM), Compound 1 (10 µM), Compound 
2 (30 µM), Compound 8 (10 µM), and Compound 16 (10 µM). This experiment was 
completed to show isosbestic points of each of the derivatives since these points are not 
obvious in DMSO. Isosbestic points are not obvious in DMSO because DMSO absorbs in 
the region where most of these points occur.  Instrument settings:  Ave time – 0.0125 s; 
Data Interval – 1.00 nm; Scan Rate – 4800.00 nm/min; Scan width – 800 to 200 nm. 
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9. LC-MS of Initial and UVA/UVC PSS, calculating %conversion 

LC-MS were taken on an Agilent 1200 System. Acquisition: Agilent 6224 TOF. 2 × 50 mm 

C-18 column, 2.5 µm particle size, 220 µL s-1 flow rate. Organic solution B (3:100 

Water:Acetonitrile) and aqueous solution A (100:3 Water:Acetonitrile) were mixed for 

the eluent. B0 signifies the initial percentage of solution B in the eluent, where Bf signifies 

the composition of maximum percentage of B reached at T minutes. The B0-Bf transition 

was a linear change in the percent composition of the eluent. 20 µM solutions in 

acetonitrile were used with an injection volume of 4 µL. The UV peaks were studied at λ 
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nm, the isosbestic point, to determine the relative populations of ground and 

photostationary states. 

Table 23:  LC-MS eluent conditions used for HAPI and each derivative.  

Compound B0 (%) Bf (%) T (min) λ (nm) 
HAPI 15 85 11 265 

1 15 85 11 265 
2 5 85 7 320 
3 30 75 9 265 
4 15 85 9 305 
5 30 75 9 260 
6 15 85 9 285 
7 5 85 11 285 
8 5 85 9 285 
9 30 75 9 265 

10 15 85 11 260 
11 15 75 9 325 
12 5 85 9 310 
13 5 85 9 280 
14 30 75 9 280 
15 5 85 9 275 
16 30 75 11 275 
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Figure 60: LC-MS characterization of HAPI.  
(GS): a 20-µM solution of HAPI in MeCN injected for LC-MS analysis shows only one 
peak eluting at 3.2 min, attributed to the E isomer. (UVA/UVC): a sample was then 
irradiated with either UVA or UVC light to its PSS, and was immediately injected for 
analysis. The additional peak eluting at 2.1 min with identical m/z value is attributed to 
the photoswitched Z isomer. (UVA Relax/UVC Relax) These irradiated samples were 
kept in the dark overnight, and injected for LC-MS analysis the next day. The solo peak 
at 3.2 min indicates a return to the ground state and demonstrates a reversible 
photoreaction.   

Other derivatives  
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The Fraction of E in the ground state was calculated from the LC-MS data using the 

following equation: 

 
FractionEGS =

AreaEGS

AreaEGS + AreaZGS

 (eq. 19) 

The concentration of E in the ground state, [E]GS in µM, is calculated by: 

  [E]GS = FractionEGS × [Total]GS  (eq. 20) 
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The concentration of the two isomers at both the GS and UVA PSS is used further in 

calculations for molar absorptivity (see below). 

The ratio of the two isomers are reported in Table 20 for ease of comparison. The ratio of 

EGS is calculated by: 

  
RatioEGS =

[E]GS

[E]GS + [Z]GS

×100  (eq. 21) 

These equations can be used to calculate	ZGS, EUVA, ZUVA, EUVC, and ZUVC. 

10. Calculation of Extinction Coefficients for E and Z isomers for HAPI & Derivatives  

Determination of molar absorptivity for E and Z isomers  

 Absorbance spectrum of both the ground state and UVA-induced 

photostationary state was taken. Using the ratios of E/Z isomer found using LC-MS and 

absorbance of the two different states at a chosen wavelength, molar absorptivity for the 

E and Z isomer of each compound was calculated using the Beer-Lambert Law:  A=εcl. 

Solving for εE  

From the Beer-Lambert Law, we know that: 

  Aλmax
GS = ε EcE

GS + εZcZ
GS  (eq. 22) 

  Aλmax
UVA = ε EcE

UVA + εZcZ
UVA  (eq. 23) 

where   Aλmax
GS is the absorbance at a specific wavelength in the ground state of the 

molecule,  cE
GS and  cZ

GS  are the concentrations of the E and Z isomer in the ground state 

respectively,   Aλmax
UVA  is the absorbance at a specific wavelength in the photostationary 
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state of the molecule, and  cE
UVA  and  cZ

UVA  are the concentrations of the E and Z isomer in 

the ground state respectively.  

In Equation 22, we have two unknowns (εE and εZ). Equation 23 can be rearranged to 

solve for εZ: 

  
εZ =

Aλmax
UVA − ε EcE

UVA

cZ
UVA  (eq. 24) 

Equation 24 can be substituted into Equation 22: 

  
Aλmax

GS = ε EcE
GS + (

Aλmax
UVA − ε EcE

UVA

cZ
UVA )cZ

GS  (eq. 25) 

Equation 25 can be rearranged to solve for εE: 

  

ε E =
Aλmax

GS − (
Aλmax

UVA − cZ
GS

cZ
UVA )

(
cE

GS − cE
UVAcZ

GS

cZ
UVA )

 (eq. 26) 

Once εE has been solved for, εZ can be solved for using Equation 24. 

Table 24: Calculated extinction coefficients for both E and Z isomers calculated for 
each derivative at specified wavelength λ in DMSO. 

 extinction coefficients in 
DMSO 

λ 
(nm) 

ε (M-1cm-1) 
E Z 

HAPI 331 10600 1800 
1 331 10400 2000 
2 310 5200 4000 
3 329 15000 1100 
4 333 28000 12200 
5 338 21000 6600 



 

 

238 

6 333 19100 300 
7 333 16000 2500 
8 325 13500 2200 
9 339 10200 2400 

10 326 17200 124000 
11 366 9100 1600 
12 360 8200 15200 
13 306 21200 2300 
14 326 11800 100 
15 286 11500 6300 
16 366 15000 1500 

 

11. Calculations for Composition of Blue Light Treatment 

Since εZ and εE have been solved for, the composition of E and Z isomers after treatment 

with Blue light can be calculated. 

We know that: 

  Aλmax
BL = ε EcE

BL + εZcZ
BL  (eq. 27) 

 Ctot = cE
BL + cZ

BL  (eq. 28) 

Equation 28 can be rearranged to solve for  cZ
BL : 

 cZ
BL = Ctot − cE

BL  (eq. 29) 

Equation 29 can be substituted into Equation 27: 

  Aλmax
BL = ε EcE

BL + εZ (Ctot − cE
BL )  (eq. 30) 

Equation 30 can be rearranged to solve for  cE
BL : 

  
cE

BL =
Aλmax

BL − ε zCtot

ε E − εZ

 (eq. 31) 
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Once  cE
BL  has been solved for, it can be substituted back into Equation 28 to solve for 

 cZ
BL . 

12. HAPI Thermal Relaxation Rates in Different Solvents 

 

Figure 61: Thermal relaxation rates and half-lives of HAPI* in different solvent 
conditions after irradiation with UVA light.  
3 concentrations were used to demonstrate an independence of the rate on concentration 
(4 for H2O). At each concentration, the sample was irradiated with UVA light until the 
PSS was reached. Samples were monitored by UV-vis at 331 nm. Time-points were taken 
every 2.5 hours over a 10-hour period to monitor the thermal relaxation from Z to E. 
Data for each compound was normalized (X-Xmin/Xmax-Xmin) and a non-linear regression 
one-phase association fit using Prism graphing software was applied to give the rate (k) 
and half-life. Instrument settings:  Ave time – 0.0125 s. 

PBS 

     Standard Percent 
 50 µm PBS 25 µm PBS 10 µm PBS Average Deviation Difference 

k (sec-1) 0.000031 0.000033 0.000039 0.000034 0.000004 22 
Half-life (sec) 22227 20855 17819 20300 2256  
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H2O 

      Standard Percent 

 
50 µm 
H2O 

25 µm 
H2O 

10 µM 
H2O 

5 µM 
H2O Average 

Deviation Difference 

k (sec-1) 0.000060 0.000058 0.000055 0.000057 0.000057 0.000002 8.7 
Half-time (sec) 11526 11969 12576 12198 12067 439  
 

DMSO 

     Standard  Percent 
 50 µM DMSO 25 µM DMSO 10 µM DMSO Average Deviation Difference 

k (sec-1) 0.00016 0.00018 0.00017 0.00017 0.00001 11 
Half-life (sec) 4260 3800 4197 4086 249  
 

Percent difference was calculated between the fastest and slowest thermal relaxation rate 

within a specific solvent condition using the following equation: 

  

PercentDifference =
| x1 − x2 |
(x1 + x2 )

2

×100  (eq. 32) 

 

13. Effect of sampling time of UV-vis on HAPI isomer equilibrium 

Sampling the solution 10 times over the course of 10 hours had a slower thermal 

relaxation rate as compared to sampling 3 or 5 times, indicating sample rate can effect 

isomer equilibrium, Since sampling 3 and 5 times have rates that are within error, it was 

concluded that taking a scan 5 times over the course of 10 hours affected the equilibrium 

minimally while allowing better resolution of the data. 
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Figure 62: Effect of sampling time of UV-VIS on HAPI isomer equilibrium.  
Since HAPI and the derivatives are photoswtiches, it was important to ensure the 
sampling rate of the UV-vis was not affecting the equilibrium of the E and Z isomers. To 
ensure the method was satisfactory, the thermal relaxation rate of HAPI was measured 
for different sampling rates. Samples of 50 µM HAPI in DMSO were irradiated to the 
PSS with UVA light then monitored by UV-vis at 331 nm to watch the thermal relaxation 
from Z to E. Time points at different times over a 10-hour period, which allowed for 
different amounts of exposure to sampling light. Data for each compound were 
normalized (X-Xmin/Xmax-Xmin) and a non-linear regression one-phase association fit using 
Prism graphing software was applied to give the rate (k) and half-life. Instrument 
settings:  Ave time – 0.0125 s; 10 pt. line – scanned every 3600 s; 5 pt. line – scanned 
every 9000 s; 3 pt. line – scanned every 12000 s.  

14. Assessment of Iron(III) Affinity 
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Figure 63: Calcein assay.  
A competitive metal binding experiment was performed in a microwell plate between 
Fe(calcein) and chelating hydrazones (with or without prior UVA exposure). The 
fluorescence of calcein complexed with Fe3+ is quenched. Removal of Fe3+ from its 
complex with calcein restores calcein emission. 
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Appendix B 
This appendix will include all the 1H and 13C NMR spectra and MS data for each of the 

compounds characterized in this dissertation.  
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Appendix C  
This appendix contains crystal structures of various compounds.  

 

Figure 64: Structure of [Zn4a(NTf2)]NTf2.  
(Left) Crystal structure of [Zn4a(NTf2)]NTf2. (Right) ORTEP drawing with numbering 
scheme. Hydrogens omitted for clarity.  

Table 25: Crystal Data for [Zn4a(NTf2)]NTf2. 

C26H24F6N5O12S3Zn·C2F6NO4S2 F(000) = 1160 

Mr = 1154.20 ? 

Triclinic, P  Dx = 1.866 Mg m−3 

Hall symbol: ? Melting point: ? K 

a = 11.3299 (6) Å Mo Kα radiation, λ = 0.71073 Å 

b = 13.4962 (7) Å Cell parameters from 256 reflections 

c = 15.5132 (8) Å θ = 2.6–30.7° 



 

 

283 

α = 107.0621 (18)° µ = 0.98 mm−1 

β = 99.3366 (19)° T = 100 K 

γ = 109.0463 (18)° Plate, colourless 

V = 2054.37 (19) Å3 0.29 × 0.24 × 0.14 mm 

Z = 2  
 

Table 26: Data collection for [Zn4a(NTf2)]NTf2. 

Bruker-Nonius X8 Kappa APEX II  
diffractometer 

15894 independent 
reflections 

Radiation source: fine-focus sealed tube 12654 reflections with I > 
2σ(I) 

Graphite monochromator Rint = 0.038 

Detector resolution: 8.3333 pixels mm-1 θmax = 33.4°, θmin = 1.4° 

phi and ω scans h = −17 17 

Absorption correction: numerical  
SADABS-2016/2 - Bruker AXS area detector scaling and absorption 
correction 

k = −20 20 

Tmin = 0.81, Tmax = 0.93 l = −23 24 

107478 measured reflections  
 

Table 27: Refinement for [Zn4a(NTf2)]NTf2.  
Prolate O8 is part of a nitro group positioned away from the central core of the structure 
residual peaks of less than 0.5 were visible, but modeling disorder does not improve fit. 
Large residual peak near Zn is likely Fourier truncation error. No evidence for twinning 
found. 

Refinement on F2 Secondary atom site location: ? 

Least-squares matrix: full Hydrogen site location: inferred from neighbouring sites 
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R[F2 > 2σ(F2)] = 0.043 H-atom parameters constrained 

wR(F2) = 0.119 w = 1/[σ2(Fo
2) + (0.0595P)2 + 2.2147P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.04 (Δ/σ)max = 0.001 

15894 reflections Δρmax = 3.29 e Å−3 

751 parameters Δρmin = −0.78 e Å−3 

273 restraints Extinction correction: none 

? constraints Extinction coefficient: ? 

Primary atom site location: ?  
  

Table 28: Fractional atomic coordinates and isotropic or equivalent isotropic 
displacement parameters (Å2). 

 x y z Uiso*/Ueq Occ. (<1) 

Zn1 0.65361 (2) 0.38375 (2) 0.25431 (2) 0.01248 (5)  
S1 0.92125 (4) 0.51614 (3) 0.20328 (3) 0.01401 (8)  
S2 0.42549 (5) 0.48791 (4) 0.30372 (3) 0.01642 (8)  
S3 0.23053 (5) 0.35446 (4) 0.13308 (3) 0.02105 (9)  
F1 0.53734 (17) 0.70588 (12) 0.36612 (11) 0.0394 (4)  
F2 0.33152 (17) 0.64279 (14) 0.35067 (10) 0.0363 (3)  
F3 0.39910 (19) 0.63090 (13) 0.22815 (10) 0.0380 (4)  
F4 0.29422 (15) 0.18111 (14) 0.11664 (13) 0.0400 (4)  
F5 0.1145 (2) 0.14585 (14) 0.01840 (12) 0.0506 (5)  
F6 0.12330 (14) 0.16660 (12) 0.16150 (11) 0.0320 (3)  
O1 0.98413 (14) 0.51221 (12) 0.28885 (10) 0.0202 (3)  
O2 0.87418 (13) 0.42228 (11) 0.11609 (10) 0.0178 (2)  



 

 

285 

O3 0.64356 (13) 0.11838 (10) 0.10396 (9) 0.0148 (2)  
O4 0.74893 (13) 0.27389 (10) 0.23596 (9) 0.0151 (2)  
O5 0.58659 (16) 0.30844 (12) 0.45065 (10) 0.0228 (3)  
O6 0.51319 (14) 0.28756 (11) 0.30048 (9) 0.0190 (3)  
O7 1.34001 (18) 1.00298 (13) 0.22428 (13) 0.0345 (4)  
O8 1.2817 (2) 0.90964 (17) 0.07457 (14) 0.0554 (7)  
O9 0.52771 (14) 0.48467 (12) 0.25898 (10) 0.0191 (3)  
O10 0.44837 (16) 0.49071 (13) 0.39779 (10) 0.0237 (3)  
O11 0.32288 (16) 0.38581 (14) 0.08285 (11) 0.0274 (3)  
O12 0.10825 (16) 0.36264 (15) 0.10830 (13) 0.0306 (3)  
N1 0.78820 (14) 0.53960 (11) 0.22184 (10) 0.0131 (2)  
N2 0.76856 (15) 0.49507 (12) 0.38439 (10) 0.0151 (3)  
N3 0.59231 (14) 0.33327 (11) 0.11163 (10) 0.0119 (2)  
N4 1.27804 (19) 0.91733 (15) 0.15390 (14) 0.0268 (4)  
N5 0.28542 (17) 0.40226 (16) 0.24445 (12) 0.0232 (3)  
C1 0.81486 (18) 0.63525 (14) 0.30954 (12) 0.0167 (3)  
H1A 0.742975 0.66154 0.30412 0.02*  
H1B 0.896167 0.698503 0.317558 0.02*  
C2 0.82845 (18) 0.60381 (15) 0.39517 (12) 0.0175 (3)  
C3 0.8996 (2) 0.68783 (17) 0.48219 (14) 0.0271 (4)  
H3 0.939728 0.764227 0.488173 0.033*  
C4 0.9111 (3) 0.6584 (2) 0.56024 (15) 0.0341 (5)  
H4 0.958835 0.714564 0.620942 0.041*  
C5 0.8525 (2) 0.54597 (19) 0.54929 (14) 0.0276 (4)  
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H5 0.861126 0.524301 0.602209 0.033*  
C6 0.78156 (19) 0.46600 (16) 0.46070 (13) 0.0187 (3)  
C7 0.7205 (2) 0.34312 (17) 0.44598 (14) 0.0212 (4)  
H7A 0.722216 0.297176 0.383738 0.025*  
H7B 0.772653 0.328219 0.494571 0.025*  
C8 0.4933 (2) 0.27957 (15) 0.37413 (13) 0.0197 (3)  
C9 0.3610 (2) 0.23600 (19) 0.38617 (16) 0.0265 (4)  
H9A 0.347255 0.167908 0.400775 0.04*  
H9B 0.295494 0.217675 0.32789 0.04*  
H9C 0.3529 0.293696 0.437802 0.04*  
C10 0.69871 (17) 0.53251 (14) 0.13709 (12) 0.0143 (3)  
H10A 0.750153 0.572137 0.102507 0.017*  
H10B 0.64096 0.57083 0.156563 0.017*  
C11 0.61690 (16) 0.41169 (14) 0.07297 (12) 0.0131 (3)  
C12 0.57209 (19) 0.38444 (15) −0.02293 (13) 0.0179 (3)  
H12 0.589485 0.441811 −0.048535 0.021*  
C13 0.5017 (2) 0.27246 (17) −0.08081 (13) 0.0216 (4)  
H13 0.466835 0.251988 −0.146454 0.026*  
C14 0.48263 (18) 0.19050 (15) −0.04160 (12) 0.0182 (3)  
H14 0.437887 0.112817 −0.080422 0.022*  
C15 0.52959 (16) 0.22325 (13) 0.05476 (11) 0.0128 (3)  
C16 0.52327 (17) 0.13711 (13) 0.09888 (12) 0.0138 (3)  
H16A 0.513425 0.164605 0.162793 0.017*  
H16B 0.447414 0.065554 0.060609 0.017*  
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C17 0.74832 (17) 0.19334 (14) 0.17340 (12) 0.0143 (3)  
C18 0.8677 (2) 0.17275 (17) 0.16740 (15) 0.0210 (3)  
H18A 0.896184 0.15129 0.219717 0.031*  
H18B 0.936673 0.241659 0.1709 0.031*  
H18C 0.849483 0.111666 0.10762 0.031*  
C19 1.02589 (17) 0.63516 (14) 0.18830 (12) 0.0149 (3)  
C20 1.11734 (19) 0.72474 (16) 0.26778 (13) 0.0199 (3)  
H20 1.121943 0.721735 0.328603 0.024*  
C21 1.2013 (2) 0.81815 (16) 0.25669 (14) 0.0221 (4)  
H21 1.263658 0.880945 0.309519 0.027*  
C22 1.19162 (18) 0.81714 (15) 0.16614 (14) 0.0188 (3)  
C23 1.10305 (19) 0.72843 (16) 0.08643 (13) 0.0194 (3)  
H23 1.100511 0.73083 0.02559 0.023*  
C24 1.01819 (18) 0.63598 (15) 0.09806 (13) 0.0169 (3)  
H24 0.955401 0.573817 0.045011 0.02*  
C25 0.4233 (2) 0.62597 (18) 0.31284 (14) 0.0248 (4)  
C26 0.1883 (2) 0.20314 (19) 0.10578 (16) 0.0255 (4)  

S4 0.90327 (5) 0.96002 (4) 0.33151 (4) 0.02022 (11) 0.9229 (13) 

S5 0.66237 (6) 0.97429 (4) 0.32964 (4) 0.02089 (11) 0.9229 (13) 

F7 0.85264 (16) 0.78894 (11) 0.17641 (11) 0.0307 (3) 0.9229 (13) 

F8 1.00810 (18) 0.94295 (18) 0.19284 (14) 0.0332 (4) 0.9229 (13) 

F9 0.80932 (15) 0.92465 (12) 0.15417 (10) 0.0268 (3) 0.9229 (13) 

F10 0.6597 (2) 0.96851 (15) 0.49676 (12) 0.0443 (4) 0.9229 (13) 

F11 0.59919 (19) 1.09211 (15) 0.46546 (13) 0.0407 (4) 0.9229 (13) 
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F12 0.8022 (2) 1.1216 (2) 0.49882 (14) 0.0405 (5) 0.9229 (13) 

O13 0.9727 (2) 0.90713 (15) 0.37403 (13) 0.0296 (4) 0.9229 (13) 

O14 0.96215 (19) 1.07944 (13) 0.35494 (12) 0.0259 (3) 0.9229 (13) 

O15 0.5310 (2) 0.89268 (16) 0.29405 (15) 0.0327 (4) 0.9229 (13) 

O16 0.69750 (19) 1.06567 (16) 0.29741 (13) 0.0292 (4) 0.9229 (13) 

N6 0.7561 (2) 0.90970 (16) 0.33020 (15) 0.0233 (4) 0.9229 (13) 

C27 0.8924 (2) 0.90059 (17) 0.20667 (16) 0.0206 (4) 0.9229 (13) 

C28 0.6825 (3) 1.0423 (2) 0.45537 (17) 0.0281 (5) 0.9229 (13) 

S4A 0.8234 (7) 0.9103 (5) 0.2749 (5) 0.0277 (16) 0.0771 (13) 

S5A 0.7506 (7) 1.0582 (6) 0.3983 (5) 0.0312 (16) 0.0771 (13) 

F7A 1.053 (2) 0.947 (2) 0.3719 (16) 0.061 (6) 0.0771 (13) 

F8A 1.041 (2) 0.953 (2) 0.2341 (17) 0.050 (6) 0.0771 (13) 

F9A 1.037 (2) 1.0918 (14) 0.3438 (19) 0.059 (7) 0.0771 (13) 

F10A 0.520 (2) 0.9156 (18) 0.387 (2) 0.064 (7) 0.0771 (13) 

F11A 0.529 (2) 1.0728 (16) 0.3829 (17) 0.050 (5) 0.0771 (13) 

F12A 0.533 (2) 0.941 (3) 0.2604 (14) 0.067 (8) 0.0771 (13) 

O13A 0.799 (3) 0.7924 (13) 0.245 (2) 0.058 (8) 0.0771 (13) 

O14A 0.778 (2) 0.9427 (19) 0.1995 (14) 0.033 (4) 0.0771 (13) 

O15A 0.765 (3) 1.095 (3) 0.4974 (12) 0.056 (10) 0.0771 (13) 

O16A 0.789 (3) 1.134 (2) 0.352 (2) 0.047 (6) 0.0771 (13) 

N6A 0.787 (2) 0.9513 (17) 0.3678 (14) 0.033 (5) 0.0771 (13) 

C27A 1.0009 (15) 0.9810 (16) 0.3095 (16) 0.043 (5) 0.0771 (13) 
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C28A 0.5717 (15) 0.9926 (16) 0.3531 (15) 0.039 (5) 0.0771 (13) 

 

Table 29: Atomic displacement parameters (Å2). 

