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Abstract 

Metallosupramolecular polymers are increasingly of interest for functional and 

degradable polymeric materials. In these materials, the metal-ligand bonds often bear an 

external mechanical load, but little is yet understood about the nature of mechanically-

triggered reactions of metal-ligand bonds and how that reactivity influences the 

mechanical limits of the material. This dissertation presents a poly(cyclooctene) polymer 

bearing 2,6-bis(1′-methyl-benzimidazolyl)pyridine (Mebip) ligands on sidechains, which 

provides easy incorporation into polymer backbones and sidechains, binding to a large 

variety of metal species, and facile synthesis with sites for future study substituent 

effects. This platform is employed in proof-of-concept studies comparing the 

crosslinking behavior of iron(II) trifluoromethanesulfonate and copper(II) 

trifluoromethanesulfonate. It was found through small molecule spectroscopic studies 

that both metal species bind in the desired 2:1 MeBip:metal stoichiometry for 

crosslinking. When these small molecule complexes are polymerized as crosslinkers in 

gel and solid networks, though the extent of crosslinking is found to be similar, the 

copper(II)-crosslinked networks exhibited a faster relaxation than the iron(II)-

crosslinked networks. Further, under high strains, the copper(II)-crosslinked networks 

exhibited significantly higher extensibility. This work lays the foundation for further 
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investigations of the effect of metal-ligand bonding on force-coupled properties of 

materials.  
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1. Introduction 

All materials experience myriad forces throughout their lifetimes. In polymeric 

materials, that force is transduced along individual chains, and in networks it can affect 

stress-bearing crosslinks.1 The chemical structure of those crosslinks is therefore integral 

to the material’s mechanical properties.  

Organometallic crosslinks in polymeric materials are attractive because of the 

wide variety of binding geometries and dissociation energies available in metal-ligand 

complexes.2–9 How the structure of the organometallic complex structural influences the 

transduction of force to these crosslinks and influences the molecular response is not 

well understood.6,10 Further, the connection between the molecular response and the 

limits of the material properties based upon these crosslinks is also poorly understood. 

In other words, there is a need to better understand how the molecular-level behavior of 

organometallic complexes under force translates to bulk material properties.  

The first step towards filling this knowledge gap is to understand how force 

influences the chemistry of metal-ligand complexes at the molecular and linear polymer 

levels. The prior knowledge on this topic will be discussed in Chapter 2 of this 

dissertation, and suggestions for continued work in this area will be made in the 

conclusion of Chapter 3.  

The next step is the design and synthesis of a bulk platform with modular 

organometallic complexes as stress-bearing crosslinks that can also be used for 
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molecular-level experiments. Such a platform is described in Chapter 3 of this 

dissertation in the context of elastomeric networks. The extension of this platform into 

work with gels is described in Chapter 4. This work provides the platform for bulk 

material observation, so the last step is to implement the described platform in single-

molecule or linear polymer experiments. This last step is outside the scope of this 

dissertation, but its future achievement can be combined with extensions of the work 

presented here to correlate molecular-level force-coupled behavior and bulk properties 

of metallosupramolecular systems. Correlating the molecular chemistry of the crosslinks 

described in this work to bulk properties of the platform characterized in Chapter 3 will 

create molecule-to-material relationships that inform the design of next-generation 

metallosupramolecular polymeric materials.  

 



 

3 

2. Prior Molecular-Level Studies of Force Coupling to 
Metal-Ligand Dissociation 

Metallosupramolecular polymeric materials are of interest for mechanically 

dynamic materials, optically active materials, and catalytic materials, because they 

incorporate properties of both organometallic complexes and organic polymer 

backbones.11 The organometallic complexes provide dynamic bonding,6 responsive 

changes in color,2 and catalytic activity,12 while the polymeric matrix offers processibility 

and protection from environmental degradation.13,14 That said, there is still much to learn 

about the best paths for metallosupramolecular polymer design. One area of particular 

importance is mechanical properties, specifically how the bonding and reactivity of 

stress-bearing metal-ligand complexes respond to mechanical force.15 For example, 

metal-ligand bonds are generally longer than carbon-carbon covalent bonds, leading to 

the hypothesis that they break at lower forces.16 Knowledge of a range of metals’ relative 

dissociation forces and reversibility would enable materials scientists to explore the 

influence of these parameters on the physical limits of a network, as well as to exploit 

the range of metal-ligand binding strengths and geometries for advanced material 

properties. 

  The first hurdle to understanding and exploiting these limits is the creation of a 

more complete picture of force-coupled chemistry of organometallic complexes. This is 

most easily done in single-molecule and solution-state experiments on linear polymers. 
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Therefore, this chapter reviews the current knowledge of molecular-level and solution-

state force-coupling to metal-ligand bonds gained from single molecule force 

spectroscopy (SMFS) and ultrasonication, including an introductory section on the 

principles governing our understanding of how force couples to organometallic 

chemical reactions. The knowledge reviewed here is a starting point for understanding 

the change in energetics and probability of metal-ligand bond dissociation under force, 

which can later be paired with experiments on a modular model network crosslinked by 

organometallic complexes to set the stage for correlation between molecular-level and 

elastomeric studies. 

2.1 The Relationship Between Force and the Reaction 
Coordinate 

We begin by considering the underlying influence of mechanical force on 

molecular reactivity, the general principles of which apply to metal-ligand dissociation 

as well as covalent bonds.17 Mechanical force is often destructive to materials, but it is 

simply another form of energy that can be harnessed to perform constructive 

chemistry.18 Towards that aim, if we consider equation 1, we see that the change in 

distance Δx between the initial and terminal position of an object is proportional to the 

work W done to move the system from one position to the other.   

  
Equation 1 
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This relationship applies at the molecular scale as it does at the macroscale. The 

work W is an energy input, like light or heat, that enables a molecule to reach a 

transition state on a reaction coordinate. Due to the energy in the form of work provided 

by an applied force, less energy is required from thermal fluctuations. In other words, if 

Δx > 0, the force-coupled reaction coordinate has a lower activation barrier than the 

corresponding force-free reaction coordinate. Bell,19 preceded by Eyring and Zurkhov, 

applied this idea in the context of the effect of mechanical force equilibria,20 where the 

equilibrium constant K of a reaction under force can be described by equation 2: 

 

where F is the force applied between two pulling points, xproduct is the average distance 

between pulling points of the product, and xreactant is the average distance between 

pulling points of the reactant.  

The treatment can also be extended to kinetics. Using xTS, the average distance 

between pulling points of the transition state, instead of xproduct, one can find the force 

dependence of the rate coefficient k: 

 

The term Δx‡ is often referred to as the activation length. It is now well 

appreciated that force deforms the potential energy surface and all terms are therefore 

force-dependent, but early models of applied force on a reaction assumed the distances 

Equation 2 

Equation 3 
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xproduct, xreactanct, and xTS to be constant. In that limit, there is an exponential dependence of 

force on the equilibrium constant and the rate coefficient, so that equations 2 and 3 can 

be stated as equations 4 and 5, respectively: 

 

 

As noted above, Δx and Δx‡ are actually functions of force, and so equations 2 

through 5 are not exact. However, these equations capture the important physical 

underpinnings of force-coupled reactivity and are useful reference points for discussion. 

It should also be noted that the reaction rate depends on how well the force is coupled to 

the reaction pathway (given by Δx and Δx‡)  

Because force does indeed deform molecules, the Bell model can be modified by 

considering the compliance (the inverse spring constant) of the stationary points. This 

term accounts for the force dependence of Δx and Δx‡, but it does assume that the 

compliances χproduct, χreactant, and χTS are constant. The influence of compliance is second 

order in F, and higher order terms can be added using a Taylor expansion to improve 

this description.18  

 

Equation 4 

Equation 5 

Equation 6 
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In practice, second order expansions suffice, so Δx(0) and Δx‡(0), the zero-force 

values of the reactant length and the activation length, respectively, along with Δχ and 

Δχ‡ can be estimated using force-free electronic structure calculations.20 

The takeaway here is that the longer Δx or Δx‡ , the less force is required to do the 

same amount of work. For a given ΔG‡, increasing Δx‡ correlates to a lower force at break 

or a lower dissociation force under dynamic loading and a higher probability of bond 

dissociation at constant force.20 These underlying principles motivate study of how 

mechanophores including organometallic complexes respond to force, and most 

importantly, what factors impact Δx‡. It has been shown that thermodynamic stability 

cannot always predict mechanical stability or reactivity,21–23 so simply referencing 

thermodynamic parameters of organometallic complexes is not sufficient to use them in 

mechanically active material design. To best understand structural effects on Δx‡ in 

organometallic complexes, we will begin at the molecular level with studies utilizing 

single molecule force spectroscopy (SMFS).  