 U
11 U22 U33 U12 U13 U23 

Zn1 0.01813 
(10) 0.00746 (8) 0.00864 (8) 0.00211 (7) 0.00424 (7) 0.00170 (6) 

S1 0.01423 
(17) 

0.01028 
(16) 

0.01517 
(18) 

0.00202 
(13) 

0.00409 
(14) 

0.00476 
(13) 

S2 0.0213 (2) 0.01575 
(18) 

0.01576 
(18) 

0.00854 
(15) 

0.00872 
(15) 

0.00752 
(15) 

S3 0.0187 (2) 0.0243 (2) 0.0209 (2) 0.00673 
(17) 

0.00615 
(16) 

0.01115 
(18) 

F1 0.0563 (10) 0.0171 (6) 0.0385 (8) 0.0103 (6) 0.0139 (7) 0.0062 (6) 

F2 0.0617 (10) 0.0462 (8) 0.0254 (7) 0.0419 (8) 0.0233 (7) 0.0180 (6) 

F3 0.0785 (12) 0.0317 (7) 0.0231 (6) 0.0328 (8) 0.0256 (7) 0.0183 (6) 

F4 0.0322 (7) 0.0370 (8) 0.0646 (11) 0.0203 (6) 0.0276 (7) 0.0231 (8) 

F5 0.0694 (12) 0.0328 (8) 0.0271 (8) 0.0077 (8) −0.0004 (8) 0.0022 (6) 

F6 0.0304 (7) 0.0303 (7) 0.0442 (8) 0.0123 (6) 0.0204 (6) 0.0206 (6) 

O1 0.0186 (6) 0.0214 (6) 0.0216 (6) 0.0056 (5) 0.0049 (5) 0.0124 (5) 

O2 0.0186 (6) 0.0105 (5) 0.0204 (6) 0.0038 (4) 0.0070 (5) 0.0017 (5) 

O3 0.0194 (6) 0.0102 (5) 0.0134 (5) 0.0044 (4) 0.0065 (5) 0.0033 (4) 

O4 0.0196 (6) 0.0107 (5) 0.0138 (5) 0.0050 (4) 0.0049 (4) 0.0041 (4) 

O5 0.0329 (8) 0.0209 (6) 0.0167 (6) 0.0092 (6) 0.0117 (6) 0.0089 (5) 

O6 0.0270 (7) 0.0134 (5) 0.0164 (6) 0.0052 (5) 0.0110 (5) 0.0059 (5) 

O7 0.0381 (9) 0.0169 (7) 0.0349 (9) −0.0037 (6) 0.0108 (7) 0.0072 (6) 

O8 0.0775 (15) 0.0321 (9) 0.0344 (10) −0.0116 
(10) 0.0343 (10) 0.0096 (8) 
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O9 0.0202 (6) 0.0176 (6) 0.0202 (6) 0.0073 (5) 0.0094 (5) 0.0065 (5) 

O10 0.0351 (8) 0.0249 (7) 0.0164 (6) 0.0144 (6) 0.0104 (6) 0.0105 (5) 

O11 0.0286 (8) 0.0328 (8) 0.0197 (7) 0.0062 (6) 0.0101 (6) 0.0131 (6) 

O12 0.0234 (7) 0.0371 (9) 0.0353 (9) 0.0147 (7) 0.0048 (6) 0.0177 (7) 

N1 0.0157 (6) 0.0083 (5) 0.0123 (6) 0.0022 (5) 0.0046 (5) 0.0021 (5) 

N2 0.0187 (7) 0.0124 (6) 0.0109 (6) 0.0039 (5) 0.0038 (5) 0.0025 (5) 

N3 0.0137 (6) 0.0090 (5) 0.0107 (6) 0.0018 (5) 0.0051 (5) 0.0030 (4) 

N4 0.0289 (9) 0.0185 (7) 0.0314 (9) 0.0020 (7) 0.0173 (7) 0.0105 (7) 

N5 0.0199 (7) 0.0302 (9) 0.0196 (7) 0.0065 (7) 0.0084 (6) 0.0117 (7) 

C1 0.0215 (8) 0.0083 (6) 0.0146 (7) 0.0021 (6) 0.0053 (6) 0.0009 (5) 

C2 0.0206 (8) 0.0117 (7) 0.0138 (7) 0.0021 (6) 0.0044 (6) 0.0012 (6) 

C3 0.0353 (11) 0.0158 (8) 0.0167 (8) 0.0003 (8) 0.0023 (8) 0.0012 (7) 

C4 0.0451 (14) 0.0233 (10) 0.0145 (9) 0.0000 (9) −0.0014 (8) 0.0009 (7) 

C5 0.0358 (11) 0.0250 (9) 0.0129 (8) 0.0051 (8) 0.0026 (7) 0.0049 (7) 

C6 0.0231 (9) 0.0202 (8) 0.0116 (7) 0.0080 (7) 0.0044 (6) 0.0053 (6) 

C7 0.0302 (10) 0.0198 (8) 0.0160 (8) 0.0108 (7) 0.0083 (7) 0.0080 (7) 

C8 0.0292 (9) 0.0135 (7) 0.0175 (8) 0.0070 (7) 0.0113 (7) 0.0063 (6) 

C9 0.0303 (10) 0.0267 (10) 0.0249 (9) 0.0074 (8) 0.0166 (8) 0.0124 (8) 

C10 0.0179 (7) 0.0096 (6) 0.0146 (7) 0.0028 (5) 0.0054 (6) 0.0062 (5) 

C11 0.0146 (7) 0.0110 (6) 0.0133 (7) 0.0030 (5) 0.0053 (6) 0.0057 (5) 

C12 0.0224 (8) 0.0164 (7) 0.0141 (7) 0.0046 (6) 0.0054 (6) 0.0080 (6) 

C13 0.0268 (9) 0.0200 (8) 0.0116 (7) 0.0042 (7) 0.0023 (7) 0.0042 (6) 

C14 0.0197 (8) 0.0143 (7) 0.0122 (7) 0.0014 (6) 0.0023 (6) 0.0007 (6) 

C15 0.0127 (7) 0.0096 (6) 0.0121 (7) 0.0007 (5) 0.0048 (5) 0.0022 (5) 

C16 0.0156 (7) 0.0085 (6) 0.0143 (7) 0.0009 (5) 0.0067 (6) 0.0031 (5) 
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C17 0.0193 (8) 0.0114 (6) 0.0143 (7) 0.0048 (6) 0.0077 (6) 0.0077 (6) 

C18 0.0217 (9) 0.0209 (8) 0.0246 (9) 0.0109 (7) 0.0103 (7) 0.0096 (7) 

C19 0.0141 (7) 0.0119 (7) 0.0157 (7) 0.0015 (5) 0.0046 (6) 0.0052 (6) 

C20 0.0188 (8) 0.0175 (8) 0.0161 (8) −0.0005 (6) 0.0027 (6) 0.0062 (6) 

C21 0.0203 (8) 0.0167 (8) 0.0196 (8) −0.0018 (6) 0.0029 (7) 0.0052 (7) 

C22 0.0187 (8) 0.0136 (7) 0.0230 (8) 0.0023 (6) 0.0109 (7) 0.0074 (6) 

C23 0.0234 (9) 0.0170 (8) 0.0167 (8) 0.0047 (7) 0.0104 (7) 0.0061 (6) 

C24 0.0189 (8) 0.0138 (7) 0.0142 (7) 0.0029 (6) 0.0056 (6) 0.0035 (6) 

C25 0.0414 (12) 0.0211 (9) 0.0196 (9) 0.0180 (8) 0.0145 (8) 0.0090 (7) 

C26 0.0223 (9) 0.0275 (10) 0.0262 (10) 0.0077 (8) 0.0094 (8) 0.0104 (8) 

S4 0.0266 (3) 0.00918 
(19) 0.0189 (2) 0.00397 

(17) 
0.00183 
(19) 

0.00295 
(16) 

S5 0.0288 (3) 0.0142 (2) 0.0177 (2) 0.00604 
(18) 

0.00813 
(19) 

0.00541 
(17) 

F7 0.0455 (9) 0.0117 (5) 0.0291 (7) 0.0100 (6) 0.0106 (6) 0.0011 (5) 

F8 0.0277 (9) 0.0319 (9) 0.0397 (10) 0.0099 (7) 0.0158 (8) 0.0118 (8) 

F9 0.0336 (8) 0.0259 (7) 0.0203 (6) 0.0141 (6) 0.0049 (6) 0.0066 (5) 

F10 0.0786 (13) 0.0401 (9) 0.0333 (8) 0.0291 (9) 0.0324 (9) 0.0248 (7) 

F11 0.0563 (11) 0.0341 (8) 0.0434 (10) 0.0266 (8) 0.0293 (9) 0.0126 (7) 

F12 0.0448 (13) 0.0300 (12) 0.0248 (8) 0.0056 (10) 0.0029 (7) −0.0056 (7) 

O13 0.0351 (10) 0.0194 (7) 0.0276 (8) 0.0088 (7) −0.0022 (7) 0.0077 (6) 

O14 0.0304 (9) 0.0090 (6) 0.0270 (8) 0.0015 (6) 0.0019 (7) 0.0019 (6) 

O15 0.0286 (9) 0.0230 (8) 0.0359 (10) 0.0047 (7) 0.0060 (8) 0.0042 (7) 

O16 0.0384 (10) 0.0288 (8) 0.0321 (9) 0.0162 (8) 0.0164 (8) 0.0209 (7) 

N6 0.0317 (10) 0.0115 (8) 0.0254 (9) 0.0061 (7) 0.0116 (8) 0.0059 (7) 

C27 0.0239 (9) 0.0122 (8) 0.0238 (9) 0.0063 (7) 0.0073 (8) 0.0047 (7) 
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C28 0.0431 (14) 0.0192 (9) 0.0229 (10) 0.0119 (9) 0.0152 (10) 0.0068 (8) 

S4A 0.030 (3) 0.011 (2) 0.033 (3) 0.008 (2) −0.004 (3) 0.002 (2) 

S5A 0.033 (3) 0.019 (3) 0.030 (3) 0.006 (3) 0.004 (3) 0.001 (2) 

F7A 0.045 (13) 0.058 (14) 0.064 (13) 0.032 (12) −0.005 (10) 0.000 (11) 

F8A 0.033 (13) 0.045 (13) 0.071 (13) 0.024 (11) 0.019 (12) 0.009 (12) 

F9A 0.026 (10) 0.028 (8) 0.081 (17) −0.002 (7) 0.000 (11) −0.015 (8) 

F10A 0.049 (12) 0.037 (11) 0.122 (19) 0.020 (9) 0.055 (14) 0.033 (13) 

F11A 0.048 (11) 0.029 (9) 0.061 (14) 0.018 (9) 0.014 (11) −0.001 (9) 

F12A 0.037 (12) 0.08 (2) 0.045 (10) 0.028 (14) −0.006 (8) −0.023 (9) 

O13A 0.075 (18) 0.012 (7) 0.067 (17) 0.011 (8) 0.000 (15) 0.007 (9) 

O14A 0.031 (10) 0.030 (10) 0.035 (9) 0.016 (9) 0.000 (8) 0.008 (9) 

O15A 0.06 (2) 0.026 (15) 0.024 (7) −0.023 (13) −0.007 (9) −0.010 (8) 

O16A 0.059 (15) 0.042 (13) 0.070 (17) 0.035 (12) 0.044 (15) 0.033 (13) 

N6A 0.038 (12) 0.024 (10) 0.040 (10) 0.011 (10) 0.010 (11) 0.016 (9) 

C27A 0.020 (7) 0.036 (9) 0.060 (13) 0.019 (7) 0.003 (8) −0.005 (9) 

C28A 0.033 (8) 0.023 (10) 0.043 (10) 0.005 (7) 0.002 (7) −0.002 (8) 

 

Table 30: Geometric parameters (Å, °).  
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell e.s.d.'s are taken into account individually in 
the estimation of e.s.d.'s in distances, angles and torsion angles; correlations between 
e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An 
approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving 
l.s. planes. 

Zn1—N2 2.0289 (15) C10—C11 1.507 (2) 

Zn1—N3 2.0379 (14) C10—H10A 0.99 
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Zn1—O6 2.0729 (13) C10—H10B 0.99 

Zn1—O4 2.0841 (13) C11—C12 1.385 (2) 

Zn1—O9 2.2668 (14) C12—C13 1.382 (3) 

Zn1—N1 2.4043 (14) C12—H12 0.95 

S1—O1 1.4252 (15) C13—C14 1.386 (3) 

S1—O2 1.4276 (14) C13—H13 0.95 

S1—N1 1.6895 (16) C14—C15 1.383 (2) 

S1—C19 1.7623 (17) C14—H14 0.95 

S2—O10 1.4271 (15) C15—C16 1.501 (2) 

S2—O9 1.4495 (14) C16—H16A 0.99 

S2—N5 1.5510 (18) C16—H16B 0.99 

S2—C25 1.836 (2) C17—C18 1.479 (3) 

S3—O12 1.4253 (17) C18—H18A 0.98 

S3—O11 1.4318 (16) C18—H18B 0.98 

S3—N5 1.5884 (18) C18—H18C 0.98 

S3—C26 1.835 (2) C19—C24 1.392 (2) 

F1—C25 1.318 (3) C19—C20 1.396 (2) 

F2—C25 1.323 (3) C20—C21 1.386 (3) 

F3—C25 1.324 (2) C20—H20 0.95 

F4—C26 1.324 (3) C21—C22 1.387 (3) 

F5—C26 1.315 (3) C21—H21 0.95 

F6—C26 1.324 (3) C22—C23 1.383 (3) 

O3—C17 1.325 (2) C23—C24 1.385 (2) 

O3—C16 1.459 (2) C23—H23 0.95 

O4—C17 1.224 (2) C24—H24 0.95 
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O5—C8 1.316 (3) S4—O13 1.4276 (19) 

O5—C7 1.455 (3) S4—O14 1.4320 (16) 

O6—C8 1.228 (2) S4—N6 1.576 (2) 

O7—N4 1.226 (2) S4—C27 1.832 (2) 

O8—N4 1.213 (3) S5—O16 1.4267 (17) 

N1—C1 1.480 (2) S5—O15 1.428 (2) 

N1—C10 1.482 (2) S5—N6 1.579 (2) 

N2—C2 1.346 (2) S5—C28 1.835 (2) 

N2—C6 1.353 (2) F7—C27 1.329 (2) 

N3—C11 1.339 (2) F8—C27 1.329 (3) 

N3—C15 1.352 (2) F9—C27 1.327 (3) 

N4—C22 1.473 (2) F10—C28 1.316 (3) 

C1—C2 1.509 (3) F11—C28 1.329 (3) 

C1—H1A 0.99 F12—C28 1.332 (3) 

C1—H1B 0.99 S4A—O13A 1.436 (14) 

C2—C3 1.382 (3) S4A—O14A 1.441 (15) 

C3—C4 1.381 (3) S4A—N6A 1.557 (15) 

C3—H3 0.95 S4A—C27A 1.828 (15) 

C4—C5 1.388 (3) S5A—O16A 1.410 (15) 

C4—H4 0.95 S5A—O15A 1.433 (17) 

C5—C6 1.380 (3) S5A—N6A 1.591 (15) 

C5—H5 0.95 S5A—C28A 1.841 (15) 

C6—C7 1.503 (3) F7A—C27A 1.320 (18) 

C7—H7A 0.99 F8A—C27A 1.322 (17) 

C7—H7B 0.99 F9A—C27A 1.322 (17) 



 

 

295 

C8—C9 1.486 (3) F10A—C28A 1.314 (18) 

C9—H9A 0.98 F11A—C28A 1.321 (17) 

C9—H9B 0.98 F12A—C28A 1.324 (17) 

C9—H9C 0.98   

N2—Zn1—N3 153.20 (6) C12—C13—H13 120.5 

N2—Zn1—O6 95.77 (6) C14—C13—H13 120.5 

N3—Zn1—O6 109.85 (6) C15—C14—C13 119.17 (16) 

N2—Zn1—O4 97.95 (6) C15—C14—H14 120.4 

N3—Zn1—O4 88.24 (5) C13—C14—H14 120.4 

O6—Zn1—O4 94.05 (5) N3—C15—C14 121.57 (16) 

N2—Zn1—O9 89.15 (6) N3—C15—C16 117.42 (15) 

N3—Zn1—O9 86.42 (6) C14—C15—C16 120.78 (15) 

O6—Zn1—O9 82.89 (5) O3—C16—C15 108.32 (13) 

O4—Zn1—O9 172.54 (5) O3—C16—H16A 110.0 

N2—Zn1—N1 77.31 (6) C15—C16—H16A 110.0 

N3—Zn1—N1 75.89 (5) O3—C16—H16B 110.0 

O6—Zn1—N1 161.29 (5) C15—C16—H16B 110.0 

O4—Zn1—N1 104.05 (5) H16A—C16—H16B 108.4 

O9—Zn1—N1 79.68 (5) O4—C17—O3 124.17 (17) 

O1—S1—O2 122.05 (9) O4—C17—C18 122.27 (17) 

O1—S1—N1 105.31 (8) O3—C17—C18 113.54 (15) 

O2—S1—N1 105.09 (8) C17—C18—H18A 109.5 
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O1—S1—C19 107.61 (8) C17—C18—H18B 109.5 

O2—S1—C19 108.34 (8) H18A—C18—H18B 109.5 

N1—S1—C19 107.68 (8) C17—C18—H18C 109.5 

O10—S2—O9 117.13 (9) H18A—C18—H18C 109.5 

O10—S2—N5 110.09 (9) H18B—C18—H18C 109.5 

O9—S2—N5 116.07 (9) C24—C19—C20 121.91 (16) 

O10—S2—C25 105.19 (9) C24—C19—S1 119.49 (13) 

O9—S2—C25 102.19 (9) C20—C19—S1 118.56 (14) 

N5—S2—C25 104.34 (11) C21—C20—C19 119.05 (17) 

O12—S3—O11 118.91 (10) C21—C20—H20 120.5 

O12—S3—N5 109.11 (10) C19—C20—H20 120.5 

O11—S3—N5 116.38 (9) C20—C21—C22 117.98 (17) 

O12—S3—C26 104.34 (10) C20—C21—H21 121.0 

O11—S3—C26 104.86 (10) C22—C21—H21 121.0 

N5—S3—C26 100.66 (10) C23—C22—C21 123.79 (17) 

C17—O3—C16 117.68 (13) C23—C22—N4 117.84 (17) 

C17—O4—Zn1 138.74 (12) C21—C22—N4 118.34 (17) 

C8—O5—C7 118.41 (15) C22—C23—C24 117.96 (17) 

C8—O6—Zn1 139.81 (14) C22—C23—H23 121.0 

S2—O9—Zn1 131.87 (9) C24—C23—H23 121.0 

C1—N1—C10 115.88 (14) C23—C24—C19 119.29 (16) 

C1—N1—S1 114.38 (12) C23—C24—H24 120.4 
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C10—N1—S1 114.38 (11) C19—C24—H24 120.4 

C1—N1—Zn1 101.02 (10) F1—C25—F2 109.01 (18) 

C10—N1—Zn1 101.30 (9) F1—C25—F3 109.69 (19) 

S1—N1—Zn1 107.57 (7) F2—C25—F3 108.23 (19) 

C2—N2—C6 119.12 (16) F1—C25—S2 109.16 (16) 

C2—N2—Zn1 117.70 (12) F2—C25—S2 110.80 (15) 

C6—N2—Zn1 123.07 (12) F3—C25—S2 109.94 (14) 

C11—N3—C15 118.97 (14) F5—C26—F4 109.2 (2) 

C11—N3—Zn1 118.81 (11) F5—C26—F6 108.05 (19) 

C15—N3—Zn1 122.21 (11) F4—C26—F6 107.20 (19) 

O8—N4—O7 124.54 (18) F5—C26—S3 109.46 (16) 

O8—N4—C22 117.61 (18) F4—C26—S3 111.11 (15) 

O7—N4—C22 117.84 (18) F6—C26—S3 111.70 (15) 

S2—N5—S3 126.20 (11) O13—S4—O14 119.22 (11) 

N1—C1—C2 112.38 (14) O13—S4—N6 109.38 (12) 

N1—C1—H1A 109.1 O14—S4—N6 116.49 (11) 

C2—C1—H1A 109.1 O13—S4—C27 103.59 (11) 

N1—C1—H1B 109.1 O14—S4—C27 103.70 (10) 

C2—C1—H1B 109.1 N6—S4—C27 101.77 (11) 