2.2 Single Molecule Force Spectroscopy of Metallopolymers  

SMFS is the most quantitative method for determining the force at bond break 

and the kinetic parameters of force-coupled reactions. SMFS is often conducted as a 

modified method of atomic force microscopy (AFM), in which a polymer is held 

Equation 7 
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vertically between a stage and the tip of the cantilever of the atomic force microscope.18 

The stage is then moved downward to stretch the polymer. The tension along the 

polymer chain increases with extension, and can be measured as a function of 

displacement of the stage. The resulting force-displacement curve is characterized by an 

initial region of low force that reflects the entropic unwinding of the polymer as it loses 

low-energy conformational degrees of freedom (Figure 1). At larger extensions, the 

conformational degrees of freedom start to run out, and the force begins to increase 

sharply as greater energy is required to distort bond angles and lengths. Finally, when 

the mechanical energy breaks a bond or detaches the analyte from either tip or stage, the 

force abruptly drops to zero and the curve ends.  

The term “mechanophore” describes moieties in a polymer backbone that react 

chemically to mechanical force.17 Mechanophores can be divided into two classes: 

scissile and nonscissile. Nonscissile means that the force-triggered reaction does not 

result in the breakage of the polymer backbone (Figure 1, bottom left), and that the 

applied force along the chain remains active even after the reaction occurs. Nonscissile 

mechanophores often release stored length as a result of ring opening. The force-

displacement curves for polymers containing nonscissile mechanophores exhibit a 

characteristic plateau at the ring-opening force of the mechanophore (Figure 1, bottom 

right).24 By taking the second derivative of the force-displacement curve and finding the 

inflection point at the plateau, one can find a characteristic f* for that plateau.22 The 
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precise value of f* depends on the mechanophore and its reactivity, but also on a 

number of other factors including the length of the trapped subchain, the velocity of the 

stage retraction, and the number of mechanophores along the chain. Furthermore, the 

plateau can be characterized by fitting with the freely jointed chain (FJC) model to find 

the ratio L2/L1 where L2 is the contour length of the polymer after mechanophore 

activation and L1 is the contour length before activation. This ratio can be compared to 

computationally derived contour length changes.22  SMFS has been used very 

productively to probe k versus F for nonscissile organic mechanophores, and a small but 

growing number of nonscissile metal-ligand complexes have recently been reported.17 

 

Figure 1. Diagram of Single-Molecule Force Spectroscopy. Representation of the 

AFM-based SMFS of scissile (top left) and nonscissile (bottom left) polymers, along 

with representations of the resulting force-displacement curves (right) with letters 

labeling the parts of the curves corresponding to the diagrams at left. Blue arrows 

represent direction of movement of the AFM substrate. 
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The subtlety of the effects that drive organometallic mechanochemistry is 

illustrated in an SMFS characterization of a series of ferrocenophanes (covalently 

bridged ferrocenes) (Figure 2, complexes 1, 2 and 3). The ring strain of the 

ferrocenophane does not affect the opening force as much as the conformational 

restriction of pulling direction on the polymer attachment sites as the reaction 

proceeds.25 The distal attachment sites restrict reorientation of the pulling points, which 

in turn cause the ferrocenophanes to dissociate through a peeling-like mechanism, rather 

than a shearing-like mechanism observed in unconstrained ferrocenes. The bridged 

complexes’ geometric restriction enables this change in mechanism to increase the rate 

constant of dissociation by several orders of magnitude at approximately 1 nN of force. 

The thermal stability of the ferrocenophanes is much higher than their mechanical 

stability, and this study highlights that eliminating or promoting a particular reaction 

pathway geometrically can make a large difference in mechanical activity. Furthermore, 

this study demonstrated that the effect contributes to the extent of activation observed in 

bulk networks, which is uncommon in the scope of SMFS studies.  

Though there are several metalloenzymes that act as nonscissile mechanophores, 

the only other nonscissile metallomechanophore characterized using a multi-

mechanophore polymer to obtain a force plateau, as in the case of the ferrocenophanes, 

has a very different structure from those sandwich complexes; it consists of a N-

heterocyclic carbene (NHC) pincer ligand binding palladium in a square planar 
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geometry (Figure 2, 4).15 The ligand was found to have a dissociation force of 

approximately 930 pN at a pulling rate of 300 nm·s-1. This is a higher force than several 

organic covalent mechanophores.17,24 

 
Figure 2. Metal-ligand bonds in polymers that have been characterized by SMFS: 

Wavy lines represent sites of polymer attachment. Counterions omitted for clarity. 

 

Nonscissile mechanophores enable more reaction events per experiment, leading 

to less ambiguity surrounding the reaction versus polymer detachment from the tip or 

stage. However, the synthesis of multi-mechanophore nonscissile polymers is often 
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more complex than that of single-event, scissile mechanophore-containing polymers. 

SMFS of scissile mechanophores requires many repetitions of the experiment to 

determine the most probable force at break, often displayed in a histogram for a given 

loading condition. Due to the large extension of unfolding proteins and single chain 

nanoparticles (SCNPs), both of which are nonscissile, the histogram method is used for 

their characterization.  

Li and coworkers26 used single-chain nanoparticles (SCNPs) in an SMFS setup in 

which the polymers had catechol sidechains that bind Fe(III) metal centers. They found 

the dissociation force of two iron complexes, one with three catechols and one with two 

(8 and 9, respectively; see Figure 2). They interpreted the bimodal histogram results of 

SMFS experiments to mean that the bis-catechol species had a higher most probable 

dissociation force, with its histogram peak at approximately 200 pN compared to 100 pN 

for the tris-catechol species. At low iron concentrations or high pH, the system could be 

forced towards a unimodal histogram distribution centered at approximately 100 pN, 

which the authors cite as evidence that the tris-complex is favored in these conditions. 

Though the tris-catechol complex is thermodynamically more stable than the bis-

complex, it is more mechanically labile (it has a larger Δx‡).  

It is worth noting a few other studies on the dissociation of metal-ligand bonds in 

a different context, and one such study also concerns catechol-metal binding. 

Messersmith and coworkers27 used a titanium surface as the substrate for SMFS and 
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attached a catechol-terminated chain to the cantilever tip of the atomic force microscope 

(AFM) (10, Figure 2). Upon retraction of the substrate from the tip, a mean force value of 

805 ± 131 pN was observed, which was attributed to the dissociation of the catechol from 

titanium. The SCNP study included modeling of the binding of oxidized catechols to 

iron(III) and determined that it was thermodynamically unfavorable, explaining why a 

second, lower bimodal force distribution was not observed in their histograms.26 

However, Messersmith and coworkers27 did report a bimodal low-force distribution that 

was attributed to oxidized catechols at an elevated pH of 9.7, with a mean force 80 ± 60 

pN for the low-force regime and 740 ± 110 pN for the high-force regime. The high-force 

regime distribution was attributed to unoxidized catechol binding, while the low-force 

regime distribution was attributed to oxidized catechol binding (11, Figure 2). If this 

data indicates that the oxidized catechols are binding to titanium, then it also indicates 

that their binding to titanium is more thermodynamically favorable than their binding to 

Fe(III).  

SMFS studies on metalloproteins can also shed some light on the subject of 

metal-ligand bond mechanical strength. Histidine binding to metals in proteins is 

common, so Schmitt, et al.28 designed a system in which the cantilever tip was 

functionalized with chelating N-nitrilo-triacetic acid moiety and, once metalated with 

one of a variety of metals, the tip was brought into contact with a histidine-

functionalized substrate. The retraction of the substrate was then used to determine the 
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rupture force of the histidine-metal bond. It was assumed that rupture would occur 

between the histidine and metal, rather than the N-nitrilo-triacetic acid and metal, 

because the triacetic acid has three stable bonds to the metal compared to the single, 

labile histidine association. The copper(II) bond to histidine has the strongest binding 

force at 58 ± 5 pN, followed by nickel(II) at 38 ± 4 pN, then zinc(II) at 28 ± 3 pN, then 

cobalt(II) at 22 ± 4 pN.  

Cao, et al. reported that the presence of Ni(II)-histidine bonding causes a 

histidine-modified small protein GB1 to unfold at a higher force (243 pN, 198 pN, and 

219 pN for three GB1 derivatives) than the metal-free modified protein (119 pN, 120 pN, 

and 160 pN for the same respective derivatives).29 Additionally, the more directly the 

histidine-nickel(II) bond was centered within the force-bearing region of the amino acid 

sequence, the larger the mechanical stabilization of the protein.  

 Thiolate bonds to metal centers within proteins were also studied by SMFS due 

to their biological ubiquity. Zheng and Li found that two of four of the thiolate bonds to 

zinc(II) in protein rubredoxin rupture at an average force of 172 ± 58 pN.30 The unfolding 

length of each rupture event matched well to Monte Carlo simulations of the unfolded 

protein length, so it can be concluded that the two bonds either rupture simultaneously 

or in such quick succession that it is observed as a single dissociation event by SMFS. In 

another report by the same authors, the rupture of two Fe(III)-thiolate bonds in 

rubredoxin displayed a broad force distribution with most probable dissociation force of 
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211 ± 86 pN.31 The two bonds that rupture in rubredoxin have been shown to have two 

different Fe(III)-S bond lengths, so by creating mutated versions of the protein in which 

each cysteine in turn was replaced by a histidine (which has weaker metal coordination), 

the researchers determined that the shorter of the bonds ruptured at an average force of 

203 ± 92 pN, while the longer ruptured at an average force of 121 ± 74 pN. The difference 

between these bond lengths is small, only 0.06 angstroms. Using an analogue of the 

protein with a higher covalency, this report further postulated that the rupture force of 

the iron(III)-thiolate bonds was governed by their covalent character, as the rupture 

force decreased with decreasing covalency from 258 ± 122 pN to 211 ± 86 pN. The 

difference is small, so additional study is needed to draw strong conclusions. 

Additionally, as seen for osmium previously,32 the oxidation state does matter; the 

reduced version of the same protein analogue with iron(II) displayed an average rupture 

force of only 152 ± 62 pN. This aspect is further explored in a study of a mutant GB1 

binding cobalt(II)/(III), which demonstrated that oxidation of the cobalt center caused its 

average force at rupture from histidine moieties to increase from 140 ± 45 pN  to 260 ± 55 

pN.33 Further study of the iron(III)-rubredoxin system revealed that it exhibits significant 

mechanical anisotropy and that the iron center is released by a stochastic mechanism.34,35 

The discussed protein-based studies highlight the difficulties of parsing out 

information about the intrinsic behavior of isolated metal-ligand bonds (as would be 

relevant to many coordination polymers) based on their behavior in proteins. The 
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complexities of force vectors can be difficult to unravel in the case of unfolding proteins, 

because protein secondary structure transduces force differently than a linear 

polymer.36–38 Still, these studies give a clue to the force regime that can be expected for 

similar metal-ligand bonds, approximately 20 to 300 pN. 

In linear polymers, the histogram method was used to characterize terpyridine 

complexes of ruthenium(II),39 osmium(II), and osmium(III) (Figure 2, complex 7).32 The 

Os(II) complex was found to have a most probable dissociation force of 80 ± 30 pN, 

while the Ru(II) complex was found to have a most probable dissociation force of 95 

pN,39 which falls into the error range of the osmium data. 

The osmium(III) analog of 7 has a higher dissociation force than that of either the 

osmium(II) or ruthenium(II) analogs; the average dissociation force for the osmium(III) 

analog of 7 is 130 ± 60 pN. These findings demonstrated that the oxidation state of the 

metal species affects the dissociation force, which the authors tentatively attribute to an 

increase in sigma bonding to the ligand for osmium(III) compared to osmium(II), 

relocation of the electronic charge distribution to the metal center from the complex 

periphery in the osmium(III) state, and higher ligand field stabilization energy (LFSE) 

for osmium(III) compared to osmium(II).32   

Kersey, et. al characterized the influence of a different aspect of molecular 

structure using scissile mechanophores: the ligand. The displacement of two pyridine-

based ligands from square planar palladium(II) complexes was characterized at different 
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loading rates, which illustrated that force-dependent reaction kinetics scale with force-

free reaction kinetics. Additionally, since Δx‡, the difference in length between the 

ground state and the transition state, is also very similar for the two force-coupled 

reactions, the force dependency is the same regardless of the difference in kinetic 

parameters. The data also enables extrapolation of force-free thermal off-rates of 1.4 s-1 

for 5A and 40 s-1 for 5B, in excellent agreement to values of 0.7 ± 0.4 and 20 ± 3 s-1, 

respectively, measured by dynamic 1H NMR spectroscopy as the force-free dissociation 

rate constants. This study was the first to compare the mechanically-influenced kinetics 

of a reaction to the force-free kinetics and the first to connect mechanism and 

quantitative force dependence. In a later study, Kersey, et. al investigated complex 6A 

using a pincer ligand that had methyl groups on the amine coordination sites where 5A 

had ethyl groups.8 Complex 6A is kinetically more labile than 5A due to the increased 

steric bulk of the ethyl groups, and it also ruptured at a lower average force of 92 pN 

compared to 164 pN for 5 (30 nN·s-1 loading rate).  

All the SMFS studies discussed teach us about select organometallic systems, and 

they also point out that the diversity of metal-ligand bonding means that very simple, 

overarching mechanical reactivity rules (for example, that oxidation increases force at 

break) that apply to all metallomechanophores are likely to be forthcoming with 

systematic study.  
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2.3 Ultrasonication of Metallopolymers 

Pulsed ultrasound, also called sonication, is an alternative method to SMFS used 

to apply force to mechanophores in linear polymers in solution (including in gels).18 

Though less quantitative than SMFS, sonication can be applied more easily to a variety 

of polymer backbones and mechanochemically active monomers.17 Sonicated solutions 

give rise to cavitation events, which are essentially bubbles that grow and contract in 

size until unstable, at which point they collapse inwards on themselves. The collapse 

causes the surrounding solution to flow into the void left by the cavitation bubble. This 

elongational flow applies tension to polymers that are in the solution18 and reaches high 

enough forces to break relatively strong carbon-carbon single bonds.40 Weak bonds in 

mechanophores will preferentially break under sonication conditions, so both scissile 

and nonscissile mechanophores can easily be investigated by sonication if their 

activation produces an observable change to track alongside molecular weight, such as a 

spectroscopic signature.  

Several groups have employed sonication in the investigation of 

metallosupramolecular polymers. Sonication of palladium(II) metallopolymer 12 led to 

the mechanical scission of the built-in weak bond between palladium(II) and the 

diphenylphosphine-terminated telechelic poly(tetrahydrofuran). The metal-ligand bond 

reforms upon removal of force,41 and a follow-up study quantified the extent of scission 

through the use of dicyclohexylphosphine-terminated poly(tetrahydrofuran) 13 and 
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diphenylphosphine-containing stopper complexes to create heterocomplexes at scission 

sites.42  

 
Figure 3. Organometallic complexes the dissociation of which has been investigated 

by pulsed ultrasound. Some counterions omitted for clarity. 

 

Almost half of the polymeric homocomplexes were converted to 

heterocomplexes after 8 hours of sonication, indicating the effective scission of the 

metal-ligand bond by sonication.42 The authors note that scavenging is not guaranteed to 

be quantitative even with excess stopper complex, so the observed results represent the 
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lower limit of chain scission occurring due to complex dissociation. In these 

experiments, it is assumed that rate of heterocomplex formation can be used as a proxy 

for rate of chain scission because the heterocomplex forms quickly compared to the rate 

of homocomplex reformation (corresponding to chain reformation).  

It was further demonstrated that palladium complexes in 13 break at a higher 

rate than platinum complexes, as expected due to the greater thermal and kinetic 

stability of platinum complexes compared to analogous palladium complexes.43 63% of 

the palladium centers ruptured compared to 53% of the platinum centers in the same 

five hour sonication period. However, it is noted that the difference in mechanical 

stability between platinum and palladium complexes of this type is several orders of 

magnitude smaller than the difference in thermal stability. This discrepancy can be 

attributed to the collapse of the cavitation bubble acting as a rate limiting step.44  

Platinum(II) and palladium(II) have also been used in a mechanochemical 

context with other types of ligands, namely N-heterocyclic carbenes (NHCs) and 

acetylides. As expected, polymers containing palladium(II)-NHC complexes (Figure 3, 

16) preferentially break at the complex site, as is true for the polymers containing 

phosphine ligands.16 It was demonstrated that, as is the case for covalent 

mechanophores, the rate of scission is increased for polymers of higher molecular 

weight. 
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Platinum(II)-acetylide complexes (14, Figure 3) are also the site of preferential 

scission under sonication,45 and the rate constant increased with molecular weight. The 

reaction displayed first-order kinetics with respect to the metal complex. In control 

experiments sonicating 70 kDa poly(methyl acrylate) (PMA), little-to-no chain scission 

was observed. Though it is expected that the scission rate of covalent carbon-carbon 

bonds should be much lower than that of metal-ligand bonds, the extreme conditions at 

cavitation sites promotes at least some homolytic cleavage of even strong covalent bonds 

under the reported experimental conditions. This data indicates the need for repeated 

control experiments to demonstrate the relative weakness of the metal-ligand bond 

compared to a common covalent polymer backbone (PMA).  