H1A—C1—H1B 107.9 O16—S5—O15 118.74 (13) 

N2—C2—C3 122.25 (18) O16—S5—N6 116.82 (11) 

N2—C2—C1 118.78 (15) O15—S5—N6 108.29 (12) 
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C3—C2—C1 118.96 (16) O16—S5—C28 104.20 (11) 

C4—C3—C2 118.57 (19) O15—S5—C28 103.88 (13) 

C4—C3—H3 120.7 N6—S5—C28 102.65 (12) 

C2—C3—H3 120.7 S4—N6—S5 124.67 (12) 

C3—C4—C5 119.47 (19) F9—C27—F8 107.82 (19) 

C3—C4—H4 120.3 F9—C27—F7 107.99 (18) 

C5—C4—H4 120.3 F8—C27—F7 108.29 (19) 

C6—C5—C4 119.29 (19) F9—C27—S4 111.24 (15) 

C6—C5—H5 120.4 F8—C27—S4 110.27 (16) 

C4—C5—H5 120.4 F7—C27—S4 111.11 (15) 

N2—C6—C5 121.26 (18) F10—C28—F11 108.4 (2) 

N2—C6—C7 118.10 (16) F10—C28—F12 109.0 (2) 

C5—C6—C7 120.60 (18) F11—C28—F12 107.6 (2) 

O5—C7—C6 112.55 (16) F10—C28—S5 111.52 (16) 

O5—C7—H7A 109.1 F11—C28—S5 109.29 (19) 

C6—C7—H7A 109.1 F12—C28—S5 110.90 (18) 

O5—C7—H7B 109.1 O13A—S4A—O14A 113.4 (15) 

C6—C7—H7B 109.1 O13A—S4A—N6A 111.2 (15) 

H7A—C7—H7B 107.8 O14A—S4A—N6A 117.5 (12) 
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O6—C8—O5 123.70 (19) O13A—S4A—C27A 104.1 (13) 

O6—C8—C9 123.5 (2) O14A—S4A—C27A 105.1 (12) 

O5—C8—C9 112.82 (17) N6A—S4A—C27A 103.9 (12) 

C8—C9—H9A 109.5 O16A—S5A—O15A 122.8 (17) 

C8—C9—H9B 109.5 O16A—S5A—N6A 115.7 (12) 

H9A—C9—H9B 109.5 O15A—S5A—N6A 108.9 (18) 

C8—C9—H9C 109.5 O16A—S5A—C28A 104.2 (13) 

H9A—C9—H9C 109.5 O15A—S5A—C28A 99.7 (15) 

H9B—C9—H9C 109.5 N6A—S5A—C28A 101.8 (11) 

N1—C10—C11 111.46 (13) S4A—N6A—S5A 123.3 (12) 

N1—C10—H10A 109.3 F7A—C27A—F8A 108.7 (19) 

C11—C10—H10A 109.3 F7A—C27A—F9A 111 (2) 

N1—C10—H10B 109.3 F8A—C27A—F9A 109 (2) 

C11—C10—H10B 109.3 F7A—C27A—S4A 110.0 (16) 

H10A—C10—H10B 108.0 F8A—C27A—S4A 108.5 (16) 

N3—C11—C12 122.11 (15) F9A—C27A—S4A 110.3 (14) 
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N3—C11—C10 117.85 (14) F10A—C28A—F11A 106.7 (18) 

C12—C11—C10 120.02 (15) F10A—C28A—F12A 106 (2) 

C13—C12—C11 118.97 (16) F11A—C28A—F12A 113 (2) 

C13—C12—H12 120.5 F10A—C28A—S5A 111.9 (16) 

C11—C12—H12 120.5 F11A—C28A—S5A 107.3 (14) 

C12—C13—C14 118.99 (17) F12A—C28A—S5A 111.3 (15) 

O10—S2—O9—Zn1 43.93 (14) C19—C20—C21—C22 −1.0 (3) 

N5—S2—O9—Zn1 −88.94 (13) C20—C21—C22—C23 0.0 (3) 

C25—S2—O9—Zn1 158.24 (11) C20—C21—C22—N4 178.35 (19) 

O1—S1—N1—C1 50.30 (14) O8—N4—C22—C23 −11.7 (3) 

O2—S1—N1—C1 −179.65 (12) O7—N4—C22—C23 167.5 (2) 

C19—S1—N1—C1 −64.30 (13) O8—N4—C22—C21 169.9 (2) 

O1—S1—N1—C10 −172.68 (11) O7—N4—C22—C21 −10.9 (3) 

O2—S1—N1—C10 −42.63 (13) C21—C22—C23—C24 0.9 (3) 

C19—S1—N1—C10 72.71 (13) N4—C22—C23—C24 −177.49 (18) 

O1—S1—N1—Zn1 −61.03 (9) C22—C23—C24—C19 −0.7 (3) 

O2—S1—N1—Zn1 69.03 (8) C20—C19—C24—C23 −0.3 (3) 

C19—S1—N1—Zn1 −175.63 (7) S1—C19—C24—C23 −178.24 (15) 

O10—S2—N5—S3 −166.33 (14) O10—S2—C25—F1 61.25 (17) 

O9—S2—N5—S3 −30.32 (19) O9—S2—C25—F1 −61.57 (16) 

C25—S2—N5—S3 81.25 (16) N5—S2—C25—F1 177.15 (14) 

O12—S3—N5—S2 −131.89 (15) O10—S2—C25—F2 −58.80 (18) 
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O11—S3—N5—S2 6.1 (2) O9—S2—C25—F2 178.38 (15) 

C26—S3—N5—S2 118.72 (15) N5—S2—C25—F2 57.09 (17) 

C10—N1—C1—C2 143.82 (15) O10—S2—C25—F3 −178.39 (16) 

S1—N1—C1—C2 −79.83 (16) O9—S2—C25—F3 58.79 (19) 

Zn1—N1—C1—C2 35.38 (16) N5—S2—C25—F3 −62.50 (18) 

C6—N2—C2—C3 −2.1 (3) O12—S3—C26—F5 53.05 (19) 

Zn1—N2—C2—C3 174.29 (17) O11—S3—C26—F5 −72.69 (18) 

C6—N2—C2—C1 179.23 (17) N5—S3—C26—F5 166.13 (16) 

Zn1—N2—C2—C1 −4.3 (2) O12—S3—C26—F4 173.76 (16) 

N1—C1—C2—N2 −25.7 (2) O11—S3—C26—F4 48.02 (18) 

N1—C1—C2—C3 155.63 (19) N5—S3—C26—F4 −73.15 (17) 

N2—C2—C3—C4 1.1 (4) O12—S3—C26—F6 −66.58 (18) 

C1—C2—C3—C4 179.8 (2) O11—S3—C26—F6 167.68 (15) 

C2—C3—C4—C5 0.6 (4) N5—S3—C26—F6 46.50 (17) 

C3—C4—C5—C6 −1.3 (4) O13—S4—N6—S5 153.48 (15) 

C2—N2—C6—C5 1.4 (3) O14—S4—N6—S5 14.6 (2) 

Zn1—N2—C6—C5 −174.81 (17) C27—S4—N6—S5 −97.38 (16) 

C2—N2—C6—C7 −176.39 (18) O16—S5—N6—S4 21.6 (2) 

Zn1—N2—C6—C7 7.4 (2) O15—S5—N6—S4 158.82 (16) 

C4—C5—C6—N2 0.3 (4) C28—S5—N6—S4 −91.72 (17) 

C4—C5—C6—C7 178.0 (2) O13—S4—C27—F9 168.15 (15) 

C8—O5—C7—C6 84.7 (2) O14—S4—C27—F9 −66.69 (17) 

N2—C6—C7—O5 −89.3 (2) N6—S4—C27—F9 54.63 (17) 

C5—C6—C7—O5 92.9 (2) O13—S4—C27—F8 −72.28 (18) 

Zn1—O6—C8—O5 −28.3 (3) O14—S4—C27—F8 52.88 (19) 
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Zn1—O6—C8—C9 151.78 (17) N6—S4—C27—F8 174.20 (16) 

C7—O5—C8—O6 −5.2 (3) O13—S4—C27—F7 47.81 (19) 

C7—O5—C8—C9 174.69 (16) O14—S4—C27—F7 172.97 (16) 

C1—N1—C10—C11 −146.12 (14) N6—S4—C27—F7 −65.71 (18) 

S1—N1—C10—C11 77.52 (15) O16—S5—C28—F10 −176.8 (2) 

Zn1—N1—C10—C11 −37.85 (15) O15—S5—C28—F10 58.2 (2) 

C15—N3—C11—C12 4.7 (3) N6—S5—C28—F10 −54.5 (2) 

Zn1—N3—C11—C12 −176.36 (14) O16—S5—C28—F11 63.4 (2) 

C15—N3—C11—C10 −173.91 (15) O15—S5—C28—F11 −61.59 (19) 

Zn1—N3—C11—C10 5.0 (2) N6—S5—C28—F11 −174.34 (17) 

N1—C10—C11—N3 27.0 (2) O16—S5—C28—F12 −55.1 (2) 

N1—C10—C11—C12 −151.68 (16) O15—S5—C28—F12 179.9 (2) 

N3—C11—C12—C13 −1.2 (3) N6—S5—C28—F12 67.2 (2) 

C10—C11—C12—C13 177.41 (18) O13A—S4A—N6A—S5A −156 (2) 

C11—C12—C13—C14 −2.6 (3) O14A—S4A—N6A—S5A −23 (3) 

C12—C13—C14—C15 2.8 (3) C27A—S4A—N6A—S5A 92.8 (19) 

C11—N3—C15—C14 −4.5 (3) O16A—S5A—N6A—S4A −18 (3) 

Zn1—N3—C15—C14 176.62 (13) O15A—S5A—N6A—S4A −161 (2) 

C11—N3—C15—C16 170.09 (15) C28A—S5A—N6A—S4A 94 (2) 

Zn1—N3—C15—C16 −8.8 (2) O13A—S4A—C27A—
F7A −54 (2) 

C13—C14—C15—N3 0.7 (3) O14A—S4A—C27A—
F7A −173.5 (17) 

C13—C14—C15—C16 −173.65 (18) N6A—S4A—C27A—F7A 62.5 (17) 

C17—O3—C16—C15 79.83 (17) O13A—S4A—C27A—
F8A 65 (2) 
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N3—C15—C16—O3 −84.01 (18) O14A—S4A—C27A—
F8A −55 (2) 

C14—C15—C16—O3 90.60 (19) N6A—S4A—C27A—F8A −178.6 (17) 

Zn1—O4—C17—O3 −32.0 (3) O13A—S4A—C27A—
F9A −176 (2) 

Zn1—O4—C17—C18 146.32 (15) O14A—S4A—C27A—
F9A 64 (2) 

C16—O3—C17—O4 3.8 (2) N6A—S4A—C27A—F9A −60 (2) 

C16—O3—C17—C18 −174.64 (14) O16A—S5A—C28A—
F10A 177.7 (18) 

O1—S1—C19—C24 153.67 (15) O15A—S5A—C28A—
F10A −55 (2) 

O2—S1—C19—C24 19.91 (18) N6A—S5A—C28A—
F10A 57.1 (18) 

N1—S1—C19—C24 −93.27 (16) O16A—S5A—C28A—
F11A −66 (2) 

O1—S1—C19—C20 −24.30 (18) O15A—S5A—C28A—
F11A 62 (2) 

O2—S1—C19—C20 −158.06 (15) N6A—S5A—C28A—
F11A 173.7 (17) 

N1—S1—C19—C20 88.77 (17) O16A—S5A—C28A—
F12A 59 (2) 

C24—C19—C20—C21 1.2 (3) O15A—S5A—C28A—
F12A −174 (2) 

S1—C19—C20—C21 179.13 (16) N6A—S5A—C28A—
F12A −62 (2) 
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Figure 65: Structure of c. 
(Left) Crystal structure of c, NsDiol. (Right) ORTEP drawing with numbering scheme. 
Hydrogens omitted for clarity. Data collected by Nikola S. Lambic from NCSU.  

Table 31: Crystal data for c, NsDiol.  

C20H20N4O6S ? 

Mr = 444.46 Dx = 1.464 Mg m−3 

Monoclinic, P21/c Melting point: ? K 

Hall symbol: ? Mo Kα radiation, λ = 0.71073 Å 

a = 8.8826 (3) Å Cell parameters from 995 reflections 

b = 11.0262 (4) Å θ = 2.1–31.4° 

c = 20.5927 (7) Å µ = 0.21 mm−1 

β = 90.3111 (10)° T = 100 K 

V = 2016.85 (12) Å3 Block, yellow 

Z = 4 0.26 × 0.17 × 0.13 mm 

F(000) = 928  
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Table 32: Data collection for c, NsDiol.  

Bruker-Nonius X8 Kappa APEX II  
diffractometer 

5218 independent 
reflections 

Radiation source: fine-focus sealed tube 4150 reflections with I > 
2σ(I) 

Graphite monochromator Rint = 0.032 

Detector resolution: 8.3333 pixels mm-1 θmax = 28.8°, θmin = 2.0° 

phi and ω scans h = −12 12 

Absorption correction: multi-scan  
SADABS-2016/2 - Bruker AXS area detector scaling and absorption 
correction 

k = −14 14 

Tmin = 0.93, Tmax = 0.97 l = −27 27 

31290 measured reflections  
 

Table 33: Refinement for c, NsDiol.  
H atoms participating in hydrogen bonding were found from difference map, and 
allowed to refine freely.  

Refinement on F2 Secondary atom site location: ? 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2σ(F2)] = 0.035 H atoms treated by a mixture of independent and constrained refinement 

wR(F2) = 0.099 w = 1/[σ2(Fo
2) + (0.0555P)2 + 0.2566P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.09 (Δ/σ)max = 0.001 

5218 reflections Δρmax = 0.40 e Å−3 

288 parameters Δρmin = −0.33 e Å−3 

0 restraints Extinction correction: none 

? constraints Extinction coefficient: ? 
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Primary atom site location: ?  
 

Table 34: Fractional atomic coordinates and isotropic or equivalent isotropic 
displacement parameters (Å2). 

 x y z Uiso*/Ueq 

S1 0.81331 (4) 0.86427 (3) 0.41428 (2) 0.01897 (9) 

O1 0.72978 (12) 0.90498 (10) 0.35889 (5) 0.0269 (2) 

O2 0.94991 (12) 0.92304 (10) 0.43338 (5) 0.0290 (2) 

O3 0.68216 (14) 0.26795 (11) 0.16147 (5) 0.0343 (3) 

H3 0.658 (2) 0.194 (2) 0.1669 (10) 0.049 (6)* 

O4 0.58618 (11) 0.47185 (9) 0.66046 (5) 0.0224 (2) 

H4 0.496 (3) 0.491 (2) 0.6785 (10) 0.058 (6)* 

O5 0.46108 (12) 0.89252 (9) 0.69608 (5) 0.0265 (2) 

O6 0.28333 (12) 0.81435 (11) 0.63763 (5) 0.0313 (3) 

N1 0.85470 (12) 0.72259 (10) 0.40176 (5) 0.0167 (2) 

N2 0.70370 (12) 0.49167 (10) 0.29074 (5) 0.0153 (2) 

N3 0.79078 (12) 0.59229 (10) 0.52471 (5) 0.0161 (2) 

N4 0.40940 (13) 0.85684 (11) 0.64434 (5) 0.0209 (2) 

C1 0.74042 (14) 0.64437 (12) 0.37174 (6) 0.0174 (3) 

H1A 0.653044 0.694586 0.358583 0.021* 

H1B 0.705168 0.584759 0.404236 0.021* 

C2 0.79896 (14) 0.57696 (12) 0.31279 (6) 0.0154 (2) 

C3 0.93658 (15) 0.60109 (13) 0.28400 (6) 0.0192 (3) 

H3A 1.000496 0.663304 0.300229 0.023* 

C4 0.97826 (15) 0.53161 (13) 0.23073 (6) 0.0208 (3) 
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H4A 1.072228 0.545099 0.210134 0.025* 

C5 0.88175 (15) 0.44271 (13) 0.20797 (6) 0.0198 (3) 

H5 0.909184 0.393535 0.172054 0.024* 

C6 0.74394 (15) 0.42634 (12) 0.23843 (6) 0.0169 (3) 

C7 0.62774 (17) 0.33809 (13) 0.21413 (6) 0.0235 (3) 

H7A 0.598377 0.283332 0.249988 0.028* 

H7B 0.536915 0.38319 0.200005 0.028* 

C8 0.96891 (14) 0.66320 (14) 0.44322 (6) 0.0200 (3) 

H8A 1.062568 0.711786 0.441877 0.024* 

H8B 0.991801 0.582427 0.424748 0.024* 

C9 0.92323 (14) 0.64717 (13) 0.51362 (6) 0.0182 (3) 

C10 1.01679 (15) 0.68739 (14) 0.56329 (7) 0.0244 (3) 

H10 1.110493 0.724704 0.553747 0.029* 

C11 0.97130 (15) 0.67226 (14) 0.62714 (7) 0.0240 (3) 

H11 1.033675 0.69863 0.662005 0.029* 

C12 0.83405 (15) 0.61830 (13) 0.63924 (6) 0.0197 (3) 

H12 0.799357 0.608065 0.68245 0.024* 

C13 0.74771 (14) 0.57925 (12) 0.58671 (6) 0.0162 (3) 

C14 0.59713 (14) 0.51903 (13) 0.59657 (6) 0.0184 (3) 

H14A 0.515653 0.578772 0.589101 0.022* 

H14B 0.584533 0.452474 0.564731 0.022* 

C15 0.69029 (15) 0.86990 (12) 0.48151 (6) 0.0175 (3) 

C16 0.74856 (15) 0.90049 (13) 0.54220 (6) 0.0200 (3) 

H16 0.850983 0.923909 0.54682 0.024* 

C17 0.65515 (15) 0.89632 (12) 0.59576 (6) 0.0195 (3) 
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H17 0.692458 0.915721 0.637818 0.023* 

C18 0.50684 (15) 0.86340 (12) 0.58671 (6) 0.0180 (3) 

C19 0.44575 (15) 0.83627 (12) 0.52621 (6) 0.0195 (3) 

H19 0.342317 0.815855 0.521687 0.023* 

C20 0.53910 (15) 0.83968 (12) 0.47268 (6) 0.0190 (3) 

H20 0.500847 0.821721 0.430596 0.023* 

 

Table 35: Atomic displacement parameters (Å2). 

 U
11 U22 U33 U12 U13 U23 

S1 0.02097 
(17) 

0.01943 
(17) 

0.01656 
(16) 

−0.00561 
(13) 

0.00518 
(12) 

−0.00033 
(12) 

O1 0.0328 (6) 0.0268 (6) 0.0212 (5) 0.0021 (4) 0.0052 (4) 0.0067 (4) 

O2 0.0274 (5) 0.0320 (6) 0.0278 (5) −0.0159 (5) 0.0093 (4) −0.0075 (4) 

O3 0.0543 (8) 0.0243 (6) 0.0243 (5) −0.0071 (5) 0.0079 (5) −0.0096 (5) 

O4 0.0201 (5) 0.0286 (6) 0.0186 (5) 0.0006 (4) 0.0051 (4) 0.0083 (4) 

O5 0.0347 (6) 0.0271 (6) 0.0176 (5) −0.0048 (4) 0.0021 (4) −0.0044 (4) 

O6 0.0255 (5) 0.0405 (7) 0.0278 (5) −0.0110 (5) 0.0077 (4) −0.0070 (5) 

N1 0.0154 (5) 0.0216 (6) 0.0132 (5) −0.0019 (4) 0.0010 (4) −0.0020 (4) 

N2 0.0174 (5) 0.0165 (5) 0.0120 (5) 0.0013 (4) 0.0003 (4) 0.0011 (4) 

N3 0.0143 (5) 0.0188 (5) 0.0153 (5) 0.0003 (4) 0.0016 (4) 0.0011 (4) 

N4 0.0235 (6) 0.0194 (6) 0.0199 (5) −0.0024 (5) 0.0040 (4) −0.0027 (4) 

C1 0.0145 (6) 0.0225 (7) 0.0152 (6) −0.0028 (5) 0.0027 (5) −0.0047 (5) 

C2 0.0168 (6) 0.0179 (6) 0.0115 (5) 0.0018 (5) 0.0002 (4) 0.0005 (5) 

C3 0.0182 (6) 0.0241 (7) 0.0153 (6) −0.0017 (5) 0.0016 (5) −0.0004 (5) 

C4 0.0190 (6) 0.0280 (7) 0.0155 (6) 0.0036 (5) 0.0053 (5) 0.0018 (5) 
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C5 0.0252 (7) 0.0215 (7) 0.0126 (6) 0.0062 (5) 0.0032 (5) −0.0002 (5) 

C6 0.0235 (7) 0.0151 (6) 0.0120 (5) 0.0034 (5) −0.0007 (5) 0.0015 (5) 

C7 0.0325 (8) 0.0194 (7) 0.0186 (6) −0.0034 (6) 0.0024 (5) −0.0036 (5) 

C8 0.0135 (6) 0.0311 (8) 0.0154 (6) −0.0005 (5) 0.0018 (5) 0.0015 (5) 

C9 0.0149 (6) 0.0244 (7) 0.0155 (6) 0.0011 (5) 0.0015 (5) 0.0024 (5) 

C10 0.0166 (6) 0.0370 (8) 0.0198 (6) −0.0064 (6) 0.0002 (5) 0.0017 (6) 

C11 0.0202 (7) 0.0342 (8) 0.0176 (6) −0.0032 (6) −0.0035 (5) 0.0002 (6) 

C12 0.0196 (6) 0.0255 (7) 0.0139 (6) 0.0004 (5) 0.0013 (5) 0.0017 (5) 

C13 0.0157 (6) 0.0163 (6) 0.0166 (6) 0.0024 (5) 0.0017 (5) 0.0020 (5) 

C14 0.0182 (6) 0.0218 (7) 0.0152 (6) −0.0029 (5) 0.0024 (5) 0.0034 (5) 

C15 0.0211 (6) 0.0146 (6) 0.0169 (6) −0.0027 (5) 0.0046 (5) −0.0010 (5) 

C16 0.0197 (7) 0.0191 (7) 0.0212 (6) −0.0036 (5) 0.0017 (5) −0.0040 (5) 

C17 0.0223 (7) 0.0191 (6) 0.0172 (6) −0.0016 (5) −0.0002 (5) −0.0045 (5) 

C18 0.0222 (6) 0.0150 (6) 0.0169 (6) −0.0008 (5) 0.0039 (5) −0.0018 (5) 

C19 0.0192 (6) 0.0182 (7) 0.0213 (6) −0.0032 (5) 0.0017 (5) −0.0031 (5) 

C20 0.0220 (7) 0.0177 (6) 0.0172 (6) −0.0020 (5) 0.0009 (5) −0.0028 (5) 

 

Table 36: Geometric parameters (Å, °). 