Several NHC complexes similar to 16 have also been studied using sonication. 

Sijbesma, et al. functionalized a Grubbs-type ruthenium catalyst with polymers (17, 

Figure 3).46 Approximately 50% of the complex 17 in a 36 kDa polymer degrades to an 

catalytically inactive complex in 120 minutes of sonication. The ruthenium-NHC 

complex was further optimized as a catalyst in a later study.12 In studies that indicate 

that the metals with an oxidation state of one are weaker than those with an oxidation 

state of two, other NHC complexes have been studies: the silver(I) complex 15 and the 

copper(I) complex 18. These complexes have polymer attachment points like those in 16 

and 17. Whereas 16 and 17 were sonicated in toluene, 15 was sonicated in both toluene 

and acetonitrile. For a 13.4 kDa polymer in toluene with a hexafluorophosphate 
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counterion, 88% of 15 was converted to a polymeric imidazolium salt (indicating scission 

of the silver-ligand bond) in 10 minutes of sonication.47 Given scission reached such a 

high ratio in spite of the polymer’s small size and the short sonication time, it can be 

surmised that 15 is significantly easier to dissociate than 17. The more polar solvent 

acetonitrile was used to suppress halide-bridged dimerization when Cl- was present. In 

an analogous 10 minute sonication experiment, this 13.4 kDa polymer of 15 degraded 

quantitatively to produce an imidazolium salt from the NHC complex. The authors 

suggest that the increased conversion of this polymer compared to that with the 

hexafluorophosphate counterion is due to a shift in the equilibrium to a slightly higher 

population of a monoligated silver(I) complex and free carbene. In a later study on the 

same type of complexes, it was found through constrained geometry optimization 

(COGEF) calculations that the dissociation force at the preferential silver(I)-NHC site is 

between 400 and 500 pN.48 The facile scission of the silver(I)-carbene bond was used to 

enable sonication-induced catalysis in additional studies.46,49 

Michael and Binder reported copper(I) complex 18 (Figure 3) as a latent, 

mechanically activated “click” catalyst.50 Though the structure is similar to that of 15, 

sonication conditions were not. First, a solvent mixture of 30:1 THF:MeOH was used 

rather than toluene. Solvent does matter,44 as noted in the supporting information of this 

study; the conversion of the substrate decreased from 10% in the aforementioned solvent 

mixture to only 2% in pure THF. Second, the sonicator amplitude was set to 30%, rather 
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than the more conventional 20% used in the other studies cited here. In any case, the 

highest conversion reached was 44% by the complex 18 functionalized with two 

polystyrene polymers to reach a molecular weight of 13.1 kDa. When 18 is 

functionalized with two poly(isobutane) polymers instead of two polystyrene polymers, 

it only reached a conversion of 27% in spite of a higher molecular weight, indicating that 

the steric bulk of a neighboring styrene may aid in the force-coupled dissociation of a 

ligand to activate the catalyst. Further optimization of the catalyst was reported in a later 

study.51,52 

Multiple research groups have investigated the sono-mechanochemistry of 

metallocenes. Ferrocene is of particular interest because it is thermodynamically very 

stable. The utility of the cleavage of metal-organic bonds outside catalysis is highlighted 

in metallocenes by Di Giannantonio, et. al, who used the cleaved ferrocene units to 

enable oxidation and release of the iron ion.53 Sha, et. al found that ferrocene is actually 

mechanically weak.23 Through computational work for ferrocene, it was found that the 

nonscissile complex 19 ruptured through a different mechanism than the 

ferrocenophanes characterized by SMFS. It broke through a “shearing” type 

displacement of the two cyclopentadienyl groups, rather than a “peeling” type 

displacement found to varying degrees in ferrocenophanes. It was found through 

monitoring of a copolymerized internal standard that scission of ruthenocene is more 

difficult than that of ferrocene. Zhang, et al. showed that metallocene cleavage could be 
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used for network remodeling,25 but it could also have future applications in drug 

delivery or catalytic materials.  

The ruthenium(II) analog to ferrocene (ruthenocene) which is even more inert 

thermodynamically, is also weak mechanically, though stronger than ferrocene.7 

Another complex with the same valence electron number, cobaltocenium (with a 

hexafluorophosphate counterion) (Figure 3, 22) has been incorporated into a polymer 

backbone and dissociated by sonication.54 Though cobaltocenium is isoelectronic to 

ferrocene, it was not stable with the electron-withdrawing ester polymer attachment 

groups used for ferrocene and required alkyl attachments for polymer incorporation. As 

observed for ferrocene and ruthenocene, despite the large thermal dissociation energy 

for cobaltocenium, it was the preferential scission site during sonication. This behavior 

indicates that cobaltocenium is mechanically weak compared to carbon-carbon bonds in 

the backbone, as with ferrocene, ferrocenophanes, and ruthenocene. Contrary to the 

neutral ferrocene and ruthenocene complexes, which dissociate in a “shearing” 

mechanism,7,23 the cationic cobaltocenium was found by COGEF to have a combination 

“peeling” and “shearing” dissociation mechanism. “Peeling” is observed for 

geometrically constrained ferrocenophanes,25 but in this case it is suggested that the 

association of the counterion in the transition state promotes this alternate mechanism.54  

Finally, as with SMFS studies, terpyridine complexes were studied in the context 

of ultrasonication. Unfortunately, the dissociation of the same metal species investigated 
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with terpyridine by SMFS has not been studied by ultrasonication. Both available 

reports on sonication of terpyridine-functionalized polymers focus on first-row 

transition metals.55,56 In 2014, polymer micelles were reported in which complex 21 with 

copper(II) centered in diblock copolymers, but high intensity focused ultrasound (HIFU) 

was used rather than a probe sonicator immersed in the reaction solution. Cargo release 

from the micelles containing the copper(II)-terpyridine bond (Figure 3, 21) as the 

designated weak bond is more efficient than the same system containing disulfide bonds 

as the weak bond.55 Furthermore, replacing copper(II) with ruthenium(II) prevented 

micelle cargo release, leading to the conclusion that the ruthenium(II)-terpyridine bond 

is stronger than the copper(II)-terpyridine bond.   

More conventional probe sonication was used to characterize a series of other 

transition metals in polymer-functionalized terpyridine complexes.56 Metal complex 

scission was monitored by metal-mediated quenching of a fluorescent probe, and 

increased quenching indicated scission of the metal complex. The difference in 

quenching of nonsonicated versus sonicated solutions is greatest for cobalt (12%). The 

other complexes all exhibit increased quenching under sonication, but the extent of 

quenching increase is at most half of that observed for the cobalt(II) complexes. 

Interpretation is complicated by the fact that the nonsonicated solution data indicate that 

the polymer backbone has some effect on the stability of the complexes. For example, 

sonication of the same terpyridine complexes with a poly(tetrahydrofuran) (PTHF) 
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backbone results in a large 15% increase in quenching by nickel(II) complexes where 

there had only been a 5% increase with the original poly(methyl methacrylate) (PMMA) 

backbone. Conversely, sonicated cobalt(II) complexes exhibit significant quenching with 

the PMMA backbone, but no change in quenching for the analogous PTHF complexes. 

Zinc(II) complexes with the PTHF backbone also demonstrate no change in quenching 

under sonication, as compared to 4% quenching with the PMMA backbone. The authors 

cite these unexpected results as an indication that more study is needed on the 

stabilization of complexes by the backbone and on the kinetic contribution to the 

dissociation of these complexes.  

Work by Balkenende, et al., indicates that europium(III)-MeBip bonds (20, Figure 

3) in a polymer are broken by sonication and reform after force is removed.2 The 

mechanically dissociated ligand could be intercepted by iron(II) ions, which do not 

displace europium(III) without sonication. The more strongly coordinating ligand 

dipicolinate was not dissociated from europium(III) by sonication under the same 

conditions. 

Overall, ultrasonication studies reinforce some conclusions of SMFS studies. For 

the most part, the experimental conditions within these studies are similar; toluene is the 

preferred solvent, argon or nitrogen the preferred atmosphere, and 20% sonicator 

fluctuation amplitude is the most commonly used. This is an excellent start towards 
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creating a body of knowledge that can be used for design parameters for organometallic 

mechanophores.  

2.3 Conclusion 

Between sonication and SMFS, there is the beginning of a body of knowledge of 

how the bonding and reactivity of stress-bearing metal-ligand complexes respond to 

mechanical force. Still, there is more to learn concerning how organometallic complex 

structure affects ΔG‡ and Δx‡, and it is difficult to discern trends through the few 

reported systems because they use diverse metal species and ligands. Furthermore, the 

studies that include SMFS or sonication often do not include in their scope correlation to 

bulk networks either in gels or solid elastomers. There are a few examples that do, 

particularly the extension of the SMFS system by Kersey, et al.8,57 to behavior in gels.8,58,59 

The studies on ferrocenophanes25 and europium(III)-MeBip complexes also include some 

bulk-level testing.2 This still leaves a serious gap in the understanding of molecular-level 

force coupling to metal-ligand bonds and its relationship to macroscopic mechanical 

properties.   

 It is clear from the reviewed SMFS and sonication studies that there are several 

important factors to study in the future. The oxidation state, atomic radius, binding 

geometry, and electronic and steric effects of ligands are all worthy of consideration 

with respect to how they affect ΔG‡ and Δx‡ and thereby mechanical reactivity. 

Furthermore, the surrounding environment beyond the ligand sphere can also affect the 
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force coupling to a metal center, such as a protein’s folded structure, counterion choice 

(through stabilization of the transition state), or weakly associating solvent molecules.  

Sonication data or SMFS characterization could be used to more systematically 

probe the effects of these factors with the development a system that binds to a wide 

range of metals with different binding geometries and oxidation states and that could 

easily be synthetically modified to investigate electronic and steric effects on the 

coordination sphere. Additionally, such a system should be able to be incorporated into 

bulk networks in order to correlate the trends observed at the molecular level to bulk 

material properties.
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3. A Model Elastomer with Variable Metal-Ligand 
Crosslinking 

3.1 Introduction 

Metal-ligand bonding plays an increasingly important role in a range of polymer 

network studies and applications. Because metal-ligand bonds often act as stress-bearing 

moieties in these networks,60 the relationship between the mechanics of the metal-ligand 

complex and those of the polymeric material are of great interest. In particular, Chapter 

2 showed that metal-ligand bonds are often the sites of preferential scission in organic 

polymers. This fact raises questions concerning the effects of the metal identity and 

oxidation state, as well as ligand sphere sterics and electronics, on the behavior of 

metallopolymeric elastomers under mechanical force. One issue, discussed in Chapter 2 

of this dissertation, is that the molecular-level behavior of metal-ligand bonds under 

force is not yet well-characterized. Furthermore, translation of work between the single-

molecule and linear polymer level and the network level is made difficult by 

aggregation and microphase separation of the complexes from the polymer backbone in 

bulk elastomers, which alters force transduction through the material.It is therefore 

highly desirable to employ a modular metal-ligand platform the mechanics of which are 

characterized at the single molecule level and the influence of which on the macroscopic 

mechanics of networks can be measured.  

To date, the closest such platform is that of Kersey and coworkers,8 which has 

been studied in gels. Ferrocenophanes have been studied with SMFS and shown to be 
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active in the solid state,25 but their structure cannot easily be extended to a wide variety 

of metal species. A MeBip-functionalized polymer, analogs of which have been studied 

in gels and solid elastomers,11,13,14,61 was sonicated and incorporated into a solid to 

demonstrate mechanical activity, but its mechanical properties with the metals that were 

sonicated were not thoroughly characterized in the solid state.2 Furthermore, MeBip-

based materials are known to be prone to aggregation and microphase separation,11,62 

which complicates the pursuit of direct molecule-to-material relationships.   

We therefore sought to develop a platform that would be amenable to such 

studies. In particular, we targeted homogenous elastomers because they would not be 

complicated by solution-state kinetics present in gels and because they are tractable in a 

wider range of applications than gels (especially if solvent evaporation is an issue). We 

were mindful of criteria that would impact the utility of such a platform, including: (i) 

the extent of aggregation and microphase separation in the solid state; (ii) ability to bind 

a variety of metal species; and, (iii) ability to be characterized by SMFS or sonication 

studies.  
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Figure 4. Overview diagram of the system used in this work. Schematic representation 

of the ligand (blue) as a small molecule and as a metal-chelating crosslinker in a 

polymeric network. Triflate counterions are omitted for clarity. 

 

Based on previous reports of its use in polymeric systems,2,62,63 the ligand 2,6-

bis(1′-methyl-benzimidazolyl)pyridine, 1A, was chosen as the basis of our platform 

(Scheme 1). This ligand binds with a variety of transition metals and lanthanides, 

including cadmium,64 chromium,65 manganese,66 iron,2 cobalt,13,67,68 nickel,68 copper,67 

zinc,13,67 ruthenium,69 osmium,70 platinum,71 lanthanum,13,72 and europium.2,13,73 This 

versatility will make future extensions of this work facile. Additionally, a range of 

polymers can be easily functionalized with the ligand2,13,62 through a synthetically 

accessible hydroxyl functionality (Scheme 1, bottom). Finally, the simple synthetic route 

to this type of ligand allows for several sites of substitution that set the stage for later 
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exploration of the effects of ligand electronic and steric effects on metal-ligand binding 

in material contexts (Scheme 1, bottom).  

MeBip-functionalized polymers, however, tend to exhibit aggregation or 

microphase separation of the metal-ligand complexes.62,74 It is therefore difficult to 

determine whether material property differences are due to the metal-ligand interaction 

or to large-scale topological features. In bulk materials reported to date, the MeBip 

ligand moieties form large aggregates or even crystallize, even when chelating a metal 

ion. This affects the material properties because it leads to hard ligand phases and soft 

polymer backbone phases which have different material properties.1,74 We sought to 

identify a system in which metal-ligand bonds created crosslinks within a network 

without the complexes causing large aggregates or microphase separation.   

 
Scheme 1: Simple and versatile synthetic route to basic 2,6-bis(1′-methyl-

benzimidazolyl)pyridine and polymerizable derivatives. 
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In this work, we use the 2,6-bis(1′-methyl-benzimidazolyl)pyridine (MeBip) 

ligand in a proof-of-concept study to elucidate differences in material properties based 

solely on the coordinating metal (Figure 4). A MeBip derivative was functionalized with 

cyclooctene to make it amenable to ring-opening metathesis polymerization (ROMP). 

This monomer was used first as a small molecule chelator in studies of solution-state 

binding. ROMP polymers incorporating the functionalized ligand were then synthesized 

and used to investigate the properties of elastomeric films crosslinked by organometallic 

complexes comprising two equivalents of the ligand. To determine whether the metal 

identity does indeed affect network properties, films crosslinked by Fe(II) 

trifluoromethanesulfonate or Cu(II) trifluoromethanesulfonate were characterized with 

respect to their homogeneity and their behavior under mechanical force.  

3.2 Small Molecule Stoichiometry Studies 

 We began by characterizing the stoichiometry of small molecule model 

complexes, because the coordination number determines the network functionality, 

which in turn affects overall material properties.60  As in previous reports,74,75 UV-visible 

spectroscopy was used to investigate the binding  stoichiometry of the chosen ligand, 3, 

with Fe(II) and Cu(II) trifluoromethanesulfonate (triflate) salts. Compound 3 is the 

monomer used in subsequent ring-opening metathesis polymerization (ROMP) and so 

provides a close analog of the ligand environment in the bulk materials studied in this 
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work. The ligand 3 was synthesized in three steps from commercially available materials 

(Scheme 2).  

Scheme 2. Synthesis of ligand, compound 3. 

A solution of the selected metal salt was titrated with a solution of 3 to verify the 

desired 1:2 binding stoichiometry. If 1:1 binding dominates, the metal centers would 

simply terminate sidechains along the polymer backbone rather than form a crosslink 

between two backbones.  

3.2.1 Results and Discussion of Stoichiometry Studies 

For both metals, a peak centered near 340 nm was monitored and attributed to 

the π→π* transition of the bound ligand 3. When unbound to a metal center, this 

transition is marked by absorbance below 300 nm, and the 340 nm band increases as 

more ligand is added to the metal solution. The redshift of the π→π* transition of the 

ligand is attributed to increased planarity upon binding and thereby better 

delocalization of electrons through the ligand π system.62 As can be seen in the crystal 
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structure of the free MeBip ligand,76 the imidazole groups are not fully in plane with the 

central pyridine (Figure 5).  