S1—O2 1.4288 (11) C6—C7 1.5024 (19) 

S1—O1 1.4297 (10) C7—H7A 0.99 

S1—N1 1.6258 (12) C7—H7B 0.99 

S1—C15 1.7695 (13) C8—C9 1.5179 (17) 

O3—C7 1.4189 (17) C8—H8A 0.99 

O3—H3 0.85 (2) C8—H8B 0.99 



 

 

310 

O4—C14 1.4187 (15) C9—C10 1.3872 (18) 

O4—H4 0.91 (2) C10—C11 1.3877 (19) 

O5—N4 1.2229 (14) C10—H10 0.95 

O6—N4 1.2211 (15) C11—C12 1.3805 (19) 

N1—C1 1.4661 (16) C11—H11 0.95 

N1—C8 1.4757 (17) C12—C13 1.3909 (18) 

N2—C2 1.3425 (17) C12—H12 0.95 

N2—C6 1.3458 (16) C13—C14 1.5081 (18) 

N3—C13 1.3425 (16) C14—H14A 0.99 

N3—C9 1.3436 (16) C14—H14B 0.99 

N4—C18 1.4744 (16) C15—C16 1.3916 (18) 

C1—C2 1.5177 (17) C15—C20 1.3946 (18) 

C1—H1A 0.99 C16—C17 1.3845 (18) 

C1—H1B 0.99 C16—H16 0.95 

C2—C3 1.3873 (18) C17—C18 1.3782 (19) 

C3—C4 1.3899 (18) C17—H17 0.95 

C3—H3A 0.95 C18—C19 1.3888 (18) 

C4—C5 1.382 (2) C19—C20 1.3835 (17) 

C4—H4A 0.95 C19—H19 0.95 

C5—C6 1.3901 (18) C20—H20 0.95 

C5—H5 0.95   

O2—S1—O1 120.90 (7) N1—C8—H8A 108.6 

O2—S1—N1 106.68 (6) C9—C8—H8A 108.6 

O1—S1—N1 106.97 (6) N1—C8—H8B 108.6 

O2—S1—C15 107.21 (6) C9—C8—H8B 108.6 
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O1—S1—C15 107.05 (6) H8A—C8—H8B 107.6 

N1—S1—C15 107.40 (6) N3—C9—C10 122.71 (12) 

C7—O3—H3 109.6 (14) N3—C9—C8 116.98 (11) 

C14—O4—H4 110.9 (13) C10—C9—C8 120.32 (12) 

C1—N1—C8 117.08 (11) C9—C10—C11 118.94 (13) 

C1—N1—S1 118.39 (9) C9—C10—H10 120.5 

C8—N1—S1 119.34 (9) C11—C10—H10 120.5 

C2—N2—C6 118.42 (11) C12—C11—C10 118.99 (13) 

C13—N3—C9 117.65 (11) C12—C11—H11 120.5 

O6—N4—O5 124.17 (11) C10—C11—H11 120.5 

O6—N4—C18 118.02 (11) C11—C12—C13 118.48 (12) 

O5—N4—C18 117.79 (11) C11—C12—H12 120.8 

N1—C1—C2 112.70 (10) C13—C12—H12 120.8 

N1—C1—H1A 109.1 N3—C13—C12 123.21 (12) 

C2—C1—H1A 109.1 N3—C13—C14 115.64 (11) 

N1—C1—H1B 109.1 C12—C13—C14 121.15 (11) 

C2—C1—H1B 109.1 O4—C14—C13 110.59 (11) 

H1A—C1—H1B 107.8 O4—C14—H14A 109.5 

N2—C2—C3 123.02 (12) C13—C14—H14A 109.5 

N2—C2—C1 113.30 (10) O4—C14—H14B 109.5 

C3—C2—C1 123.67 (12) C13—C14—H14B 109.5 

C2—C3—C4 118.08 (13) H14A—C14—H14B 108.1 

C2—C3—H3A 121.0 C16—C15—C20 121.89 (12) 

C4—C3—H3A 121.0 C16—C15—S1 118.88 (10) 

C5—C4—C3 119.41 (12) C20—C15—S1 119.20 (10) 
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C5—C4—H4A 120.3 C17—C16—C15 119.06 (12) 

C3—C4—H4A 120.3 C17—C16—H16 120.5 

C4—C5—C6 119.02 (12) C15—C16—H16 120.5 

C4—C5—H5 120.5 C18—C17—C16 118.52 (12) 

C6—C5—H5 120.5 C18—C17—H17 120.7 

N2—C6—C5 122.00 (12) C16—C17—H17 120.7 

N2—C6—C7 115.36 (11) C17—C18—C19 123.14 (12) 

C5—C6—C7 122.61 (12) C17—C18—N4 117.96 (11) 

O3—C7—C6 111.79 (12) C19—C18—N4 118.90 (12) 

O3—C7—H7A 109.3 C20—C19—C18 118.42 (12) 

C6—C7—H7A 109.3 C20—C19—H19 120.8 

O3—C7—H7B 109.3 C18—C19—H19 120.8 

C6—C7—H7B 109.3 C19—C20—C15 118.91 (12) 

H7A—C7—H7B 107.9 C19—C20—H20 120.5 

N1—C8—C9 114.70 (11) C15—C20—H20 120.5 

O2—S1—N1—C1 −170.57 (9) C8—C9—C10—C11 179.51 (14) 

O1—S1—N1—C1 −39.89 (11) C9—C10—C11—C12 −0.4 (2) 

C15—S1—N1—C1 74.75 (10) C10—C11—C12—C13 1.1 (2) 

O2—S1—N1—C8 35.63 (11) C9—N3—C13—C12 −0.79 (19) 

O1—S1—N1—C8 166.32 (9) C9—N3—C13—C14 179.01 (12) 

C15—S1—N1—C8 −79.04 (10) C11—C12—C13—N3 −0.5 (2) 

C8—N1—C1—C2 −78.23 (13) C11—C12—C13—C14 179.68 (13) 

S1—N1—C1—C2 127.38 (10) N3—C13—C14—O4 159.49 (11) 

C6—N2—C2—C3 0.24 (19) C12—C13—C14—O4 −20.71 (18) 

C6—N2—C2—C1 179.82 (11) O2—S1—C15—C16 −14.14 (13) 
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N1—C1—C2—N2 170.50 (11) O1—S1—C15—C16 −145.23 (11) 

N1—C1—C2—C3 −9.92 (18) N1—S1—C15—C16 100.18 (11) 

N2—C2—C3—C4 −1.4 (2) O2—S1—C15—C20 168.00 (11) 

C1—C2—C3—C4 179.07 (12) O1—S1—C15—C20 36.91 (13) 

C2—C3—C4—C5 0.7 (2) N1—S1—C15—C20 −77.68 (12) 

C3—C4—C5—C6 1.0 (2) C20—C15—C16—C17 2.5 (2) 

C2—N2—C6—C5 1.62 (18) S1—C15—C16—C17 −175.28 (10) 

C2—N2—C6—C7 −176.37 (11) C15—C16—C17—C18 −0.8 (2) 

C4—C5—C6—N2 −2.26 (19) C16—C17—C18—C19 −1.2 (2) 

C4—C5—C6—C7 175.59 (12) C16—C17—C18—N4 178.74 (12) 

N2—C6—C7—O3 −176.48 (11) O6—N4—C18—C17 −171.66 (13) 

C5—C6—C7—O3 5.54 (19) O5—N4—C18—C17 7.14 (19) 

C1—N1—C8—C9 −86.88 (14) O6—N4—C18—C19 8.28 (19) 

S1—N1—C8—C9 67.26 (14) O5—N4—C18—C19 −172.92 (12) 

C13—N3—C9—C10 1.6 (2) C17—C18—C19—C20 1.6 (2) 

C13—N3—C9—C8 −178.94 (12) N4—C18—C19—C20 −178.36 (12) 

N1—C8—C9—N3 52.65 (17) C18—C19—C20—C15 0.1 (2) 

N1—C8—C9—C10 −127.83 (14) C16—C15—C20—C19 −2.1 (2) 

N3—C9—C10—C11 −1.0 (2) S1—C15—C20—C19 175.66 (10) 
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Table 37: Hydrogen-bond geometry (Å, °).  
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell e.s.d.'s are taken into account individually in 
the estimation of e.s.d.'s in distances, angles and torsion angles; correlations between 
e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An 
approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving 
l.s. planes. 

D—H···A D—H H···A D···A D—H···A 

O3—H3···O4i 0.85 (2) 1.94 (2) 2.7782 (16) 168 (2) 

O4—H4···N2ii 0.91 (2) 1.89 (2) 2.7982 (14) 171 (2) 

Symmetry codes: (i) x, −y+1/2, z−1/2; (ii) −x+1, −y+1, −z+1. 

 

 

Figure 66: Structure of [Cu-c](NO3)2.  
(Left) Crystal structure of [Cu-c](NO3)2. (Right) ORTEP drawing with numbering 
scheme. Hydrogens omitted for clarity.  

Table 38: Crystal data for [Cu-c](NO3)2. 

C20H20CuN6O12S ? 
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Mr = 632.02 Dx = 1.650 Mg m−3 

Monoclinic, P21/n Melting point: ? K 

Hall symbol: ? Mo Kα radiation, λ = 0.71073 Å 

a = 8.3557 (5) Å Cell parameters from 4969 reflections 

b = 27.8738 (15) Å θ = 2.0–32.7° 

c = 22.1843 (12) Å µ = 1.02 mm−1 

β = 99.942 (2)° T = 100 K 

V = 5089.2 (5) Å3 Block, pale green 

Z = 8 0.34 × 0.19 × 0.15 mm 

F(000) = 2584  
 

Table 39: Data collection for [Cu-c](NO3)2. 

Bruker-Nonius X8 Kappa APEX II  
diffractometer 

13152 independent 
reflections 

Radiation source: fine-focus sealed tube 10916 reflections with I > 
2σ(I) 

Graphite monochromator Rint = 0.046 

Detector resolution: 8.3333 pixels mm-1 θmax = 28.7°, θmin = 1.7° 

phi and ω scans h = −11 11 

Absorption correction: multi-scan  
SADABS2016/2 - Bruker AXS area detector scaling and absorption 
correction 

k = −37 37 

Tmin = 0.73, Tmax = 0.86 l = −29 29 

81415 measured reflections  
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Table 40:  Refinement.  
Solvent identity is poorly defined. Difference map suggests possibility of hydrogen 
bonding to solvent. But none of the solvent models tried were stable when refined, 
SQUEEZE employed to account for diffuse electron density in void space. Total 
Potential Solvent Accessible Void Vol (SOLV-Map Value) ··· 304�A�ng3�N: Electron Count Voids / 

Cell = 108. 

Refinement on F2 Secondary atom site location: ? 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2σ(F2)] = 0.045 H atoms treated by a mixture of independent and constrained refinement 

wR(F2) = 0.102 w = 1/[σ2(Fo
2) + (0.0314P)2 + 7.9639P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.11 (Δ/σ)max = 0.002 

13152 reflections Δρmax = 0.81 e Å−3 

758 parameters Δρmin = −0.66 e Å−3 

9 restraints Extinction correction: none 

? constraints Extinction coefficient: ? 

Primary atom site location: ?  
 

Table 41: Fractional atomic coordinates and isotropic or equivalent isotropic 
displacement parameters (Å2). 

 x y z Uiso*/Ueq Occ. (<1) 

Cu1 0.63285 (4) 0.62051 (2) 0.70265 (2) 0.02100 (8)  
S1 0.64143 (7) 0.60778 (2) 0.88502 (3) 0.01572 (11)  
O1 0.5646 (2) 0.65360 (6) 0.88162 (8) 0.0204 (4)  
O2 0.5472 (2) 0.56466 (6) 0.87827 (8) 0.0208 (4)  
O3 0.4267 (2) 0.65413 (7) 0.67089 (10) 0.0292 (4)  
H3 0.359 (5) 0.6424 (13) 0.6359 (17) 0.044*  
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O4 0.7647 (3) 0.65025 (7) 0.62992 (10) 0.0303 (4)  
H4 0.734 (4) 0.6681 (11) 0.5985 (12) 0.045*  
O5 1.1469 (3) 0.62588 (8) 1.15104 (9) 0.0337 (5)  
O6 1.1606 (2) 0.54956 (7) 1.13333 (9) 0.0304 (4)  
O7 0.5462 (3) 0.56680 (7) 0.64974 (10) 0.0344 (5)  
O8 0.5161 (3) 0.53546 (8) 0.73636 (10) 0.0362 (5)  
O9 0.4306 (2) 0.49747 (7) 0.65158 (9) 0.0317 (5)  
N1 0.7590 (2) 0.60740 (7) 0.83225 (9) 0.0151 (4)  
N2 0.6680 (2) 0.68258 (7) 0.74910 (10) 0.0195 (4)  
N3 0.8505 (3) 0.58527 (7) 0.71784 (9) 0.0187 (4)  
N4 1.1085 (3) 0.59002 (8) 1.11982 (10) 0.0225 (5)  
N5 0.4972 (2) 0.53270 (8) 0.68178 (10) 0.0218 (4)  
C1 0.8634 (3) 0.65029 (8) 0.83293 (11) 0.0174 (5)  
H1A 0.955669 0.642898 0.811828 0.021*  
H1B 0.908155 0.65903 0.875781 0.021*  
C2 0.7690 (3) 0.69198 (9) 0.80173 (12) 0.0194 (5)  
C3 0.7849 (3) 0.73759 (9) 0.82681 (13) 0.0248 (6)  
H3A 0.858611 0.743531 0.863696 0.03*  
C4 0.6914 (4) 0.77440 (10) 0.79714 (15) 0.0311 (7)  
H4A 0.70079 0.805979 0.813461 0.037*  
C5 0.5846 (3) 0.76499 (10) 0.74381 (15) 0.0290 (6)  
H5 0.518981 0.789776 0.723066 0.035*  
C6 0.5750 (3) 0.71843 (10) 0.72108 (13) 0.0244 (6)  
C7 0.4580 (3) 0.70444 (10) 0.66518 (14) 0.0284 (6)  
H7A 0.356092 0.723041 0.662346 0.034*  
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H7B 0.505398 0.710618 0.627977 0.034*  
C8 0.8372 (3) 0.56106 (9) 0.82443 (11) 0.0181 (5)  
H8A 0.755287 0.535224 0.822816 0.022*  
H8B 0.922634 0.55511 0.860507 0.022*  
C9 0.9121 (3) 0.55880 (8) 0.76758 (11) 0.0173 (5)  
C10 1.0417 (3) 0.52765 (9) 0.76752 (12) 0.0228 (5)  
H10 1.085012 0.510035 0.803295 0.027*  
C11 1.1069 (4) 0.52262 (10) 0.71473 (14) 0.0307 (6)  
H11 1.192138 0.500342 0.713138 0.037*  
C12 1.0472 (4) 0.55013 (11) 0.66465 (14) 0.0320 (6)  
H12 1.092903 0.547668 0.628416 0.038*  
C13 0.9202 (3) 0.58149 (9) 0.66710 (12) 0.0242 (5)  
C14 0.8556 (4) 0.61189 (11) 0.61193 (13) 0.0355 (7)  
H14A 0.947102 0.624511 0.593632 0.043*  
H14B 0.786006 0.592153 0.580762 0.043*  
C15 0.7764 (3) 0.60423 (9) 0.95596 (11) 0.0168 (5)  
C16 0.8309 (3) 0.64531 (9) 0.98849 (11) 0.0194 (5)  
H16A 0.793372 0.676006 0.973731 0.023*  
C17 0.9415 (3) 0.64109 (9) 1.04309 (11) 0.0207 (5)  
H17 0.981126 0.668621 1.066187 0.025*  
C18 0.9914 (3) 0.59557 (9) 1.06239 (11) 0.0188 (5)  
C19 0.9382 (3) 0.55448 (9) 1.03112 (11) 0.0207 (5)  
H19 0.974998 0.523856 1.046438 0.025*  
C20 0.8295 (3) 0.55875 (9) 0.97666 (11) 0.0200 (5)  
H20 0.791572 0.531014 0.953674 0.024*  
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O22 0.0635 (2) 0.68022 (7) 0.48658 (8) 0.0281 (4)  
O23 0.0845 (5) 0.75680 (9) 0.48487 (13) 0.0798 (12)  
O24 0.1274 (4) 0.71934 (11) 0.57125 (11) 0.0633 (9)  
N12 0.0933 (3) 0.71989 (10) 0.51448 (11) 0.0376 (7)  
O10 0.7061 (3) 0.70995 (8) 0.53251 (10) 0.0441 (6)  
O11 0.6505 (3) 0.77984 (8) 0.49464 (9) 0.0348 (5)  
O12 0.7168 (2) 0.77088 (7) 0.59307 (8) 0.0289 (4)  
N6 0.6902 (3) 0.75420 (8) 0.54099 (10) 0.0219 (4)  
Cu2 0.31385 (3) 0.34233 (2) 0.65211 (2) 0.01522 (7)  
S2 0.29173 (7) 0.37466 (2) 0.82657 (2) 0.01480 (11)  
O13 0.1913 (2) 0.41531 (6) 0.80783 (8) 0.0210 (4)  
O14 0.2221 (2) 0.32847 (6) 0.83240 (8) 0.0187 (3)  
O15 0.4382 (2) 0.30686 (7) 0.58394 (8) 0.0251 (4)  
H15 0.377 (4) 0.2963 (12) 0.5517 (11) 0.038*  
O16 0.1174 (2) 0.30301 (6) 0.62184 (8) 0.0179 (3)  
H16 0.059 (3) 0.3096 (11) 0.5859 (10) 0.027*  
O17 0.7776 (3) 0.46224 (8) 1.06956 (9) 0.0331 (5)  
O18 0.8012 (2) 0.38662 (8) 1.09099 (9) 0.0347 (5)  
N7 0.4187 (2) 0.36860 (7) 0.77782 (8) 0.0134 (4)  
N8 0.5298 (2) 0.37683 (7) 0.66340 (9) 0.0159 (4)  
N9 0.3514 (2) 0.28442 (7) 0.70945 (9) 0.0139 (4)  
N10 0.7437 (3) 0.41998 (9) 1.05859 (10) 0.0241 (5)  
C21 0.4903 (3) 0.41397 (8) 0.76039 (11) 0.0165 (5)  
H21A 0.560927 0.427751 0.796695 0.02*  
H21B 0.402257 0.437239 0.746335 0.02*  
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C22 0.5882 (3) 0.40638 (8) 0.71051 (10) 0.0153 (4)  
C23 0.7338 (3) 0.43058 (9) 0.71317 (11) 0.0217 (5)  
H23 0.772394 0.451002 0.746828 0.026*  
C24 0.8229 (3) 0.42488 (10) 0.66656 (12) 0.0268 (6)  
H24 0.923043 0.441285 0.667658 0.032*  
C25 0.7634 (3) 0.39495 (11) 0.61860 (12) 0.0265 (6)  
H25 0.822073 0.390416 0.585992 0.032*  
C26 0.6171 (3) 0.37149 (9) 0.61825 (11) 0.0207 (5)  
C27 0.5530 (3) 0.33865 (10) 0.56602 (11) 0.0247 (6)  
H27A 0.501204 0.357756 0.530313 0.03*  
H27B 0.643671 0.320188 0.553969 0.03*  
C28 0.5297 (3) 0.32690 (8) 0.79030 (10) 0.0137 (4)  
H28A 0.564515 0.323353 0.835048 0.016*  
H28B 0.627871 0.332681 0.771913 0.016*  
C29 0.4487 (3) 0.28138 (8) 0.76455 (10) 0.0144 (4)  
C30 0.4723 (3) 0.23863 (9) 0.79633 (11) 0.0177 (5)  
H30 0.544063 0.236992 0.834467 0.021*  
C31 0.3894 (3) 0.19817 (9) 0.77161 (12) 0.0208 (5)  
H31 0.405112 0.168315 0.792448 0.025*  
C32 0.2836 (3) 0.20151 (9) 0.71640 (11) 0.0197 (5)  
H32 0.223622 0.174343 0.699328 0.024*  
C33 0.2672 (3) 0.24553 (9) 0.68653 (10) 0.0155 (4)  
C34 0.1521 (3) 0.25256 (9) 0.62762 (11) 0.0185 (5)  
H34A 0.201849 0.241274 0.592788 0.022*  
H34B 0.050782 0.234221 0.628016 0.022*  
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C35 0.4169 (3) 0.38852 (9) 0.89743 (10) 0.0156 (4)  
C36 0.4589 (3) 0.43619 (9) 0.91098 (11) 0.0182 (5)  
H36 0.414899 0.461217 0.884074 0.022*  
C37 0.5662 (3) 0.44647 (9) 0.96442 (11) 0.0206 (5)  
H37 0.596726 0.478624 0.974945 0.025*  
C38 0.6277 (3) 0.40873 (10) 1.00211 (11) 0.0204 (5)  
C39 0.5853 (3) 0.36138 (9) 0.98975 (11) 0.0202 (5)  
H39 0.628545 0.336524 1.01707 0.024*  
C40 0.4776 (3) 0.35113 (9) 0.93628 (11) 0.0182 (5)  
H40 0.445888 0.318962 0.926354 0.022*  

O19 0.1874 (3) 0.40194 (11) 0.64128 (19) 0.0233 (8) 0.830 (11) 

O20 0.2468 (4) 0.40195 (14) 0.55021 (18) 0.0459 (10) 0.830 (11) 

O21 0.0870 (6) 0.45668 (16) 0.5767 (2) 0.0357 (10) 0.830 (11) 

N11 0.1754 (4) 0.42024 (12) 0.5883 (2) 0.0237 (8) 0.830 (11) 

O19A 0.1726 (19) 0.4142 (7) 0.6667 (9) 0.031 (4) 0.170 (11) 

O20A 0.2428 (15) 0.3888 (4) 0.5837 (10) 0.031 (5) 0.170 (11) 

O21A 0.120 (4) 0.4574 (8) 0.5848 (12) 0.0357 (10) 0.170 (11) 

N11A 0.173 (3) 0.4187 (7) 0.6102 (10) 0.0237 (8) 0.170 (11) 

 

Table 42: Atomic displacement parameters (Å2). 