 

Figure 5. Crystal structure of free ligand MeBip, also named (2,6-bis(1′-methyl-

benzimidazolyl)pyridine), ID QIFPOK76 from the Cambridge Structural Database. 

 

The absorbance of the UV peak near 340 nm was plotted against the molar ratio 

of the metal species to 3. The titration was continued past the expected binding ratio of 

2:1 3:metal to determine whether the complex formed in solution maintained its 2:1 

binding stoichiometry or was disrupted by the addition of excess metal. Examples of 

spectra throughout the metal salt titrations of a solution of 3 can be seen in Figures 7 and 

8, while the metal salt solution spectra without ligand are in Figure 9.  
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Figure 6: Plots of normalized absorbance versus molar equivalents metal:ligand. Left: 

The absorbance at 318 nm (orange) and 338 nm (blue) of 3 titrated with iron(II) tiflate. 

Right: The absorbance at 318 nm (orange) and 348 nm (blue) of 3 titrated with 

copper(II) triflate. 

 

Titrations were conducted starting with a 1.14 μM solution of 3 and adding 

aliquots of a solution of Cu(II) triflate or Fe(II) triflate. This titration was conducted to at 

low concentrations to accurately monitor the highly absorptive 318 nm ligand 

absorption peak as it decreased due to metal binding. Example spectra of the ligand 3 

being titrated with Fe(II) triflate or Cu(II) triflate can be seen in figures 7 and 8, 

respectively.  
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Figure 7. Representative spectra obtained during titration of 3 with Fe(II) triflate in 

95:5 toluene:methanol. Initial [3] = 1.14 μM. 
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Figure 8. Representative spectra obtained during titration of 3 with Cu(II) triflate in 

95:5 toluene:methanol. Initial [3] = 1.14 μM. 

 

 
Figure 9. Spectra of metal salts. UV-Visible absorbance spectra of solutions of iron(II) 

triflate (left) and copper(II) triflate (right) in 95:5 toluene:methanol. 

 

 

For Fe(II):3 binding, the π→π* transition is centered at 338 nm, and this is the 

wavelength monitored throughout titration. Fe(II):3 binding was dominated by 1:2 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

 

Equivalents 
Cu(II) Added 



 

39 

binding as indicated by the cessation in absorbance increase of the π→π* transition peak 

at 338 nm past the addition of 0.5 equivalents of Fe(II) triflate. This was previously 

shown to be the case in other solvents.74 Our experiments confirm that the expected 1:2 

Fe(II):3 binding holds in toluene (Figure 9, left).  

For Cu(II), the π→π* transition peak centered at 348 nm was monitored. The 

increase in the absorbance of this band was steady up to the addition of one equivalent 

of metal salt (Figure 9, right). We attribute the prominent increase of the 348 nm band 

between 0 and 1 added equivalents of metal salt to stronger 1:1 binding with Cu(II) ions 

than the subsequent second ligand binding. This hypothesis is supported by 

examination of the absorbance versus molar ratio curve for the 318 nm ligand absorption 

peak. Below 0.5 equivalents metal salt added, there is a steady decrease in absorbance as 

would be expected for two ligands binding to each metal. However, after 0.5 equivalents 

metal salt added, there are two inflection points. The first inflection point can be 

attributed to the dissociation of some of the ligand from the initially formed 2:1 

ligand:metal complexes, the second inflection point at 1 equivalent ligand:metal can be 

attributed to the complete formation of 1:1 ligand:metal complexes, similar to the 

inflection point in the absorbance of the 348 nm peak.  
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Scheme 3. Suggested association scheme of the first and second ligand equivalents to 

copper(II). While the first ligand is strongly bound, the second ligand can readily 

dissociate. Therefore, when there is excess Cu(II) present, two 1:1 complexes form 

quickly. Triflate counterions omitted for clarity. 

 

Upon binding to Cu(II), the two imidazoles and the pyridine are forced into a 

planar orientation with the pyridine, as can be seen in the crystal structure POHXUI77 

(Figure 10, left). This also occurs with the first ligand binding to iron(II), as can be seen 

in the crystal structure VAPVIT78 (Figure 10, right). For this reason, both metals induce a 

similar red-shift of the π→π* transition at the first ligand binding event. Since the 

second ligand bound to iron(II) is also forced into a planar orientation, the new π→π* 

transition peak increases upon the second ligand binding event to the same extent that it 

did for the first ligand binding event.  
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Figure 10. Crystal structures of one MeBip-type ligand bound to the pertinent metals. 

Left: Crystal structure POHXUI77 from the Cambridge Structural Database of a 

MeBip-type ligand bound in a planar conformation to a Cu(II) center with 2 chlorides 

completing the coordination sphere. Right: Crystal structure VAPVIT78 from the 

Cambridge Structural Database of a MeBip-type ligand bound in a planar 

conformation to an Fe(II) center with 2 chlorides completing the coordination sphere. 

 

The less prominent absorbance increase after one equivalent of added ligand 3 to 

copper(II) is also attributed to binding of the ligand to the copper(II) center. However, 

Kotova, et. al and Allmann, et. al have reported that the binding of a second terpyridine, 

a structurally similar ligand, to copper is much weaker than the first79,80. It is likely that 

this is the case with ligand 3 as well. Additionally, as seen in crystal structure GEPSOJ81 

of copper(II) with two MeBip ligands, the second ligand does not bind in a tridentate, 

fully planar conformation as the first ligand does, but rather is bidentate and nonplanar 

(Figure 11). This decrease in planarity compared to the first bound ligand results in a 

lesser increase in absorbance at 360 nm as the second equivalent of ligand binds to the 

Cu(II) centers compared to the increase in absorbance observed for the first binding 
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event. The different modes of the first ligand and second ligand binding to the Cu(II) 

center would explain the broad inflection at 1:1 ligand:metal ratio and the plateau 

beginning at 2:1 ligand:metal ratio.  

  

Figure 11. Representations of bidentate ligand binding to Cu(II). Left: crystal structure 

of Cu(II) complex GEPSOJ81 from the Cambridge Structural Database. Right: 

schematic representation of the same complex. 

 

There are fewer reports of MeBip-type ligands binding with copper in the 

literature. Jackson, et al. report that copper coordinates to MeBip-type ligands on 

acrylate polymers62 and cites evidence from terpyridine-based studies that the second 

ligand binding is dynamic.80 This claim is supported by viscometry results; the addition 

of copper results in barely any increase in viscosity, which would be the case if few 

crosslinks are forming in solution or if they exchange quickly.62 Conversely, the zinc and 

cobalt solutions in the study, assumed to have strong 2:1 ligand:metal binding, 

N

1 
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demonstrated a significant increase in viscosity upon addition of the metal salt in a 1:2 

ratio with the ligand.  

Overall, the evidence gathered from these spectroscopic studies points to 2:1 

3:Fe(II) binding and 3:Cu(II) binding, though it seems that the first ligand’s coordination 

to copper is stronger than that of the second ligand.  

3.2 Metal-Crosslinked Elastomers 

As it was confirmed through spectroscopic studies that both copper(II) and 

iron(II) were binding in a 2:1 ligand:metal fashion, both could be used as crosslinks in 

networks. However, the binding stoichiometry does not preclude the formation of 

aggregates and microphase separation upon introducing these complexes into bulk 

materials. Therefore, we next sought to characterize the morphology of solid films by 

dynamic scanning calorimetry (DSC) and small- and wide- angle X-ray scattering (SAXS 

and WAXS, respectively). 

3.2.1 Network Formation 

Polymer P1 was made by ROMP and characterized by 1H NMR, the spectrum of 

which is shown in Figure 12. Based on 1H NMR integrations, the chelating monomer 3 

was incorporated at 4.7 mol%, close to the 5 mol% feed ratio used. The incorporation of 

the chelating monomer was determined by comparing the integration of proton HA in 

Figure 12 with that of the total vinyl proton region from δ = 5.42-5.25 present for every 
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repeat unit. This value was used to determine the appropriate amount of metal salt to 

add when casting films.  

Additionally, gel permeation chromatography (GPC) with a multi-angle light 

scattering (MALS) detector was used to determine the molecular weight of the polymer 

to be 21.6 kDa. This molecular weight and integration of proton A were used to calculate 

that there are on average 5 to 6 chelating sites per polymer chain. 

 

                   

                                      

                             

 

 

 

Figure 12. Vinyl and aryl proton region of the 1H NMR spectrum of P1. 

A 

HA 
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3.2.2 Network Morphology 

DSC, SAXS, and WAXS were utilized to characterize the morphology of the films 

cast for rheology, tensile testing, and DMA. Films F1●Cu, F1●Fe, and F1 were tested by 

DSC within the range of -50 °C to 150 °C to discern the presence and temperature of any 

phase transitions. The uncrosslinked film F1, in black in Figure 13, exhibits a transition 

at approximately 9 °C that is attributed to the backbone crystallization temperature 

because it is a smooth step where the heat capacity after transition is similar to before, 

rather than a step where the heat capacity is different before and after as would be the 

case for a glass transition.82 Additionally, the peaks during heating and cooling are 

separated, rather than at the same temperature, as would be the case for a phenomenon 

that required nucleation and growth, such as crystallization. The two crosslinked films 

exhibit nearly identical curves (F1●Cu in green and F1●Fe in purple in Figure 13) with a 

slightly sharper transition at approximately 5 °C. This is also attributed to a 

crystallization of the polymer backbone because it overlaps with the crystallization of F1. 

Crystallization temperatures are dependent upon preparation conditions,1,82 so the small 

difference between the polymer’s crystallization temperature in the metalated and 

unmetalated films is not unreasonable since the unmetalated film was prepared without 

metal and therefore has different entanglement architecture (discussed in Section 3.3).  

Furthermore, simply the interaction of the metal and counterion with the 

polymer could shift the crystallizations by a few degrees. Notably, there are no 
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significant features in any of the films above room temperature (here measured to be 23 

°C), which indicates that there are not crystalline or glassy features in the films at 

temperatures of 15 to 150 °C. Additionally, only one transition is observed, consistent 

with the hypothesis that the metalated complexes are not separately crystallizing. It is 

possible but unlikely that the crystallization peaks overlap or that are so small that they 

appear on the DSC curve as one feature. 

 

 
Figure 13. Differential Scanning Calorimetry data. DSC curves (second cycle) for the 

iron-crosslinked film F1●Fe (purple), the copper-crosslinked film F1●Cu (green), and 

the uncrosslinked control film F1 (black). 

 

Films F1●Cu, F1●Fe, and F1 were further investigated for microstructures by 

SAXS and WAXS. The most prominent signal in the WAXS spectrum is a feature 

observed in all three samples (uncrosslinked F1, Cu(II) crosslinked F1●Cu, and Fe(II) 

―  F1 

―  F1●Cu 

―  F1●Fe 
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crosslinked F1●Fe) that corresponds to approximately two angstroms, which is 

attributed to the spacing between polymer chains themselves (Fig. 14, left). However, in 

SAXS, a prominent peak corresponding to 1/q = 11.8 Å is observed in F1●Cu and F1●Fe 

that is not observed in F1 (Fig. 14, right). This peak is attributed to small aggregates of 

the metal-ligand complexes. The uncrosslinked film F1 does not display the 11.8 Å 

signal, but it does display a broader signal peaking at 1/q of approximately 30 Å. This 

signal is not present in either coordinatively crosslinked film. It is possible that this 

signal is due to aggregation of the uncrosslinked ligand sidechains in the film F1. Upon 

fitting with equation 8 between q values of 0.05 and 0.15 based on the method by 

Yarusso and Cooper (equation 8),83 the radii of the aggregates Ra and radii of closest 

approach Rc were found from the peaks as shown in Table 1. See Appendix for fitting 

and information on Porod scattering.  

 

where the structure factor S(q, R, R) is  

 

and  

  

Equation 8 

Equation 9 

Equation 10 
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 So,  

 

  

 

 

 

in which the parameters A and B are  

 

  

Equation 11 

Equation 12 

Equation 13 

Equation 14 

Equation 15 

Equation 16 
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where S0 is the incident energy flux, re  is the classical radius of an electron , θ is the 

angle of the incident beam, V is the volume of sample illuminated by the beam, vp  is the 

volume of polymer associated with each aggregate, ρ is the electron density of the 

aggregate, and ϵ is the dielectric constant of the aggregate.  

Table 1. Fitting parameters for SAXS curves using equation 14. 

  
F1●Fe  F1●Cu  F1  

value +/- value +/- value +/- 

A 1.32E-05 1.25E-07 3.13E-05 2.56E-07 6.86E-06 1.03E-07 

B 3.87E-06 2.25E-08 3.00E-06 1.94E-08 1.46E-07 5.07E-09 

Ra (Å) 16.73 0.09 16.53 0.07 26.95 0.20 

Rc (Å) 32.05 0.05 32.23 0.06 65.29 0.39 

 

Figure 14. X-Ray Scattering data. WAXS (left) and SAXS (right) spectra of F1●Cu, 

F1●Fe, and F1. Data collected by Yunxin (Grace) Yao. 

 

Using the Ra listed in Table XXX and the diameter of an individual complex as 

determined by geometry optimization at the semiempirical level using the PM3 method 

in Spartan (11.9 Å), there are approximately 2-3 complexes per aggregate. These are 

―  F1 

―  F1●Cu 

―  F1●Fe 

―  F1 

―  F1●Cu 

―  F1●Fe 
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quite small aggregates, and while not ideal, are of equivalent size and spacing between 

the two metal species used. This similarity will allow for direct comparison between the 

films’ mechanical properties under the assumption that differences are due to the metal 

identity rather than to the size or spacing of these small aggregates.  

3.3 Crosslink Density 

We next consider whether the difference in mechanical properties of metalated 

versus unmetalated films can be reasonably attributed to crosslinking, as intended. To 

analyze the crosslinking, the storage moduli G’ were used to determine ν, the molar 

density of active strands. To obtain G’, films F1●Cu, F1●Fe, and F1 were characterized 

with a frequency sweep at 23 °C in air using 8 mm parallel plate geometry at 0.25% 

amplitude. The rheological data are shown in Figure 18. F1●Cu and F1●Fe have 

frequency-independent storage moduli of 1.22 MPa and 1.23 MPa, respectively from 0.1 

to 100 rad/s. The storage modulus of F1 shows a slight frequency dependence across the 

same frequency range. The loss moduli of the metallated films both begin to curve 

upwards at low frequencies. This curve suggests the beginning of a peak due to 

relaxation of the crosslinks, which is supported by the absence of such a feature in the 

loss modulus of F1. Additionally, the low frequency regime of the relaxation feature 

means that crosslink relaxation is on the timescale of hours, rather than the several 

minutes required for the experiments used in this work.   
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The storage modulus is similar for F1●Fe and F1●Cu, and in the frequency 

regime tested they were close to that of F1. This indicates that: a) the storage modulus in 

the elastomeric state is dominated by physical entanglements also present in the 

uncrosslinked polymer, and b) that the number of active crosslinks in the two metal-

crosslinked films is similar, supporting the conclusion that both copper(II) and iron(II) 

are binding 1:2 with the ligand in the solid state, and that they are both reacting 

effectively to form similar numbers of crosslinks within the polymer environment.  

 
Figure 15. Data from rheological frequency sweeps of films. Storage and loss moduli 

of F1●Cu, F1●Fe, and F1 at 23 °C and 0.25 % amplitude using 8 mm parallel plate 

geometry. 

 

If we take the storage modulus G’ at X Hz of F1 to be an accurate representation 

of the contribution of entanglements, then the difference in G’(F1) and G’(F1●M) is an 

estimate of the modulus contributed by the metal-ligand crosslinking.                     

―  G’ F1 

―  G’ F1●Cu 

―  G’ F1●Fe 

―  G” F1 

―  G” F1●Cu 

―  G” F1●Fe 

Equation 17 
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We next compare ΔG’ML to the change in modulus expected. We employ the 

phantom network model of rubber elasticity, which is more appropriate for network in 

which junctions are subject to considerable fluctuation, such as F1●Fe and F1●Cu. The 

affine model assumes affine translation of junctions with deformation of the network, 

while the phantom network model assumes that these crosslinks are not fixed in space 

and so experience fluctuations in position. Higher junction functionalities, junctions 

with more strands coming from them, create more intermolecular connections and 

thereby reduce junction fluctuations60. Functionalities of both 3 and 4 are low, so there 

should be considerable junction fluctuation in our networks. For a functionality of 4, the 

region of radius r0 is indeed half that of the free chain84. Since r0 increases linearly with 

chain length, and the chain length between crosslinks Mc in this network is large, half of 

r0 corresponds to large fluctuations in our networks. All of these considerations mean 

that the phantom network is more accurate for our networks due to the large junction 

fluctuations. So,  

 

where f is the junction functionality. We first consider each M-L complex an 

independent junction with f = 4 (Figure 16), so  

Equation 18 

Equation 19 

Equation 20 
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Using the same treatment for F1● Cu,  

 

 

Figure 16. Crosslink functionality. Depiction of a crosslink with f=3 junctions where 

the sidechain meets the mainchain (green) and overall functionality of f=4 created by 

metal crosslinking (red). 