 U
11 U22 U33 U12 U13 U23 

Cu1 0.01813 
(15) 

0.01735 
(15) 

0.02568 
(16) 0.00003 (12) −0.00143 

(12) 
0.00423 
(12) 

S1 0.0126 (2) 0.0184 (3) 0.0157 (3) −0.0009 (2) 0.0012 (2) 0.0017 (2) 
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O1 0.0169 (8) 0.0243 (9) 0.0204 (9) 0.0041 (7) 0.0039 (7) 0.0024 (7) 

O2 0.0169 (8) 0.0246 (9) 0.0209 (9) −0.0062 (7) 0.0031 (7) 0.0008 (7) 

O3 0.0189 (9) 0.0252 (10) 0.0412 (12) 0.0000 (8) −0.0017 (8) 0.0110 (9) 

O4 0.0350 (11) 0.0247 (10) 0.0323 (11) 0.0071 (8) 0.0088 (9) 0.0087 (8) 

O5 0.0373 (12) 0.0342 (11) 0.0250 (10) −0.0122 (9) −0.0076 (8) 0.0013 (9) 

O6 0.0313 (11) 0.0324 (11) 0.0251 (10) 0.0098 (9) −0.0019 (8) 0.0051 (8) 

O7 0.0386 (12) 0.0250 (10) 0.0343 (11) −0.0060 (9) −0.0083 (9) 0.0084 (9) 

O8 0.0344 (11) 0.0435 (13) 0.0301 (11) −0.0114 (10) 0.0034 (9) −0.0057 (9) 

O9 0.0323 (11) 0.0249 (10) 0.0343 (11) −0.0078 (8) −0.0043 (9) −0.0013 (8) 

N1 0.0152 (9) 0.0139 (9) 0.0164 (9) −0.0003 (7) 0.0032 (7) 0.0007 (7) 

N2 0.0155 (10) 0.0165 (10) 0.0279 (11) −0.0001 (8) 0.0075 (8) 0.0056 (8) 

N3 0.0222 (10) 0.0156 (10) 0.0175 (10) 0.0000 (8) 0.0012 (8) −0.0015 (8) 

N4 0.0180 (10) 0.0323 (12) 0.0165 (10) −0.0050 (9) 0.0009 (8) 0.0036 (9) 

N5 0.0117 (9) 0.0200 (11) 0.0312 (12) 0.0012 (8) −0.0035 (8) 0.0089 (9) 

C1 0.0138 (10) 0.0157 (11) 0.0228 (12) −0.0032 (9) 0.0036 (9) −0.0017 (9) 

C2 0.0160 (11) 0.0169 (12) 0.0278 (13) −0.0015 (9) 0.0109 (10) 0.0019 (10) 

C3 0.0234 (13) 0.0200 (13) 0.0347 (15) −0.0049 (10) 0.0159 (11) −0.0021 
(11) 

C4 0.0304 (15) 0.0160 (13) 0.0535 (19) −0.0005 (11) 0.0258 (14) −0.0001 
(12) 

C5 0.0238 (13) 0.0188 (13) 0.0488 (17) 0.0060 (10) 0.0188 (13) 0.0104 (12) 

C6 0.0180 (12) 0.0234 (13) 0.0350 (15) 0.0029 (10) 0.0140 (11) 0.0124 (11) 

C7 0.0197 (12) 0.0244 (14) 0.0417 (16) 0.0039 (10) 0.0064 (11) 0.0154 (12) 

C8 0.0167 (11) 0.0161 (11) 0.0207 (12) 0.0013 (9) 0.0007 (9) 0.0006 (9) 

C9 0.0167 (11) 0.0145 (11) 0.0198 (11) −0.0022 (9) 0.0010 (9) −0.0021 (9) 

C10 0.0219 (12) 0.0201 (12) 0.0257 (13) 0.0034 (10) 0.0025 (10) 0.0021 (10) 
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C11 0.0355 (16) 0.0216 (14) 0.0377 (16) 0.0101 (12) 0.0135 (13) 0.0026 (12) 

C12 0.0427 (17) 0.0275 (15) 0.0296 (15) 0.0106 (13) 0.0167 (13) 0.0004 (12) 

C13 0.0325 (14) 0.0197 (13) 0.0209 (12) 0.0016 (11) 0.0059 (11) −0.0013 
(10) 

C14 0.0497 (19) 0.0353 (17) 0.0216 (13) 0.0133 (14) 0.0063 (13) 0.0052 (12) 

C15 0.0112 (10) 0.0209 (12) 0.0178 (11) −0.0012 (9) 0.0012 (8) 0.0027 (9) 

C16 0.0208 (12) 0.0174 (12) 0.0201 (12) 0.0003 (9) 0.0035 (9) 0.0009 (9) 

C17 0.0228 (12) 0.0209 (12) 0.0185 (11) −0.0053 (10) 0.0035 (10) −0.0003 
(10) 

C18 0.0144 (11) 0.0260 (13) 0.0160 (11) −0.0013 (9) 0.0026 (9) 0.0033 (9) 

C19 0.0211 (12) 0.0195 (12) 0.0210 (12) 0.0019 (10) 0.0022 (10) 0.0037 (10) 

C20 0.0224 (12) 0.0183 (12) 0.0188 (12) −0.0016 (10) 0.0019 (10) 0.0003 (9) 

O22 0.0326 (11) 0.0273 (10) 0.0224 (9) 0.0042 (8) −0.0013 (8) −0.0012 (8) 

O23 0.129 (3) 0.0246 (13) 0.0593 (18) −0.0009 (15) −0.0568 (18) −0.0013 
(12) 

O24 0.0712 (19) 0.083 (2) 0.0258 (12) 0.0317 (16) −0.0197 (12) −0.0183 
(12) 

N12 0.0420 (15) 0.0361 (14) 0.0270 (13) 0.0189 (12) −0.0157 (11) −0.0111 
(11) 

O10 0.0688 (17) 0.0262 (11) 0.0288 (11) 0.0133 (11) −0.0151 (11) −0.0079 (9) 

O11 0.0451 (13) 0.0394 (12) 0.0212 (10) −0.0022 (10) 0.0092 (9) 0.0065 (9) 

O12 0.0361 (11) 0.0309 (11) 0.0176 (9) −0.0008 (9) −0.0008 (8) −0.0073 (8) 

N6 0.0197 (10) 0.0274 (12) 0.0188 (10) 0.0014 (9) 0.0042 (8) −0.0036 (9) 

Cu2 0.01456 
(13) 

0.01749 
(14) 

0.01308 
(13) 

−0.00113 
(11) 0.00089 (10) 0.00020 

(11) 

S2 0.0147 (3) 0.0176 (3) 0.0127 (2) 0.0016 (2) 0.0039 (2) −0.0006 (2) 

O13 0.0189 (8) 0.0241 (9) 0.0205 (9) 0.0064 (7) 0.0048 (7) 0.0010 (7) 

O14 0.0182 (8) 0.0221 (9) 0.0170 (8) −0.0030 (7) 0.0059 (7) −0.0008 (7) 
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O15 0.0280 (10) 0.0318 (10) 0.0168 (9) −0.0083 (8) 0.0078 (7) −0.0079 (8) 

O16 0.0173 (8) 0.0189 (8) 0.0158 (8) −0.0002 (7) −0.0017 (6) −0.0007 (7) 

O17 0.0315 (11) 0.0398 (12) 0.0278 (10) −0.0150 (9) 0.0044 (8) −0.0115 (9) 

O18 0.0283 (11) 0.0425 (13) 0.0290 (10) 0.0079 (9) −0.0074 (8) −0.0060 (9) 

N7 0.0144 (9) 0.0162 (10) 0.0104 (8) 0.0016 (7) 0.0040 (7) 0.0018 (7) 

N8 0.0151 (9) 0.0198 (10) 0.0132 (9) −0.0008 (8) 0.0031 (7) 0.0004 (8) 

N9 0.0142 (9) 0.0157 (9) 0.0129 (9) 0.0011 (7) 0.0051 (7) −0.0005 (7) 

N10 0.0159 (10) 0.0357 (13) 0.0216 (11) −0.0017 (9) 0.0060 (8) −0.0072 
(10) 

C21 0.0206 (11) 0.0136 (11) 0.0158 (11) −0.0012 (9) 0.0047 (9) −0.0019 (9) 

C22 0.0165 (11) 0.0172 (11) 0.0123 (10) 0.0008 (9) 0.0025 (8) 0.0029 (8) 

C23 0.0232 (12) 0.0240 (13) 0.0178 (12) −0.0043 (10) 0.0031 (10) −0.0010 
(10) 

C24 0.0224 (13) 0.0329 (15) 0.0262 (13) −0.0108 (11) 0.0072 (11) −0.0009 
(11) 

C25 0.0236 (13) 0.0393 (16) 0.0194 (12) −0.0061 (11) 0.0112 (10) −0.0009 
(11) 

C26 0.0200 (12) 0.0261 (13) 0.0166 (11) −0.0010 (10) 0.0046 (9) 0.0008 (10) 

C27 0.0238 (13) 0.0365 (15) 0.0159 (11) −0.0059 (11) 0.0090 (10) −0.0058 
(11) 

C28 0.0131 (10) 0.0161 (11) 0.0117 (10) 0.0030 (8) 0.0016 (8) 0.0003 (8) 

C29 0.0129 (10) 0.0173 (11) 0.0143 (10) 0.0019 (8) 0.0058 (8) −0.0015 (8) 

C30 0.0174 (11) 0.0203 (12) 0.0164 (11) 0.0037 (9) 0.0055 (9) 0.0016 (9) 

C31 0.0218 (12) 0.0163 (12) 0.0257 (13) 0.0020 (9) 0.0079 (10) 0.0042 (10) 

C32 0.0197 (12) 0.0160 (12) 0.0242 (12) −0.0023 (9) 0.0061 (10) −0.0033 (9) 

C33 0.0143 (10) 0.0185 (11) 0.0149 (10) −0.0004 (9) 0.0063 (8) −0.0032 (9) 

C34 0.0204 (12) 0.0182 (12) 0.0170 (11) −0.0016 (9) 0.0032 (9) −0.0038 (9) 
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C35 0.0154 (10) 0.0198 (12) 0.0127 (10) 0.0018 (9) 0.0055 (8) −0.0025 (9) 

C36 0.0212 (12) 0.0155 (11) 0.0194 (11) 0.0026 (9) 0.0077 (9) 0.0005 (9) 

C37 0.0212 (12) 0.0195 (12) 0.0227 (12) −0.0032 (10) 0.0088 (10) −0.0077 
(10) 

C38 0.0153 (11) 0.0284 (13) 0.0181 (11) −0.0005 (10) 0.0052 (9) −0.0060 
(10) 

C39 0.0230 (12) 0.0230 (13) 0.0152 (11) 0.0032 (10) 0.0048 (9) −0.0008 (9) 

C40 0.0223 (12) 0.0177 (12) 0.0154 (11) 0.0014 (9) 0.0057 (9) −0.0019 (9) 

O19 0.0204 (12) 0.0240 (15) 0.025 (2) 0.0025 (10) 0.0039 (12) −0.0004 
(13) 

O20 0.069 (2) 0.0479 (19) 0.0215 (19) 0.0249 (16) 0.0088 (14) 0.0053 (16) 

O21 0.032 (3) 0.0319 (12) 0.0401 (19) 0.0121 (14) −0.0018 (16) 0.0063 (12) 

N11 0.0199 (12) 0.0281 (14) 0.022 (2) 0.0006 (10) −0.0007 (15) −0.0063 
(15) 

O19A 0.034 (7) 0.023 (8) 0.036 (10) −0.003 (6) 0.003 (7) 0.009 (7) 

O20A 0.033 (7) 0.022 (7) 0.035 (11) −0.010 (5) −0.005 (6) −0.002 (6) 

O21A 0.032 (3) 0.0319 (12) 0.0401 (19) 0.0121 (14) −0.0018 (16) 0.0063 (12) 

N11A 0.0199 (12) 0.0281 (14) 0.022 (2) 0.0006 (10) −0.0007 (15) −0.0063 
(15) 

 

Table 43: Geometric parameters (Å, °).  
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell e.s.d.'s are taken into account individually in 
the estimation of e.s.d.'s in distances, angles and torsion angles; correlations between 
e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An 
approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving 
l.s. planes. 

Cu1—O7 1.962 (2) Cu2—O19 1.962 (3) 

Cu1—O3 1.9808 (19) Cu2—O16 1.9915 (17) 
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Cu1—N2 2.009 (2) Cu2—O20A 2.01 (2) 

Cu1—N3 2.043 (2) Cu2—N8 2.022 (2) 

Cu1—O4 2.262 (2) Cu2—N9 2.0455 (19) 

S1—O1 1.4254 (18) Cu2—O15 2.2109 (18) 

S1—O2 1.4307 (18) Cu2—O19A 2.37 (2) 

S1—N1 1.653 (2) S2—O14 1.4279 (18) 

S1—C15 1.774 (2) S2—O13 1.4283 (18) 

O3—C7 1.436 (3) S2—N7 1.6494 (19) 

O3—H3 0.94 (4) S2—C35 1.774 (2) 

O4—C14 1.409 (4) O15—C27 1.412 (3) 

O4—H4 0.859 (18) O15—H15 0.856 (18) 

O5—N4 1.227 (3) O16—C34 1.437 (3) 

O6—N4 1.228 (3) O16—H16 0.879 (17) 

O7—N5 1.295 (3) O17—N10 1.226 (3) 

O8—N5 1.196 (3) O18—N10 1.222 (3) 

O9—N5 1.263 (3) N7—C21 1.479 (3) 

N1—C8 1.471 (3) N7—C28 1.483 (3) 

N1—C1 1.479 (3) N8—C26 1.345 (3) 

N2—C2 1.343 (3) N8—C22 1.354 (3) 

N2—C6 1.350 (3) N9—C33 1.343 (3) 

N3—C9 1.353 (3) N9—C29 1.349 (3) 

N3—C13 1.358 (3) N10—C38 1.480 (3) 

N4—C18 1.474 (3) C21—C22 1.500 (3) 

C1—C2 1.504 (3) C21—H21A 0.99 

C1—H1A 0.99 C21—H21B 0.99 
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C1—H1B 0.99 C22—C23 1.383 (3) 

C2—C3 1.385 (4) C23—C24 1.384 (4) 

C3—C4 1.385 (4) C23—H23 0.95 

C3—H3A 0.95 C24—C25 1.376 (4) 

C4—C5 1.378 (5) C24—H24 0.95 

C4—H4A 0.95 C25—C26 1.385 (4) 

C5—C6 1.390 (4) C25—H25 0.95 

C5—H5 0.95 C26—C27 1.501 (4) 

C6—C7 1.492 (4) C27—H27A 0.99 

C7—H7A 0.99 C27—H27B 0.99 

C7—H7B 0.99 C28—C29 1.504 (3) 

C8—C9 1.503 (3) C28—H28A 0.99 

C8—H8A 0.99 C28—H28B 0.99 

C8—H8B 0.99 C29—C30 1.381 (3) 

C9—C10 1.388 (3) C30—C31 1.386 (4) 

C10—C11 1.381 (4) C30—H30 0.95 

C10—H10 0.95 C31—C32 1.384 (4) 

C11—C12 1.371 (4) C31—H31 0.95 

C11—H11 0.95 C32—C33 1.390 (3) 

C12—C13 1.384 (4) C32—H32 0.95 

C12—H12 0.95 C33—C34 1.496 (3) 

C13—C14 1.510 (4) C34—H34A 0.99 

C14—H14A 0.99 C34—H34B 0.99 

C14—H14B 0.99 C35—C40 1.391 (3) 

C15—C16 1.388 (3) C35—C36 1.394 (3) 
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C15—C20 1.394 (3) C36—C37 1.387 (3) 

C16—C17 1.396 (3) C36—H36 0.95 

C16—H16A 0.95 C37—C38 1.386 (4) 

C17—C18 1.380 (4) C37—H37 0.95 

C17—H17 0.95 C38—C39 1.382 (4) 

C18—C19 1.373 (4) C39—C40 1.389 (3) 

C19—C20 1.386 (3) C39—H39 0.95 

C19—H19 0.95 C40—H40 0.95 

C20—H20 0.95 O19—N11 1.270 (4) 

O22—N12 1.271 (3) O20—N11 1.226 (4) 

O23—N12 1.216 (4) O21—N11 1.256 (4) 

O24—N12 1.243 (3) O19A—N11A 1.261 (14) 

O10—N6 1.258 (3) O20A—N11A 1.223 (15) 

O11—N6 1.249 (3) O21A—N11A 1.261 (15) 

O12—N6 1.229 (3)   

O7—Cu1—O3 86.55 (9) O20A—Cu2—N8 85.9 (4) 

O7—Cu1—N2 165.93 (9) O19—Cu2—N9 140.01 (13) 

O3—Cu1—N2 79.40 (9) O16—Cu2—N9 78.72 (7) 

O7—Cu1—N3 87.57 (9) O20A—Cu2—N9 166.8 (3) 

O3—Cu1—N3 168.78 (9) N8—Cu2—N9 105.10 (8) 

N2—Cu1—N3 106.41 (8) O19—Cu2—O15 127.00 (13) 

O7—Cu1—O4 91.58 (9) O16—Cu2—O15 88.89 (7) 

O3—Cu1—O4 94.22 (8) O20A—Cu2—O15 83.3 (4) 

N2—Cu1—O4 90.24 (8) N8—Cu2—O15 77.43 (7) 

N3—Cu1—O4 76.39 (8) N9—Cu2—O15 91.88 (7) 
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O1—S1—O2 120.83 (11) O16—Cu2—O19A 96.3 (4) 

O1—S1—N1 106.59 (10) O20A—Cu2—O19A 58.0 (4) 

O2—S1—N1 107.71 (10) N8—Cu2—O19A 92.1 (4) 

O1—S1—C15 107.97 (11) N9—Cu2—O19A 127.4 (4) 

O2—S1—C15 107.47 (11) O15—Cu2—O19A 140.7 (4) 

N1—S1—C15 105.26 (11) O14—S2—O13 120.91 (11) 

C7—O3—Cu1 109.41 (15) O14—S2—N7 106.57 (10) 

C7—O3—H3 111 (2) O13—S2—N7 107.61 (10) 

Cu1—O3—H3 120 (2) O14—S2—C35 107.64 (11) 

C14—O4—Cu1 106.07 (17) O13—S2—C35 108.18 (11) 

C14—O4—H4 108 (3) N7—S2—C35 104.83 (10) 

Cu1—O4—H4 133 (3) C27—O15—Cu2 109.53 (15) 

N5—O7—Cu1 110.53 (17) C27—O15—H15 108 (2) 

C8—N1—C1 115.98 (18) Cu2—O15—H15 116 (2) 

C8—N1—S1 114.80 (15) C34—O16—Cu2 111.51 (14) 

C1—N1—S1 114.16 (15) C34—O16—H16 111 (2) 

C2—N2—C6 118.8 (2) Cu2—O16—H16 119 (2) 

C2—N2—Cu1 128.90 (17) C21—N7—C28 116.80 (18) 

C6—N2—Cu1 112.32 (18) C21—N7—S2 114.77 (15) 

C9—N3—C13 118.4 (2) C28—N7—S2 114.22 (14) 

C9—N3—Cu1 126.83 (17) C26—N8—C22 118.2 (2) 

C13—N3—Cu1 113.43 (17) C26—N8—Cu2 116.24 (16) 

O5—N4—O6 124.3 (2) C22—N8—Cu2 125.46 (16) 

O5—N4—C18 118.2 (2) C33—N9—C29 119.1 (2) 

O6—N4—C18 117.5 (2) C33—N9—Cu2 112.80 (15) 
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O8—N5—O9 123.8 (2) C29—N9—Cu2 128.09 (16) 

O8—N5—O7 120.6 (2) O18—N10—O17 124.1 (2) 

O9—N5—O7 115.6 (2) O18—N10—C38 118.1 (2) 

N1—C1—C2 110.99 (19) O17—N10—C38 117.8 (2) 

N1—C1—H1A 109.4 N7—C21—C22 111.65 (19) 

C2—C1—H1A 109.4 N7—C21—H21A 109.3 

N1—C1—H1B 109.4 C22—C21—H21A 109.3 

C2—C1—H1B 109.4 N7—C21—H21B 109.3 

H1A—C1—H1B 108.0 C22—C21—H21B 109.3 

N2—C2—C3 122.0 (2) H21A—C21—H21B 108.0 

N2—C2—C1 116.8 (2) N8—C22—C23 121.8 (2) 

C3—C2—C1 121.2 (2) N8—C22—C21 119.0 (2) 

C2—C3—C4 118.8 (3) C23—C22—C21 119.2 (2) 

C2—C3—H3A 120.6 C22—C23—C24 119.7 (2) 

C4—C3—H3A 120.6 C22—C23—H23 120.2 

C5—C4—C3 119.7 (3) C24—C23—H23 120.2 

C5—C4—H4A 120.2 C25—C24—C23 118.6 (2) 

C3—C4—H4A 120.2 C25—C24—H24 120.7 

C4—C5—C6 118.5 (3) C23—C24—H24 120.7 

C4—C5—H5 120.7 C24—C25—C26 119.4 (2) 

C6—C5—H5 120.7 C24—C25—H25 120.3 

N2—C6—C5 122.1 (3) C26—C25—H25 120.3 

N2—C6—C7 115.6 (2) N8—C26—C25 122.3 (2) 

C5—C6—C7 122.3 (2) N8—C26—C27 118.4 (2) 

O3—C7—C6 106.6 (2) C25—C26—C27 119.3 (2) 
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O3—C7—H7A 110.4 O15—C27—C26 109.5 (2) 

C6—C7—H7A 110.4 O15—C27—H27A 109.8 

O3—C7—H7B 110.4 C26—C27—H27A 109.8 

C6—C7—H7B 110.4 O15—C27—H27B 109.8 

H7A—C7—H7B 108.6 C26—C27—H27B 109.8 

N1—C8—C9 113.2 (2) H27A—C27—H27B 108.2 

N1—C8—H8A 108.9 N7—C28—C29 111.36 (18) 

C9—C8—H8A 108.9 N7—C28—H28A 109.4 

N1—C8—H8B 108.9 C29—C28—H28A 109.4 

C9—C8—H8B 108.9 N7—C28—H28B 109.4 

H8A—C8—H8B 107.8 C29—C28—H28B 109.4 

N3—C9—C10 121.8 (2) H28A—C28—H28B 108.0 

N3—C9—C8 120.4 (2) N9—C29—C30 121.8 (2) 

C10—C9—C8 117.7 (2) N9—C29—C28 116.9 (2) 

C11—C10—C9 119.1 (2) C30—C29—C28 121.3 (2) 

C11—C10—H10 120.5 C29—C30—C31 118.9 (2) 

C9—C10—H10 120.5 C29—C30—H30 120.6 

C12—C11—C10 119.3 (3) C31—C30—H30 120.6 

C12—C11—H11 120.4 C32—C31—C30 119.6 (2) 

C10—C11—H11 120.4 C32—C31—H31 120.2 

C11—C12—C13 119.7 (3) C30—C31—H31 120.2 

C11—C12—H12 120.1 C31—C32—C33 118.4 (2) 

C13—C12—H12 120.1 C31—C32—H32 120.8 

N3—C13—C12 121.6 (2) C33—C32—H32 120.8 

N3—C13—C14 119.0 (2) N9—C33—C32 122.0 (2) 
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C12—C13—C14 119.5 (2) N9—C33—C34 116.1 (2) 

O4—C14—C13 109.3 (2) C32—C33—C34 121.8 (2) 

O4—C14—H14A 109.8 O16—C34—C33 107.19 (19) 

C13—C14—H14A 109.8 O16—C34—H34A 110.3 

O4—C14—H14B 109.8 C33—C34—H34A 110.3 

C13—C14—H14B 109.8 O16—C34—H34B 110.3 

H14A—C14—H14B 108.3 C33—C34—H34B 110.3 

C16—C15—C20 121.4 (2) H34A—C34—H34B 108.5 

C16—C15—S1 121.11 (19) C40—C35—C36 121.9 (2) 

C20—C15—S1 117.41 (19) C40—C35—S2 118.83 (18) 

C15—C16—C17 119.4 (2) C36—C35—S2 119.14 (18) 

C15—C16—H16A 120.3 C37—C36—C35 118.9 (2) 

C17—C16—H16A 120.3 C37—C36—H36 120.6 

C18—C17—C16 117.8 (2) C35—C36—H36 120.6 

C18—C17—H17 121.1 C38—C37—C36 118.5 (2) 

C16—C17—H17 121.1 C38—C37—H37 120.8 

C19—C18—C17 123.8 (2) C36—C37—H37 120.8 

C19—C18—N4 117.3 (2) C39—C38—C37 123.3 (2) 

C17—C18—N4 119.0 (2) C39—C38—N10 118.6 (2) 

C18—C19—C20 118.4 (2) C37—C38—N10 118.1 (2) 

C18—C19—H19 120.8 C38—C39—C40 118.2 (2) 

C20—C19—H19 120.8 C38—C39—H39 120.9 

C19—C20—C15 119.3 (2) C40—C39—H39 120.9 

C19—C20—H20 120.4 C39—C40—C35 119.2 (2) 

C15—C20—H20 120.4 C39—C40—H40 120.4 
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O23—N12—O24 122.7 (3) C35—C40—H40 120.4 

O23—N12—O22 119.0 (2) N11—O19—Cu2 114.1 (2) 

O24—N12—O22 118.3 (3) O20—N11—O21 122.4 (4) 

O12—N6—O11 122.4 (2) O20—N11—O19 120.1 (3) 

O12—N6—O10 120.3 (2) O21—N11—O19 117.6 (4) 

O11—N6—O10 117.2 (2) N11A—O19A—Cu2 82.1 (13) 

O19—Cu2—O16 91.70 (10) N11A—O20A—Cu2 100.4 (12) 

O16—Cu2—O20A 88.9 (3) O20A—N11A—O19A 119.5 (16) 

O19—Cu2—N8 93.59 (10) O20A—N11A—O21A 122.0 (17) 

O16—Cu2—N8 165.83 (8) O19A—N11A—O21A 117.9 (15) 

 

 

Figure 67: Structure of HAPI. 
(Left) Crystal structure of HAPI. (Right) ORTEP drawing with numbering scheme. 
Hydrogens omitted for clarity. 

Table 44: Crystal data for HAPI.  

C14H13N3O2 ? 

Mr = 255.27 Dx = 1.366 Mg m−3 

Monoclinic, P2/c Melting point: ? K 
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Hall symbol: ? Mo Kα radiation, λ = 0.71073 Å 

a = 19.2658 (13) Å Cell parameters from 819 reflections 

b = 8.2081 (6) Å θ = 2.3–33.5° 

c = 17.4865 (12) Å µ = 0.09 mm−1 

β = 116.099 (1)° T = 102 K 

V = 2483.3 (3) Å3 Block, colourless 

Z = 8 0.42 × 0.28 × 0.18 mm 

F(000) = 1072  
 

Table 45: Data collection for HAPI.  

Bruker-Nonius X8 Kappa APEX II  
diffractometer 9163 independent reflections 

Radiation source: fine-focus sealed tube 6860 reflections with I > 
2σ(I) 

Graphite monochromator Rint = 0.039 

Detector resolution: 8.3333 pixels mm-1 θmax = 33.0°, θmin = 2.3° 

phi and ω scans h = −28 29 

Absorption correction: multi-scan  
SADABS2016/2 - Bruker AXS area detector scaling and absorption 
correction 

k = −12 12 

Tmin = 0.87, Tmax = 0.98 l = −26 26 

45019 measured reflections  
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Table 46: Refinement.  
Z' is 2, with two molecules in asymmetric unit H-bonded through N1—H1···N6 
interaction. 

Refinement on F2 Secondary atom site location: ? 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2σ(F2)] = 0.050 H atoms treated by a mixture of independent and constrained refinement 

wR(F2) = 0.139 w = 1/[σ2(Fo
2) + (0.057P)2 + 1.4972P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.05 (Δ/σ)max = 0.001 

9163 reflections Δρmax = 0.56 e Å−3 

357 parameters Δρmin = −0.36 e Å−3 

0 restraints Extinction correction: none 

? constraints Extinction coefficient: ? 

Primary atom site location: ?  
 

Table 47: Fractional atomic coordinates and isotropic or equivalent isotropic 
displacement parameters (Å2). 

 x y z Uiso*/Ueq 

O1 0.52714 (5) 0.04537 (11) 0.41592 (6) 0.0206 (2) 

O2 0.39476 (6) 0.30529 (11) 0.25000 (6) 0.01872 (19) 

H2 0.4418 (11) 0.285 (2) 0.2990 (12) 0.028* 

N1 0.58234 (6) 0.29736 (12) 0.45223 (6) 0.01460 (19) 

H1 0.6216 (10) 0.356 (2) 0.4899 (11) 0.018* 

N2 0.52016 (6) 0.36397 (12) 0.38430 (6) 0.01389 (19) 

N3 0.78407 (6) −0.05924 (13) 0.66898 (7) 0.0183 (2) 
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C1 0.58163 (7) 0.13217 (14) 0.46053 (7) 0.0138 (2) 

C2 0.65307 (7) 0.06412 (13) 0.53186 (7) 0.0133 (2) 

C3 0.64570 (7) −0.03063 (15) 0.59403 (8) 0.0166 (2) 

H3 0.596224 −0.05525 0.590577 0.02* 

C4 0.71267 (7) −0.08826 (15) 0.66129 (8) 0.0187 (2) 

H4B 0.707617 −0.151509 0.704067 0.022* 

C5 0.78965 (7) 0.02674 (17) 0.60700 (8) 0.0191 (2) 

H5 0.839665 0.044764 0.610484 0.023* 

C6 0.72636 (7) 0.09140 (15) 0.53763 (8) 0.0171 (2) 

H6 0.733143 0.152637 0.495301 0.021* 

C7 0.50783 (7) 0.51942 (14) 0.38153 (7) 0.0130 (2) 

C8 0.44137 (7) 0.57841 (14) 0.30393 (7) 0.0126 (2) 

C9 0.38927 (7) 0.46954 (14) 0.24220 (7) 0.0138 (2) 

C10 0.32780 (7) 0.53169 (15) 0.16951 (7) 0.0166 (2) 

H10 0.292861 0.458742 0.128412 0.02* 

C11 0.31707 (8) 0.69860 (16) 0.15651 (8) 0.0186 (2) 

H11 0.274755 0.738919 0.107013 0.022* 

C12 0.36820 (8) 0.80693 (15) 0.21587 (8) 0.0186 (2) 

H12 0.36121 0.921097 0.206858 0.022* 

C13 0.42949 (7) 0.74670 (14) 0.28836 (8) 0.0156 (2) 

H13 0.464332 0.821145 0.328531 0.019* 

C14 0.55531 (7) 0.63711 (15) 0.45084 (8) 0.0180 (2) 

H14A 0.579975 0.579077 0.505259 0.027* 

H14B 0.521752 0.723024 0.454866 0.027* 

H14C 0.595147 0.685898 0.437539 0.027* 
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O3 0.97942 (6) 0.54168 (11) 0.84618 (6) 0.0251 (2) 

O4 1.10666 (5) 0.80686 (10) 1.01343 (6) 0.01743 (18) 

H4 1.0653 (11) 0.786 (2) 0.9640 (12) 0.026* 

N4 0.93446 (6) 0.79620 (12) 0.79587 (6) 0.01299 (18) 

H4A 0.8934 (10) 0.854 (2) 0.7637 (10) 0.016* 

N5 0.99359 (6) 0.86317 (12) 0.86691 (6) 0.01299 (18) 

N6 0.72232 (6) 0.45160 (13) 0.58840 (7) 0.0186 (2) 

C15 0.93055 (7) 0.63005 (14) 0.79389 (7) 0.0142 (2) 

C16 0.85899 (7) 0.56476 (13) 0.72106 (7) 0.0134 (2) 

C17 0.80835 (7) 0.46670 (14) 0.73781 (7) 0.0156 (2) 

H17 0.81973 0.436267 0.794523 0.019* 

C18 0.74076 (7) 0.41421 (15) 0.66983 (8) 0.0174 (2) 

H18 0.705924 0.348704 0.68155 0.021* 

C19 0.77289 (8) 0.54205 (16) 0.57341 (8) 0.0200 (3) 

H19 0.761141 0.56691 0.515947 0.024* 

C20 0.84162 (7) 0.60173 (15) 0.63709 (8) 0.0178 (2) 

H20 0.875703 0.66593 0.623501 0.021* 

C21 0.99791 (7) 1.01992 (14) 0.87715 (7) 0.0130 (2) 

C22 1.06114 (7) 1.07921 (13) 0.95728 (7) 0.0121 (2) 

C23 1.11164 (7) 0.97163 (14) 1.02092 (7) 0.0129 (2) 

C24 1.17057 (7) 1.03453 (15) 1.09577 (7) 0.0149 (2) 

H24 1.204191 0.96217 1.138366 0.018* 

C25 1.18036 (7) 1.20162 (15) 1.10834 (7) 0.0167 (2) 

H25 1.220796 1.24283 1.159195 0.02* 

C26 1.13119 (8) 1.30886 (15) 1.04677 (8) 0.0175 (2) 
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H26 1.137938 1.423158 1.055385 0.021* 

C27 1.07213 (7) 1.24776 (14) 0.97258 (7) 0.0154 (2) 

H27 1.038297 1.321652 0.931123 0.018* 

C28 0.94352 (8) 1.13927 (16) 0.81428 (9) 0.0252 (3) 

H28A 0.913475 1.084113 0.759884 0.038* 

H28B 0.973178 1.228572 0.805799 0.038* 

H28C 0.908383 1.183057 0.836113 0.038* 

 

Table 48: Atomic displacement parameters (Å2). 

 U
11 U22 U33 U12 U13 U23 

O1 0.0140 (4) 0.0154 (4) 0.0212 (4) −0.0026 (3) −0.0026 (3) −0.0009 (3) 

O2 0.0172 (4) 0.0133 (4) 0.0165 (4) −0.0026 (3) −0.0010 (3) −0.0003 (3) 

N1 0.0103 (4) 0.0122 (4) 0.0135 (4) −0.0004 (3) −0.0019 (3) 0.0003 (3) 

N2 0.0099 (4) 0.0132 (4) 0.0130 (4) 0.0004 (3) 0.0000 (3) 0.0010 (3) 

N3 0.0131 (5) 0.0205 (5) 0.0154 (4) 0.0027 (4) 0.0009 (4) 0.0001 (4) 

C1 0.0111 (5) 0.0125 (5) 0.0133 (5) 0.0006 (4) 0.0014 (4) 0.0000 (4) 

C2 0.0102 (5) 0.0129 (5) 0.0120 (4) 0.0000 (4) 0.0005 (4) −0.0019 (3) 

C3 0.0117 (5) 0.0170 (5) 0.0164 (5) −0.0009 (4) 0.0018 (4) 0.0017 (4) 

C4 0.0150 (6) 0.0189 (5) 0.0159 (5) −0.0003 (4) 0.0010 (4) 0.0032 (4) 

C5 0.0107 (5) 0.0276 (6) 0.0162 (5) 0.0020 (4) 0.0033 (4) −0.0004 (4) 

C6 0.0131 (5) 0.0212 (5) 0.0144 (5) 0.0002 (4) 0.0037 (4) 0.0009 (4) 

C7 0.0086 (5) 0.0144 (5) 0.0130 (4) −0.0012 (4) 0.0020 (4) −0.0010 (4) 

C8 0.0097 (5) 0.0136 (5) 0.0121 (4) 0.0003 (4) 0.0025 (4) −0.0007 (3) 

C9 0.0130 (5) 0.0138 (5) 0.0122 (4) −0.0006 (4) 0.0033 (4) −0.0005 (4) 
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C10 0.0145 (5) 0.0188 (5) 0.0119 (5) −0.0001 (4) 0.0016 (4) −0.0006 (4) 

C11 0.0178 (6) 0.0200 (5) 0.0126 (5) 0.0050 (4) 0.0018 (4) 0.0013 (4) 

C12 0.0193 (6) 0.0152 (5) 0.0167 (5) 0.0042 (4) 0.0036 (4) 0.0015 (4) 

C13 0.0147 (5) 0.0130 (5) 0.0155 (5) 0.0003 (4) 0.0034 (4) −0.0016 (4) 

C14 0.0147 (6) 0.0150 (5) 0.0162 (5) 0.0000 (4) −0.0005 (4) −0.0034 (4) 

O3 0.0184 (5) 0.0159 (4) 0.0233 (5) 0.0019 (3) −0.0071 (4) 0.0013 (3) 

O4 0.0157 (4) 0.0121 (4) 0.0162 (4) 0.0019 (3) −0.0006 (3) −0.0012 (3) 

N4 0.0097 (4) 0.0121 (4) 0.0110 (4) −0.0006 (3) −0.0011 (3) −0.0014 (3) 

N5 0.0086 (4) 0.0148 (4) 0.0110 (4) −0.0014 (3) 0.0001 (3) −0.0026 (3) 

N6 0.0141 (5) 0.0170 (5) 0.0164 (5) −0.0015 (4) −0.0009 (4) −0.0026 (4) 

C15 0.0109 (5) 0.0134 (5) 0.0136 (5) −0.0009 (4) 0.0011 (4) −0.0013 (4) 

C16 0.0099 (5) 0.0123 (4) 0.0128 (4) 0.0004 (4) 0.0001 (4) −0.0020 (3) 

C17 0.0134 (5) 0.0170 (5) 0.0130 (5) −0.0024 (4) 0.0029 (4) −0.0016 (4) 

C18 0.0125 (5) 0.0183 (5) 0.0180 (5) −0.0038 (4) 0.0035 (4) −0.0034 (4) 

C19 0.0198 (6) 0.0210 (5) 0.0114 (5) −0.0029 (5) −0.0004 (4) 0.0003 (4) 

C20 0.0150 (6) 0.0200 (5) 0.0141 (5) −0.0040 (4) 0.0025 (4) −0.0001 (4) 

C21 0.0102 (5) 0.0138 (5) 0.0113 (4) −0.0010 (4) 0.0014 (4) −0.0005 (4) 

C22 0.0092 (5) 0.0135 (4) 0.0107 (4) −0.0003 (4) 0.0019 (4) −0.0004 (3) 

C23 0.0106 (5) 0.0137 (5) 0.0123 (4) 0.0004 (4) 0.0030 (4) −0.0002 (4) 

C24 0.0116 (5) 0.0175 (5) 0.0114 (4) 0.0000 (4) 0.0011 (4) −0.0001 (4) 

C25 0.0140 (5) 0.0204 (5) 0.0117 (5) −0.0033 (4) 0.0020 (4) −0.0022 (4) 

C26 0.0185 (6) 0.0147 (5) 0.0141 (5) −0.0040 (4) 0.0025 (4) −0.0025 (4) 

C27 0.0148 (5) 0.0139 (5) 0.0130 (5) −0.0005 (4) 0.0020 (4) −0.0002 (4) 

C28 0.0193 (6) 0.0182 (6) 0.0214 (6) −0.0023 (5) −0.0065 (5) 0.0064 (5) 
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Table 49: Geometric parameters (Å, °).  
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell e.s.d.'s are taken into account individually in 
the estimation of e.s.d.'s in distances, angles and torsion angles; correlations between 
e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An 
approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving 
l.s. planes. 

O1—C1 1.2238 (14) O3—C15 1.2211 (14) 

O2—C9 1.3545 (14) O4—C23 1.3581 (14) 

O2—H2 0.948 (19) O4—H4 0.897 (19) 

N1—C1 1.3643 (15) N4—C15 1.3655 (15) 

N1—N2 1.3759 (13) N4—N5 1.3777 (13) 

N1—H1 0.894 (17) N4—H4A 0.881 (17) 

N2—C7 1.2948 (15) N5—C21 1.2967 (15) 

N3—C5 1.3367 (17) N6—C19 1.3393 (18) 

N3—C4 1.3433 (18) N6—C18 1.3427 (17) 

C1—C2 1.5006 (15) C15—C16 1.5050 (15) 

C2—C6 1.3889 (18) C16—C20 1.3885 (17) 

C2—C3 1.3937 (17) C16—C17 1.3917 (18) 

C3—C4 1.3916 (16) C17—C18 1.3901 (16) 

C3—H3 0.95 C17—H17 0.95 

C4—H4B 0.95 C18—H18 0.95 

C5—C6 1.3923 (17) C19—C20 1.3915 (17) 

C5—H5 0.95 C19—H19 0.95 

C6—H6 0.95 C20—H20 0.95 

C7—C8 1.4788 (15) C21—C22 1.4772 (15) 

C7—C14 1.5045 (16) C21—C28 1.5009 (17) 
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C8—C13 1.4071 (16) C22—C27 1.4073 (16) 

C8—C9 1.4205 (15) C22—C23 1.4185 (15) 

C9—C10 1.3978 (16) C23—C24 1.4005 (15) 

C10—C11 1.3893 (17) C24—C25 1.3887 (17) 

C10—H10 0.95 C24—H24 0.95 

C11—C12 1.3923 (18) C25—C26 1.3907 (17) 

C11—H11 0.95 C25—H25 0.95 

C12—C13 1.3887 (17) C26—C27 1.3895 (16) 

C12—H12 0.95 C26—H26 0.95 

C13—H13 0.95 C27—H27 0.95 

C14—H14A 0.98 C28—H28A 0.98 

C14—H14B 0.98 C28—H28B 0.98 

C14—H14C 0.98 C28—H28C 0.98 

C9—O2—H2 105.4 (12) C23—O4—H4 106.0 (12) 

C1—N1—N2 116.17 (9) C15—N4—N5 115.84 (9) 

C1—N1—H1 120.1 (11) C15—N4—H4A 119.9 (11) 

N2—N1—H1 123.8 (11) N5—N4—H4A 121.0 (11) 

C7—N2—N1 119.97 (10) C21—N5—N4 119.85 (10) 

C5—N3—C4 117.17 (11) C19—N6—C18 117.28 (10) 

O1—C1—N1 123.83 (11) O3—C15—N4 123.95 (11) 

O1—C1—C2 121.94 (10) O3—C15—C16 122.66 (11) 

N1—C1—C2 114.20 (10) N4—C15—C16 113.38 (10) 

C6—C2—C3 118.85 (11) C20—C16—C17 118.94 (10) 

C6—C2—C1 122.12 (11) C20—C16—C15 121.45 (11) 

C3—C2—C1 119.03 (11) C17—C16—C15 119.60 (10) 
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C4—C3—C2 118.31 (12) C18—C17—C16 118.61 (11) 

C4—C3—H3 120.8 C18—C17—H17 120.7 

C2—C3—H3 120.8 C16—C17—H17 120.7 

N3—C4—C3 123.51 (12) N6—C18—C17 123.19 (12) 

N3—C4—H4B 118.2 N6—C18—H18 118.4 

C3—C4—H4B 118.2 C17—C18—H18 118.4 

N3—C5—C6 123.76 (12) N6—C19—C20 123.83 (12) 

N3—C5—H5 118.1 N6—C19—H19 118.1 

C6—C5—H5 118.1 C20—C19—H19 118.1 

C2—C6—C5 118.32 (12) C16—C20—C19 118.10 (12) 

C2—C6—H6 120.8 C16—C20—H20 120.9 

C5—C6—H6 120.8 C19—C20—H20 120.9 

N2—C7—C8 115.31 (10) N5—C21—C22 115.72 (10) 

N2—C7—C14 124.48 (10) N5—C21—C28 124.39 (10) 

C8—C7—C14 120.21 (10) C22—C21—C28 119.89 (10) 

C13—C8—C9 118.04 (10) C27—C22—C23 117.96 (10) 

C13—C8—C7 120.03 (10) C27—C22—C21 119.77 (10) 

C9—C8—C7 121.90 (10) C23—C22—C21 122.26 (10) 

O2—C9—C10 116.88 (10) O4—C23—C24 116.81 (10) 

O2—C9—C8 123.49 (10) O4—C23—C22 123.32 (10) 

C10—C9—C8 119.61 (11) C24—C23—C22 119.87 (10) 

C11—C10—C9 120.95 (11) C25—C24—C23 120.65 (11) 

C11—C10—H10 119.5 C25—C24—H24 119.7 

C9—C10—H10 119.5 C23—C24—H24 119.7 

C10—C11—C12 120.15 (11) C24—C25—C26 120.25 (11) 
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C10—C11—H11 119.9 C24—C25—H25 119.9 

C12—C11—H11 119.9 C26—C25—H25 119.9 

C13—C12—C11 119.46 (11) C27—C26—C25 119.57 (11) 

C13—C12—H12 120.3 C27—C26—H26 120.2 

C11—C12—H12 120.3 C25—C26—H26 120.2 

C12—C13—C8 121.78 (11) C26—C27—C22 121.69 (11) 

C12—C13—H13 119.1 C26—C27—H27 119.2 

C8—C13—H13 119.1 C22—C27—H27 119.2 

C7—C14—H14A 109.5 C21—C28—H28A 109.5 

C7—C14—H14B 109.5 C21—C28—H28B 109.5 

H14A—C14—H14B 109.5 H28A—C28—H28B 109.5 

C7—C14—H14C 109.5 C21—C28—H28C 109.5 

H14A—C14—H14C 109.5 H28A—C28—H28C 109.5 

H14B—C14—H14C 109.5 H28B—C28—H28C 109.5 

C1—N1—N2—C7 165.50 (12) C15—N4—N5—C21 −174.57 (12) 

N2—N1—C1—O1 −6.00 (19) N5—N4—C15—O3 −7.01 (19) 

N2—N1—C1—C2 176.02 (10) N5—N4—C15—C16 172.17 (10) 

O1—C1—C2—C6 125.61 (14) O3—C15—C16—C20 −122.68 (15) 

N1—C1—C2—C6 −56.36 (16) N4—C15—C16—C20 58.12 (16) 

O1—C1—C2—C3 −53.86 (17) O3—C15—C16—C17 58.10 (18) 

N1—C1—C2—C3 124.16 (12) N4—C15—C16—C17 −121.09 (13) 

C6—C2—C3—C4 2.63 (18) C20—C16—C17—C18 −2.29 (18) 

C1—C2—C3—C4 −177.87 (11) C15—C16—C17—C18 176.94 (11) 

C5—N3—C4—C3 −1.55 (19) C19—N6—C18—C17 0.97 (19) 

C2—C3—C4—N3 −0.89 (19) C16—C17—C18—N6 1.0 (2) 
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C4—N3—C5—C6 2.30 (19) C18—N6—C19—C20 −1.6 (2) 

C3—C2—C6—C5 −1.96 (18) C17—C16—C20—C19 1.69 (19) 

C1—C2—C6—C5 178.56 (11) C15—C16—C20—C19 −177.53 (12) 

N3—C5—C6—C2 −0.6 (2) N6—C19—C20—C16 0.3 (2) 

N1—N2—C7—C8 177.51 (11) N4—N5—C21—C22 177.17 (10) 

N1—N2—C7—C14 −3.13 (19) N4—N5—C21—C28 −2.4 (2) 

N2—C7—C8—C13 −170.64 (12) N5—C21—C22—C27 177.68 (12) 

C14—C7—C8—C13 9.97 (18) C28—C21—C22—C27 −2.78 (18) 

N2—C7—C8—C9 7.61 (18) N5—C21—C22—C23 −2.97 (18) 

C14—C7—C8—C9 −171.78 (12) C28—C21—C22—C23 176.57 (13) 

C13—C8—C9—O2 179.96 (12) C27—C22—C23—O4 179.93 (12) 

C7—C8—C9—O2 1.68 (19) C21—C22—C23—O4 0.57 (19) 

C13—C8—C9—C10 −1.07 (18) C27—C22—C23—C24 −0.55 (18) 

C7—C8—C9—C10 −179.35 (12) C21—C22—C23—C24 −179.91 (11) 

O2—C9—C10—C11 179.33 (12) O4—C23—C24—C25 179.33 (12) 

C8—C9—C10—C11 0.3 (2) C22—C23—C24—C25 −0.22 (19) 

C9—C10—C11—C12 0.5 (2) C23—C24—C25—C26 0.5 (2) 

C10—C11—C12—C13 −0.5 (2) C24—C25—C26—C27 0.1 (2) 

C11—C12—C13—C8 −0.3 (2) C25—C26—C27—C22 −0.9 (2) 

C9—C8—C13—C12 1.08 (19) C23—C22—C27—C26 1.09 (19) 

C7—C8—C13—C12 179.40 (12) C21—C22—C27—C26 −179.53 (12) 

 

Table 50: Hydrogen-bond geometry (Å, °). 

D—H···A D—H H···A D···A D—H···A 
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O2—H2···N2 0.948 (19) 1.715 (19) 2.5675 (13) 147.8 (17) 

N1—H1···N6 0.894 (17) 2.100 (17) 2.9825 (14) 169.4 (15) 

O4—H4···N5 0.897 (19) 1.768 (19) 2.5714 (13) 147.7 (18) 

N4—H4A···N3i 0.881 (17) 2.148 (17) 3.0116 (14) 166.2 (15) 

Symmetry code: (i) x, y+1, z. 

 

 

Figure 68: Structure of Cl-HAPI.  
(Left) Crystal structure of Cl-HAPI, Compound 9. (Right) ORTEP drawing with 
numbering scheme. Hydrogens omitted for clarity. 

Table 51: Crystal data for Cl-HAPI, Compound 9.  

C14H12ClN3O2·(O·H2) F(000) = 320 

Mr = 307.73 ? 

Triclinic, P � Dx = 1.490 Mg m−3 

Hall symbol: ? Melting point: ? K 

a = 7.0636 (5) Å Mo Kα radiation, λ = 0.71073 Å 

b = 7.7161 (5) Å Cell parameters from 9944 reflections 

c = 13.3001 (10) Å θ = 2.8–34.7° 

α = 87.306 (2)° µ = 0.29 mm−1 

β = 84.517 (2)° T = 100 K 

γ = 71.972 (2)° Plate, colourless 
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V = 686.04 (8) Å3 0.24 × 0.14 × 0.07 mm 

Z = 2  
 

Table 52: Data collection for Cl-HAPI, Compound 9.  

Bruker-Nonius X8 Kappa APEX II  
diffractometer 

6092 independent 
reflections 

Radiation source: fine-focus sealed tube 4877 reflections with I > 
2σ(I) 

Graphite monochromator Rint = 0.043 

Detector resolution: 8.3333 pixels mm-1 θmax = 35.1°, θmin = 2.8° 

phi and ω scans h = −11 11 

Absorption correction: multi-scan  
SADABS2016/2 - Bruker AXS area detector scaling and absorption 
correction 

k = −12 12 

Tmin = 0.72, Tmax = 0.75 l = −21 21 

53497 measured reflections  
 

Table 53: Refinement.  

Refinement on F2 Secondary atom site location: ? 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2σ(F2)] = 0.035 H atoms treated by a mixture of independent and constrained 
refinement 

wR(F2) = 0.096 w = 1/[σ2(Fo
2) + (0.0505P)2 + 0.1797P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.04 (Δ/σ)max = 0.001 

6092 reflections Δρmax = 0.62 e Å−3 

203 parameters Δρmin = −0.31 e Å−3 



 

 

347 

0 restraints Extinction correction: none 

? constraints Extinction coefficient: ? 

Primary atom site location: 
?  

 

Table 54: Fractional atomic coordinates and isotropic or equivalent isotropic 
displacement parameters (Å2). 

 x y z Uiso*/Ueq 

Cl1 1.27440 (3) −0.86283 (3) 0.06987 (2) 0.01632 (6) 

O1 0.26237 (10) −0.00820 (10) 0.33189 (6) 0.01548 (13) 

O2 0.46625 (10) −0.35558 (10) 0.14785 (5) 0.01331 (12) 

H2 0.477 (2) −0.267 (2) 0.1806 (12) 0.02* 

N1 0.57881 (11) 0.00381 (10) 0.28941 (6) 0.01080 (13) 

H1 0.667 (2) 0.042 (2) 0.3081 (11) 0.016* 

N2 0.61997 (11) −0.15602 (10) 0.23860 (6) 0.01049 (13) 

N3 0.25329 (12) 0.56636 (11) 0.49447 (6) 0.01378 (14) 

C1 0.39090 (13) 0.06738 (12) 0.33538 (7) 0.01008 (14) 

C2 0.34944 (12) 0.24051 (11) 0.39127 (7) 0.00974 (14) 

C3 0.25751 (13) 0.25410 (12) 0.48897 (7) 0.01239 (15) 

H3 0.224378 0.153779 0.521506 0.015* 

C4 0.21551 (14) 0.41887 (13) 0.53765 (7) 0.01418 (16) 

H4 0.156774 0.427357 0.605264 0.017* 

C5 0.33926 (13) 0.55187 (12) 0.39987 (7) 0.01322 (16) 

H5 0.36537 0.655989 0.368147 0.016* 

C6 0.39219 (13) 0.39153 (12) 0.34580 (7) 0.01206 (15) 
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H6 0.456097 0.385358 0.279303 0.014* 

C7 0.80088 (13) −0.24267 (12) 0.20468 (6) 0.00940 (14) 

C8 0.82396 (12) −0.41670 (11) 0.15591 (6) 0.00911 (14) 

C9 0.65654 (13) −0.46365 (12) 0.12982 (6) 0.01004 (14) 

C10 0.68398 (14) −0.62874 (12) 0.08305 (7) 0.01260 (15) 

H10 0.571391 −0.657635 0.063715 0.015* 

C11 0.87299 (14) −0.75083 (12) 0.06448 (7) 0.01311 (15) 

H11 0.890399 −0.863482 0.033145 0.016* 

C12 1.03713 (13) −0.70711 (12) 0.09212 (7) 0.01161 (15) 

C13 1.01483 (13) −0.54249 (12) 0.13620 (7) 0.01089 (14) 

H13 1.129323 −0.514191 0.153299 0.013* 

C17 0.97779 (13) −0.17892 (13) 0.21480 (7) 0.01329 (16) 

H17A 0.937485 −0.045556 0.209647 0.02* 

H17B 1.081966 −0.230636 0.160823 0.02* 

H17C 1.029731 −0.218814 0.280559 0.02* 

O1S 0.15164 (11) 0.87549 (11) 0.61703 (7) 0.02137 (16) 

H1SA 0.032 (3) 0.906 (2) 0.6245 (13) 0.032* 

H1SB 0.187 (3) 0.778 (2) 0.5749 (13) 0.032* 

 

Table 55: Atomic displacement parameters (Å2). 

 U
11 U22 U33 U12 U13 U23 

Cl1 0.01183 (10) 0.01095 (10) 0.02288 (11) 0.00122 (7) 0.00084 (7) −0.00465 (7) 

O1 0.0097 (3) 0.0130 (3) 0.0247 (3) −0.0049 (2) 0.0021 (2) −0.0069 (3) 

O2 0.0078 (3) 0.0127 (3) 0.0194 (3) −0.0025 (2) −0.0003 (2) −0.0063 (2) 
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N1 0.0079 (3) 0.0098 (3) 0.0150 (3) −0.0026 (2) 0.0002 (2) −0.0060 (2) 

N2 0.0089 (3) 0.0088 (3) 0.0133 (3) −0.0016 (2) 0.0002 (2) −0.0050 (2) 

N3 0.0109 (3) 0.0116 (3) 0.0184 (4) −0.0017 (3) −0.0026 (3) −0.0056 (3) 

C1 0.0085 (3) 0.0085 (3) 0.0130 (3) −0.0020 (3) −0.0007 (3) −0.0027 (3) 

C2 0.0077 (3) 0.0080 (3) 0.0131 (3) −0.0014 (3) −0.0006 (3) −0.0029 (3) 

C3 0.0114 (3) 0.0115 (4) 0.0137 (4) −0.0029 (3) 0.0003 (3) −0.0018 (3) 

C4 0.0130 (4) 0.0153 (4) 0.0132 (4) −0.0025 (3) 0.0005 (3) −0.0054 (3) 

C5 0.0118 (4) 0.0093 (3) 0.0187 (4) −0.0030 (3) −0.0021 (3) −0.0020 (3) 

C6 0.0118 (3) 0.0102 (3) 0.0142 (4) −0.0037 (3) 0.0004 (3) −0.0016 (3) 

C7 0.0085 (3) 0.0089 (3) 0.0106 (3) −0.0022 (3) −0.0007 (3) −0.0019 (3) 

C8 0.0086 (3) 0.0086 (3) 0.0099 (3) −0.0022 (3) 0.0000 (3) −0.0024 (3) 

C9 0.0086 (3) 0.0098 (3) 0.0117 (3) −0.0026 (3) −0.0002 (3) −0.0021 (3) 

C10 0.0120 (4) 0.0115 (4) 0.0153 (4) −0.0048 (3) −0.0004 (3) −0.0040 (3) 

C11 0.0142 (4) 0.0102 (4) 0.0148 (4) −0.0036 (3) 0.0003 (3) −0.0038 (3) 

C12 0.0106 (3) 0.0090 (3) 0.0134 (4) −0.0005 (3) 0.0005 (3) −0.0023 (3) 

C13 0.0092 (3) 0.0100 (3) 0.0129 (4) −0.0020 (3) −0.0004 (3) −0.0026 (3) 

C17 0.0091 (3) 0.0123 (4) 0.0192 (4) −0.0042 (3) 0.0008 (3) −0.0057 (3) 

O1S 0.0099 (3) 0.0230 (4) 0.0322 (4) −0.0047 (3) 0.0015 (3) −0.0188 (3) 

 

Table 56: Geometric parameters (Å, °).  
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell e.s.d.'s are taken into account individually in 
the estimation of e.s.d.'s in distances, angles and torsion angles; correlations between 
e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An 
approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving 
l.s. planes. 

Cl1—C12 1.7413 (9) C6—H6 0.95 
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O1—C1 1.2268 (11) C7—C8 1.4754 (12) 

O2—C9 1.3502 (11) C7—C17 1.4968 (12) 

O2—H2 0.857 (16) C8—C13 1.4053 (12) 

N1—C1 1.3588 (11) C8—C9 1.4162 (12) 

N1—N2 1.3715 (10) C9—C10 1.3950 (12) 

N1—H1 0.831 (15) C10—C11 1.3825 (13) 

N2—C7 1.2934 (11) C10—H10 0.95 

N3—C5 1.3377 (13) C11—C12 1.3887 (13) 

N3—C4 1.3393 (13) C11—H11 0.95 

C1—C2 1.4941 (12) C12—C13 1.3822 (12) 

C2—C3 1.3895 (12) C13—H13 0.95 

C2—C6 1.3898 (12) C17—H17A 0.98 

C3—C4 1.3895 (13) C17—H17B 0.98 

C3—H3 0.95 C17—H17C 0.98 

C4—H4 0.95 O1S—H1SA 0.800 (18) 

C5—C6 1.3906 (12) O1S—H1SB 0.913 (18) 

C5—H5 0.95   

C9—O2—H2 103.8 (10) C8—C7—C17 121.00 (7) 

C1—N1—N2 115.48 (7) C13—C8—C9 118.27 (8) 

C1—N1—H1 118.5 (10) C13—C8—C7 120.18 (8) 

N2—N1—H1 123.0 (10) C9—C8—C7 121.53 (7) 

C7—N2—N1 120.69 (7) O2—C9—C10 116.70 (8) 

C5—N3—C4 117.69 (8) O2—C9—C8 123.29 (8) 

O1—C1—N1 123.80 (8) C10—C9—C8 120.00 (8) 

O1—C1—C2 121.46 (8) C11—C10—C9 120.82 (8) 
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N1—C1—C2 114.73 (7) C11—C10—H10 119.6 

C3—C2—C6 119.16 (8) C9—C10—H10 119.6 

C3—C2—C1 119.46 (8) C10—C11—C12 119.32 (8) 

C6—C2—C1 121.31 (8) C10—C11—H11 120.3 

C4—C3—C2 117.99 (8) C12—C11—H11 120.3 

C4—C3—H3 121.0 C13—C12—C11 121.10 (8) 

C2—C3—H3 121.0 C13—C12—Cl1 119.87 (7) 

N3—C4—C3 123.59 (9) C11—C12—Cl1 119.03 (7) 

N3—C4—H4 118.2 C12—C13—C8 120.45 (8) 

C3—C4—H4 118.2 C12—C13—H13 119.8 

N3—C5—C6 123.07 (8) C8—C13—H13 119.8 

N3—C5—H5 118.5 C7—C17—H17A 109.5 

C6—C5—H5 118.5 C7—C17—H17B 109.5 

C2—C6—C5 118.47 (8) H17A—C17—H17B 109.5 

C2—C6—H6 120.8 C7—C17—H17C 109.5 

C5—C6—H6 120.8 H17A—C17—H17C 109.5 

N2—C7—C8 114.67 (7) H17B—C17—H17C 109.5 

N2—C7—C17 124.31 (8) H1SA—O1S—H1SB 105.2 (16) 

C1—N1—N2—C7 −169.90 (8) N2—C7—C8—C13 −165.86 (8) 

N2—N1—C1—O1 −1.06 (13) C17—C7—C8—C13 12.69 (13) 

N2—N1—C1—C2 179.38 (7) N2—C7—C8—C9 12.73 (12) 

O1—C1—C2—C3 47.97 (13) C17—C7—C8—C9 −168.72 (8) 

N1—C1—C2—C3 −132.46 (9) C13—C8—C9—O2 178.11 (8) 

O1—C1—C2—C6 −128.89 (10) C7—C8—C9—O2 −0.51 (13) 

N1—C1—C2—C6 50.69 (12) C13—C8—C9—C10 −1.89 (13) 
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C6—C2—C3—C4 −1.12 (13) C7—C8—C9—C10 179.50 (8) 

C1—C2—C3—C4 −178.04 (8) O2—C9—C10—C11 −177.92 (8) 

C5—N3—C4—C3 −1.16 (14) C8—C9—C10—C11 2.07 (14) 

C2—C3—C4—N3 2.09 (14) C9—C10—C11—C12 −0.56 (14) 

C4—N3—C5—C6 −0.73 (14) C10—C11—C12—C13 −1.12 (14) 

C3—C2—C6—C5 −0.59 (13) C10—C11—C12—Cl1 179.23 (7) 

C1—C2—C6—C5 176.27 (8) C11—C12—C13—C8 1.27 (14) 

N3—C5—C6—C2 1.59 (14) Cl1—C12—C13—C8 −179.08 (7) 

N1—N2—C7—C8 177.23 (7) C9—C8—C13—C12 0.25 (13) 

N1—N2—C7—C17 −1.26 (13) C7—C8—C13—C12 178.88 (8) 

 

Table 57: Hydrogen-bond geometry (Å, °). 

D—H···A D—H H···A D···A D—H···A 

O1S—H1SA···O1i 0.800 (18) 2.021 (19) 2.8097 (11) 168.7 (17) 

O1S—H1SB···N3 0.913 (18) 1.907 (18) 2.8185 (11) 175.9 (16) 

N1—H1···O1Sii 0.831 (15) 1.959 (15) 2.7750 (11) 167.0 (14) 

O2—H2···N2 0.857 (16) 1.755 (16) 2.5430 (10) 151.8 (15) 

Symmetry codes: (i) −x, −y+1, −z+1; (ii) −x+1, −y+1, −z+1. 
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Figure 69: Structure of [Fe(HAPI)2].  
(Left) Crystal structure of [Fe(HAPI)2]. (Right) ORTEP drawing with numbering 
scheme. Hydrogens omitted for clarity. 

Table 58: Crystal data for [Fe(HAPI)2]. 

C28H23FeN6O4·2(CH4O) ? 

Mr = 627.46 Dx = 1.457 Mg m−3 

Monoclinic, C2/c Melting point: ? K 

Hall symbol: ? Mo Kα radiation, λ = 0.71073 Å 

a = 17.8031 (8) Å Cell parameters from 9969 reflections 

b = 13.2249 (6) Å θ = 2.3–33.2° 

c = 12.3459 (5) Å µ = 0.58 mm−1 

β = 100.2213 (14)° T = 100 K 

V = 2860.6 (2) Å3 Plate, dark red 

Z = 4 0.25 × 0.24 × 0.08 mm 

F(000) = 1308  
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Table 59: Data collection for [Fe(HAPI)2]. 

Bruker-Nonius X8 Kappa APEX II  
diffractometer 

5501 independent 
reflections 

Radiation source: fine-focus sealed tube 4893 reflections with I > 
2σ(I) 

Graphite monochromator Rint = 0.026 

Detector resolution: 8.3333 pixels mm-1 θmax = 33.3°, θmin = 1.9° 

phi and ω scans h = −27 27 

Absorption correction: numerical  
SADABS2016/2 - Bruker AXS area detector scaling and absorption 
correction 

k = −20 20 

Tmin = 0.88, Tmax = 0.95 l = −19 19 

32389 measured reflections  
 

Table 60: Refinement.  
H atoms on methanol O—H, and pyridinium were found in difference map, and 
allowed to refine wtih isotropic displacement parameter constrained to 1.5x and 1.2x of 
the respective parent atom. Pyridinium H occupancy is 0.5 to accommodate both charge 
balance and sterics of H bonding. 

Refinement on F2 Secondary atom site location: ? 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2σ(F2)] = 0.032 H atoms treated by a mixture of independent and constrained refinement 

wR(F2) = 0.087 w = 1/[σ2(Fo
2) + (0.0422P)2 + 2.740P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.07 (Δ/σ)max < 0.001 

5501 reflections Δρmax = 0.82 e Å−3 

203 parameters Δρmin = −0.53 e Å−3 

0 restraints Extinction correction: none 
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? constraints Extinction coefficient: ? 

Primary atom site location: ?  
 

Table 61: Fractional atomic coordinates and isotropic or equivalent isotropic 
displacement parameters (Å2). 

 x y z Uiso*/Ueq Occ. (<1) 

Fe1 0.5 0.24074 (2) 0.75 0.00868 (5)  
O1 0.42273 (5) 0.12975 (6) 0.70618 (6) 0.01505 (14)  
O2 0.58138 (4) 0.33523 (6) 0.74476 (6) 0.01373 (14)  
N1 0.49541 (5) 0.22607 (6) 0.57866 (7) 0.01039 (14)  
N2 0.45576 (5) 0.14066 (7) 0.53301 (7) 0.01277 (15)  
N3 0.29048 (6) −0.16623 (7) 0.51493 (9) 0.01871 (18)  
H3 0.260 (2) −0.216 (3) 0.503 (3) 0.022* 0.5 

C1 0.42150 (6) 0.09848 (7) 0.60705 (8) 0.01177 (16)  
C2 0.37601 (6) 0.00616 (8) 0.57192 (9) 0.01352 (17)  
C3 0.37485 (6) −0.03987 (8) 0.46980 (9) 0.01545 (18)  
H3A 0.403811 −0.012617 0.419074 0.019*  
C4 0.33100 (7) −0.12563 (8) 0.44356 (10) 0.01760 (19)  
H4A 0.32943 −0.156521 0.373726 0.021*  
C5 0.29141 (7) −0.12306 (9) 0.61292 (11) 0.0230 (2)  
H5A 0.262682 −0.152702 0.66258 0.028*  
C6 0.33305 (7) −0.03643 (9) 0.64398 (10) 0.0198 (2)  
H6 0.33236 −0.006329 0.713661 0.024*  
C7 0.52495 (6) 0.28363 (8) 0.51110 (8) 0.01242 (17)  
C8 0.56654 (6) 0.37560 (8) 0.55116 (8) 0.01281 (17)  
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C9 0.59167 (6) 0.39753 (7) 0.66435 (8) 0.01209 (16)  
C10 0.63162 (6) 0.48817 (8) 0.69357 (9) 0.01610 (18)  
H10A 0.649235 0.502726 0.769159 0.019*  
C11 0.64584 (7) 0.55652 (8) 0.61491 (10) 0.0201 (2)  
H11A 0.673372 0.61687 0.636654 0.024*  
C12 0.61979 (7) 0.53685 (9) 0.50383 (10) 0.0210 (2)  
H12A 0.628321 0.584258 0.449492 0.025*  
C13 0.58147 (6) 0.44785 (9) 0.47351 (9) 0.0178 (2)  
H13A 0.564475 0.434626 0.39748 0.021*  
C14 0.51537 (7) 0.25729 (9) 0.39094 (9) 0.0197 (2)  
H14A 0.501673 0.185721 0.380681 0.03*  
H14B 0.563356 0.269911 0.364732 0.03*  
H14C 0.474845 0.299069 0.349104 0.03*  
O1S 0.72943 (6) 0.25139 (7) 0.81263 (9) 0.0259 (2)  
H1S 0.6828 (13) 0.2634 (15) 0.8006 (18) 0.039*  
C1S 0.77127 (8) 0.32536 (10) 0.88150 (12) 0.0268 (3)  
H1SA 0.757855 0.392821 0.851309 0.04*  
H1SB 0.826048 0.313802 0.885264 0.04*  
H1SC 0.758837 0.320581 0.955543 0.04*  

 

Table 62: Atomic displacement parameters (Å2). 

 U
11 U22 U33 U12 U13 U23 

Fe1 0.01048 (9) 0.00843 (9) 0.00716 (8) 0 0.00165 (6) 0 

O1 0.0185 (4) 0.0149 (3) 0.0132 (3) −0.0060 (3) 0.0067 (3) −0.0050 (3) 

O2 0.0156 (3) 0.0142 (3) 0.0106 (3) −0.0049 (3) 0.0001 (3) 0.0027 (2) 
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N1 0.0114 (3) 0.0105 (3) 0.0092 (3) −0.0012 (3) 0.0015 (3) −0.0008 (3) 

N2 0.0142 (4) 0.0122 (3) 0.0116 (3) −0.0030 (3) 0.0014 (3) −0.0031 (3) 

N3 0.0157 (4) 0.0138 (4) 0.0268 (5) −0.0043 (3) 0.0043 (4) −0.0077 (3) 

C1 0.0112 (4) 0.0105 (4) 0.0135 (4) −0.0008 (3) 0.0021 (3) −0.0029 (3) 

C2 0.0120 (4) 0.0121 (4) 0.0165 (4) −0.0016 (3) 0.0025 (3) −0.0041 (3) 

C3 0.0166 (5) 0.0140 (4) 0.0154 (4) −0.0018 (3) 0.0019 (4) −0.0040 (3) 

C4 0.0181 (5) 0.0143 (4) 0.0195 (5) −0.0018 (4) 0.0012 (4) −0.0060 (4) 

C5 0.0227 (5) 0.0189 (5) 0.0305 (6) −0.0098 (4) 0.0130 (5) −0.0099 (4) 

C6 0.0214 (5) 0.0176 (5) 0.0232 (5) −0.0085 (4) 0.0113 (4) −0.0097 (4) 

C7 0.0130 (4) 0.0141 (4) 0.0102 (4) 0.0000 (3) 0.0023 (3) 0.0020 (3) 

C8 0.0131 (4) 0.0132 (4) 0.0123 (4) −0.0009 (3) 0.0028 (3) 0.0036 (3) 

C9 0.0115 (4) 0.0109 (4) 0.0138 (4) −0.0007 (3) 0.0022 (3) 0.0025 (3) 

C10 0.0165 (5) 0.0125 (4) 0.0191 (5) −0.0032 (3) 0.0025 (4) 0.0009 (3) 

C11 0.0198 (5) 0.0128 (4) 0.0279 (6) −0.0037 (4) 0.0051 (4) 0.0039 (4) 

C12 0.0211 (5) 0.0175 (5) 0.0253 (5) −0.0019 (4) 0.0064 (4) 0.0097 (4) 

C13 0.0176 (5) 0.0197 (5) 0.0165 (5) −0.0015 (4) 0.0039 (4) 0.0076 (4) 

C14 0.0250 (6) 0.0249 (5) 0.0097 (4) −0.0035 (4) 0.0040 (4) 0.0004 (4) 

O1S 0.0153 (4) 0.0211 (4) 0.0396 (6) −0.0006 (3) −0.0004 (4) 0.0010 (4) 

C1S 0.0213 (6) 0.0242 (6) 0.0336 (7) −0.0019 (4) 0.0013 (5) 0.0016 (5) 
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Table 63: Geometric parameters (Å, °).  
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell e.s.d.'s are taken into account individually in 
the estimation of e.s.d.'s in distances, angles and torsion angles; correlations between 
e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An 
approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving 
l.s. planes. 

Fe1—O2 1.9230 (7) C6—H6 0.95 

Fe1—O2i 1.9231 (7) C7—C8 1.4636 (14) 

Fe1—O1 2.0188 (8) C7—C14 1.5038 (15) 

Fe1—O1i 2.0188 (8) C8—C13 1.4117 (14) 

Fe1—N1i 2.1113 (8) C8—C9 1.4195 (14) 

Fe1—N1 2.1114 (8) C9—C10 1.4079 (14) 

O1—C1 1.2882 (12) C10—C11 1.3825 (15) 

O2—C9 1.3275 (12) C10—H10A 0.95 

N1—C7 1.3067 (12) C11—C12 1.3921 (18) 

N1—N2 1.3966 (12) C11—H11A 0.95 

N2—C1 1.3101 (13) C12—C13 1.3784 (16) 

N3—C5 1.3351 (15) C12—H12A 0.95 

N3—C4 1.3455 (15) C13—H13A 0.95 

N3—H3 0.85 (3) C14—H14A 0.98 

C1—C2 1.4867 (14) C14—H14B 0.98 

C2—C6 1.3910 (15) C14—H14C 0.98 

C2—C3 1.3969 (14) O1S—C1S 1.4177 (17) 

C3—C4 1.3824 (15) O1S—H1S 0.83 (2) 

C3—H3A 0.95 C1S—H1SA 0.98 

C4—H4A 0.95 C1S—H1SB 0.98 
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C5—C6 1.3814 (15) C1S—H1SC 0.98 

C5—H5A 0.95   

O2—Fe1—O2i 98.95 (5) C6—C5—H5A 119.1 

O2—Fe1—O1 160.92 (3) C5—C6—C2 119.15 (10) 

O2i—Fe1—O1 89.99 (3) C5—C6—H6 120.4 

O2—Fe1—O1i 89.99 (3) C2—C6—H6 120.4 

O2i—Fe1—O1i 160.92 (3) N1—C7—C8 120.35 (9) 

O1—Fe1—O1i 86.71 (5) N1—C7—C14 120.44 (9) 

O2—Fe1—N1i 101.42 (3) C8—C7—C14 119.20 (9) 

O2i—Fe1—N1i 85.49 (3) C13—C8—C9 117.76 (9) 

O1—Fe1—N1i 96.03 (3) C13—C8—C7 118.55 (9) 

O1i—Fe1—N1i 76.19 (3) C9—C8—C7 123.68 (9) 

O2—Fe1—N1 85.49 (3) O2—C9—C10 117.86 (9) 

O2i—Fe1—N1 101.42 (3) O2—C9—C8 123.24 (9) 

O1—Fe1—N1 76.19 (3) C10—C9—C8 118.87 (9) 

O1i—Fe1—N1 96.03 (3) C11—C10—C9 121.60 (10) 

N1i—Fe1—N1 169.45 (5) C11—C10—H10A 119.2 

C1—O1—Fe1 112.57 (6) C9—C10—H10A 119.2 

C9—O2—Fe1 129.29 (7) C10—C11—C12 119.95 (10) 

C7—N1—N2 116.46 (8) C10—C11—H11A 120.0 

C7—N1—Fe1 129.61 (7) C12—C11—H11A 120.0 

N2—N1—Fe1 113.92 (6) C13—C12—C11 119.31 (10) 

C1—N2—N1 109.11 (8) C13—C12—H12A 120.3 

C5—N3—C4 120.06 (10) C11—C12—H12A 120.3 

C5—N3—H3 113 (2) C12—C13—C8 122.49 (11) 
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C4—N3—H3 127 (2) C12—C13—H13A 118.8 

O1—C1—N2 126.48 (9) C8—C13—H13A 118.8 

O1—C1—C2 117.21 (9) C7—C14—H14A 109.5 

N2—C1—C2 116.30 (9) C7—C14—H14B 109.5 

C6—C2—C3 118.62 (9) H14A—C14—H14B 109.5 

C6—C2—C1 118.61 (9) C7—C14—H14C 109.5 

C3—C2—C1 122.77 (9) H14A—C14—H14C 109.5 

C4—C3—C2 119.10 (10) H14B—C14—H14C 109.5 

C4—C3—H3A 120.5 C1S—O1S—H1S 112.1 (15) 

C2—C3—H3A 120.5 O1S—C1S—H1SA 109.5 

N3—C4—C3 121.33 (10) O1S—C1S—H1SB 109.5 

N3—C4—H4A 119.3 H1SA—C1S—H1SB 109.5 

C3—C4—H4A 119.3 O1S—C1S—H1SC 109.5 

N3—C5—C6 121.73 (11) H1SA—C1S—H1SC 109.5 

N3—C5—H5A 119.1 H1SB—C1S—H1SC 109.5 

C7—N1—N2—C1 −171.87 (9) N2—N1—C7—C14 0.25 (14) 

Fe1—N1—N2—C1 9.20 (10) Fe1—N1—C7—C14 178.98 (8) 

Fe1—O1—C1—N2 −10.40 (14) N1—C7—C8—C13 −164.90 (10) 

Fe1—O1—C1—C2 170.47 (7) C14—C7—C8—C13 13.94 (15) 

N1—N2—C1—O1 0.58 (15) N1—C7—C8—C9 13.85 (16) 

N1—N2—C1—C2 179.72 (8) C14—C7—C8—C9 −167.31 (10) 

O1—C1—C2—C6 4.84 (15) Fe1—O2—C9—C10 150.94 (8) 

N2—C1—C2—C6 −174.38 (10) Fe1—O2—C9—C8 −31.08 (14) 

O1—C1—C2—C3 −174.86 (10) C13—C8—C9—O2 −179.54 (10) 

N2—C1—C2—C3 5.91 (15) C7—C8—C9—O2 1.70 (16) 
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C6—C2—C3—C4 0.28 (17) C13—C8—C9—C10 −1.58 (15) 

C1—C2—C3—C4 179.98 (10) C7—C8—C9—C10 179.66 (10) 

C5—N3—C4—C3 0.75 (18) O2—C9—C10—C11 179.01 (10) 

C2—C3—C4—N3 −0.99 (17) C8—C9—C10—C11 0.94 (16) 

C4—N3—C5—C6 0.2 (2) C9—C10—C11—C12 0.63 (17) 

N3—C5—C6—C2 −0.9 (2) C10—C11—C12—C13 −1.50 (18) 

C3—C2—C6—C5 0.64 (18) C11—C12—C13—C8 0.81 (18) 

C1—C2—C6—C5 −179.07 (11) C9—C8—C13—C12 0.74 (16) 

N2—N1—C7—C8 179.08 (9) C7—C8—C13—C12 179.56 (11) 

Fe1—N1—C7—C8 −2.19 (15)   

Symmetry code: (i) −x+1, y, −z+3/2. 

 

Table 64: Hydrogen-bond geometry (Å, °). 

D—H···A D—H H···A D···A D—H···A 

O1S—H1S···O2 0.83 (2) 2.05 (2) 2.8451 (13) 160 (2) 

O1S—H1S···O1i 0.83 (2) 2.57 (2) 3.1237 (13) 125.1 (17) 

N3—H3···N3ii 0.85 (3) 1.80 (3) 2.6334 (19) 171 (4) 

Symmetry codes: (i) −x+1, y, −z+3/2; (ii) −x+1/2, −y−1/2, −z+1. 

 



 

 

362 

 

Figure 70: Structure of [Zn(OH2)5OH]PF6.  
(Left) Crystal structure of [Zn(OH2)5OH]PF6. (Right) ORTEP drawing with numbering 
scheme. Hydrogens omitted for clarity. 

 

Table 65: Crystal data for [Zn(OH2)5OH]PF6. 

F6P·H11O6Zn Dx = 2.197 Mg m−3 

Mr = 317.42 Melting point: ? K 

Trigonal, R � Mo Kα radiation, λ = 0.71073 Å 

Hall symbol: ? Cell parameters from 175 reflections 

a = 9.3281 (8) Å θ = 3.3–34.4° 

c = 9.5512 (9) Å µ = 2.83 mm−1 

V = 719.74 (14) Å3 T = 100 K 

Z = 3 Plate, colourless 

F(000) = 474 0.36 × 0.20 × 0.10 mm 

?  
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Table 66: Data collection for [Zn(OH2)5OH]PF6. 

Bruker-Nonius X8 Kappa APEX II  
diffractometer 

623 independent 
reflections 

Radiation source: fine-focus sealed tube 620 reflections with I > 
2σ(I) 

Graphite monochromator Rint = 0.018 

Detector resolution: 8.3333 pixels mm-1 θmax = 33.2°, θmin = 3.3° 

phi and ω scans h = −14 14 

Absorption correction: multi-scan  
SADABS2016/2 - Bruker AXS area detector scaling and absorption 
correction 

k = −11 14 

Tmin = 0.65, Tmax = 0.75 l = −14 14 

3368 measured reflections  
 

Table 67: Refinement.  
Both H atom locations found in difference map, with no significant difference in 
intensity. Charge balance in structure requires that cation formula is Zn(OH2)5OH. 
Occupancy of H atoms set to 0.91667 to reflect partial occupancy at all sites. 

Refinement on F2 Secondary atom site location: ? 

Least-squares matrix: full Hydrogen site location: difference Fourier map 

R[F2 > 2σ(F2)] = 0.015 All H-atom parameters refined 

wR(F2) = 0.041 w = 1/[σ2(Fo
2) + (0.0201P)2 + 0.5283P]  

where P = (Fo
2 + 2Fc

2)/3 

S = 1.20 (Δ/σ)max < 0.001 

623 reflections Δρmax = 0.52 e Å−3 

31 parameters Δρmin = −0.66 e Å−3 

0 restraints Extinction correction: none 
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? constraints Extinction coefficient: ? 

Primary atom site location: ?  
 

Table 68: Fractional atomic coordinates and isotropic or equivalent isotropic 
displacement parameters (Å2). 

 x y z Uiso*/Ueq Occ. (<1) 

Zn1 0.666667 0.333333 0.333333 0.00656 (7)  
O1 0.48143 (8) 0.32745 (9) 0.45792 (7) 0.01073 (12)  
H1A 0.401 (2) 0.259 (2) 0.4477 (17) 0.019 (4)* 0.9167 

H1B 0.497 (2) 0.351 (2) 0.5390 (18) 0.021 (4)* 0.9167 

P1 0.333333 0.666667 0.166667 0.00885 (10)  
F1 0.40607 (7) 0.56954 (7) 0.26873 (5) 0.01286 (12)  

 

Table 69: Atomic displacement parameters (Å2). 

 U
11 U22 U33 U12 U13 U23 

Zn1 0.00709 (8) 0.00709 (8) 0.00550 (10) 0.00355 (4) 0 0 

O1 0.0084 (3) 0.0137 (3) 0.0085 (3) 0.0043 (2) 0.0004 (2) −0.0019 (2) 

P1 0.00935 (14) 0.00935 (14) 0.0078 (2) 0.00467 (7) 0 0 

F1 0.0186 (3) 0.0181 (3) 0.0086 (2) 0.0142 (2) −0.00092 (19) 0.00148 (18) 

 

Table 70: Geometric parameters (Å, °).  
Symmetry codes: (i) −x+4/3, −y+2/3, −z+2/3; (ii) x−y+1/3, x−1/3, −z+2/3; (iii) y+1/3, 
−x+y+2/3, −z+2/3; (iv) −y+1, x−y, z; (v) −x+y+1, −x+1, z; (vi) −x+2/3, −y+4/3, −z+1/3; (vii) 
y−1/3, −x+y+1/3, −z+1/3; (viii) x−y+2/3, x+1/3, −z+1/3; (ix) −y+1, x−y+1, z; (x) −x+y, −x+1, z. 
All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated 
using the full covariance matrix. The cell e.s.d.'s are taken into account individually in 
the estimation of e.s.d.'s in distances, angles and torsion angles; correlations between 
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e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An 
approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving 
l.s. planes. 

Zn1—O1 2.0760 (7) O1—H1B 0.798 (18) 

Zn1—O1i 2.0760 (7) P1—F1vi 1.6871 (5) 

Zn1—O1ii 2.0760 (7) P1—F1vii 1.6871 (5) 

Zn1—O1iii 2.0760 (7) P1—F1viii 1.6871 (5) 

Zn1—O1iv 2.0760 (7) P1—F1 1.6871 (5) 

Zn1—O1v 2.0760 (7) P1—F1ix 1.6871 (5) 

O1—H1A 0.706 (18) P1—F1x 1.6871 (5) 

O1—Zn1—O1i 180.0 H1A—O1—H1B 110.2 (18) 

O1—Zn1—O1ii 89.59 (3) F1vi—P1—F1vii 89.95 (3) 

O1i—Zn1—O1ii 90.41 (3) F1vi—P1—F1viii 89.95 (3) 

O1—Zn1—O1iii 89.59 (3) F1vii—P1—F1viii 89.95 (3) 

O1i—Zn1—O1iii 90.41 (3) F1vi—P1—F1 180.00 (3) 

O1ii—Zn1—O1iii 90.41 (3) F1vii—P1—F1 90.05 (3) 

O1—Zn1—O1iv 90.41 (3) F1viii—P1—F1 90.05 (3) 

O1i—Zn1—O1iv 89.59 (3) F1vi—P1—F1ix 90.05 (3) 

O1ii—Zn1—O1iv 89.59 (3) F1vii—P1—F1ix 180.00 (3) 

O1iii—Zn1—O1iv 180.0 F1viii—P1—F1ix 90.04 (3) 

O1—Zn1—O1v 90.41 (3) F1—P1—F1ix 89.95 (3) 

O1i—Zn1—O1v 89.59 (3) F1vi—P1—F1x 90.04 (3) 

O1ii—Zn1—O1v 180.0 F1vii—P1—F1x 90.05 (3) 

O1iii—Zn1—O1v 89.59 (3) F1viii—P1—F1x 180.0 

O1iv—Zn1—O1v 90.41 (3) F1—P1—F1x 89.95 (3) 

Zn1—O1—H1A 115.9 (13) F1ix—P1—F1x 89.95 (3) 
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Zn1—O1—H1B 121.0 (13)   
 

Table 71: Hydrogen-bond geometry (Å, °).  

D—H···A D—H H···A D···A D—H···A 

O1—H1A···F1ii 0.706 (18) 2.038 (18) 2.7414 (9) 174.0 (18) 

O1—H1B···F1xi 0.798 (18) 2.018 (18) 2.7987 (9) 166.0 (18) 

Symmetry codes: (ii) x−y+1/3, x−1/3, −z+2/3; (xi) −x+1, −y+1, −z+1. 
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