 If we instead treat an aggregate of 3 complexes as a junction, then the 

functionality is 12. This results in  

     

Equation 23 

Equation 22 

Equation 21 
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If every crosslinking unit in the polymer were bound in 2:1 complex, then the 

concentration of the metal ion can be used to represent the ideal value 𝜈calculated: 

 

  

 

 

Comparing [Fe] to νFe and [Cu] to νCu, we find that [Fe] and [Cu] fall above νFe and 

νCu when f is 12, but below νFe and νCu when f is 4. Several factors might account for this 

difference, including topological de fects in the network, the ambiguity of G’F1 due to its 

frequency dependency, or contribution to G’F1 from differences in entanglements 

between F1 and the metalated films.   

The phantom network model does not account for topological defects such as 

loops or dangling ends.1 It is well documented that the moduli of real networks typically 

fall below what is predicted by the phantom network model.85,86 Thus, the values of  νFe 

and νCu when f is 12 are most realistic. A more complex model that compensated for 

Equation 25 

Equation 26 

Equation 27 

Equation 24 
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loops and dangling ends, such as real elastic network theory (RENT),86 would lead to a 

lower νcalculated, but is outside the scope of this work. 

 Furthermore, the use of the uncrosslinked film as a control for this experiment is 

not perfect; the presence of crosslinks in the network during its preparation and drying 

would affect the entanglement of chains and therefore the dry film’s modulus. During 

drying, this control network is not hindered in any way by crosslinks from becoming 

more entangled as it dries and its concentration increases. Consequently, it likely has 

more physical entanglements than the metal-crosslinked networks, falsely inflating its 

modulus in comparison to them. A smaller modulus for the uncrosslinked F1 sample 

would result in a higher observed νFe and νCu, closer to the calculated value if f is 12.  

In reality, νcalculated should be lower using a theory such as RENT86 and the 

observed νFe and νCu should be higher, bringing the two values into better agreement 

assuming f is 12. Therefore, we conclude that, not only is the number of Fe(II) crosslinks 

similar to that of Cu(II) crosslinks, but also the extent of modulus increase observed in 

the metalated films is consistent with what can be attributed to crosslinking, as 

intended, and that it is more realistic to consider a small aggregate as a junction rather 

than independent crosslinks.  

As additional supporting evidence that there are the same number of active 

crosslinks for Fe(II) and Cu(II), tensile testing at low strains confirms that the Young’s 

moduli of the copper-crosslinked and iron-crosslinked films F1●Cu and F1●Fe are very 
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similar to one another, as they are in rheological testing (Figure 17). They are also similar 

to the modulus of the uncrosslinked control film F1, which supports the conclusions that 

properties are dominated by physical entanglements at low strains. Tensile testing at 

higher strains reveals differing material properties, as discussed in Section 3.5. 

 

Figure 17. Uniaxial tensile testing at low strains yields very similar moduli for all 

three films. Testing done at 1% strain per second. Slope from 0.48% to 2% strain is  

4.3 MPa (F1●Fe), 3.9 MPa (F1●Cu), and 3.7 MPa (F1). Data collected by Yunxin (Grace) 

Yao. 

 

3.4 Relaxation of Films 

Having verified the similarity of the network structures resulting from different 

metals in terms of number of crosslinks, we began characterizing the mechanical 

properties of the elastomers to determine whether there were differences solely due to 

metal identity. First, the relaxation behavior of the crosslinks was investigated by stress 

relaxation testing and dynamic mechanical analysis (DMA).  

―  F1 
―  F1●Cu 
―  F1●Fe 
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Stress relaxation tests were performed by holding the materials F1, F1●Fe, and 

F1●Cu at constant strain and constant temperature for an extended period of time. 

During this time, the stress was monitored.  

 
Figure 18. Stress relaxation test curves. F1●Cu (green) relaxes faster than the F1●Fe 

(purple), but slower than F1 (black), which contains no added metal ions for chemical 

crosslinking. Data collected by Yunxin (Grace) Yao. 

 

The stress in figure 18 is reported as the stress ratio, 

 

where σt is the normal stress at time t after reaching constant strain and σ0 is the normal 

stress at the time the constant strain is reached. Figure 18 begins at the time constant 

strain is reached. The use of the stress ratio allows direct comparison of different 

Equation 28 
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samples because the normal stress at the chosen constant strain is not the same, so 

presenting the data as ratios compared to each sample’s initial normal stress normalizes 

the curves.  

When pulled at 50% strain per second to 50% strain and then held at 50% 

constant strain for 500 s, it is clear that F1●Cu relaxes more quickly than F1●Fe. The 

uncrosslinked F1 relaxes fastest, as expected because of the absence of chemical 

crosslinks; the relaxation observed for F1 is simply a function of physical 

disentanglement of polymer chains.   

At 500 s, the stress in F1●Cu is approximately 0.66 of its initial stress, while for 

F1:Fe at the same timepoint the stress is 0.78 of its initial stress. Since F1●Cu does not 

relax to the point of F1, the copper crosslinks are still bearing stress. However, they are 

relaxing more quickly than the iron crosslinks, more easily dissociating under the 

experimental conditions.  

The observation that the characteristic timescale of copper crosslink relaxation is 

smaller than that of iron crosslinks is corroborated by master curves obtained from 

dynamic mechanical analysis (DMA). In DMA, a sinusoidal deformation is applied to a 

sample and the resulting changes in stiffness and dampening are reported as a function 

of frequency, from which the storage and loss moduli G’ and G” can be obtained.87 The 

frequency and temperature can be modulated over a large range, and this can be used in 

combination with the principles of time-temperature superposition88 to obtain a master 
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curve for a material at a particular reference frequency or temperature. For example, in 

these experiments, the frequency was changed over a small range at 25 °C to obtain a 

frequency sweep; this sweep was then repeated at temperature intervals of 5 °C up to 

150 °C. The resulting curves are used to obtain information on the moduli over a large 

range of frequencies at the reference temperature of 25 °C. 

From the master curves for F1●Cu and F1●Fe (Figure 19), it is evident that F1●Cu 

relaxes significantly faster than F1●Fe. This information can be obtained from the local 

maxima observed in the loss moduli curves at 2.02*10-6 rad/s in F1●Cu and 2.00*10-7 

rad/s in F1●Fe; the copper crosslinks are relaxing at an order of magnitude higher 

frequency than the iron crosslinks under the small stress applied during DMA, which is 

consistent with the observations made from creep testing data.  
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Figure 19. Dynamic mechanical analysis-derived master curves of the metalated films. 

F1●Fe is in purple and F1●Cu in green. The reference temperature is 25 °C. Data 

collected from 25 to 150 °C and manually shifted by shift factors listed in Table 2 to 

obtain the master curve. 

 

The master curve for the unmetalated film F1 (Figure 20) could not be obtained 

via DMA because the material melted within the temperature range being tested. 

Instead, a master curve for this material was obtained using shear rheology. This curve 

does not show the large relaxation feature in the loss modulus evident in the two 

metalated films, which indicates that these observed relaxations are indeed due to 

crosslinks.  
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Figure 20. Rheologically-derived master curve for F1. The reference temperature is t 25 

°C and the experiments were conducted under nitrogen atmosphere with 25 mm cone 

and plate geometry and 0.25% amplitude. Data was collected from 25 to 145 °C and 

manually shifted by the shift factors in Table 2 to obtain the master curves. 
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Table 2. Shift factors for the DMA-derived master curves for F1●Fe and F1●Cu, as 

well as the shift factors for the rheology-derived master curve for F1. 

 

T (°C) 

shift 

factor for 

F1●Fe 

shift 

factor for 

F1●Cu 

shift 

factor for 

F1 

25 1.00E+00 1.00E+00 1.00E+00 

30 7.50E-01 4.50E-01   

35 6.50E-01 1.00E-01 5.01E-01 

40 6.00E-01 3.00E-02   

45 5.00E-01 9.00E-03 3.16E-02 

50 2.00E-01 3.00E-03   

55 3.50E-02 1.00E-03 1.00E-03 

60 3.50E-03 4.00E-04   

65 5.00E-04 2.00E-04 1.00E-03 

70 1.00E-04 9.00E-05   

75 2.00E-05 4.00E-05 3.98E-04 

80 5.00E-06 2.00E-05   

85 1.00E-06 1.00E-05 2.00E-04 

90 2.00E-07 6.00E-06   

95 6.00E-08 4.00E-06 1.26E-04 

100 2.00E-08 2.00E-06   

105 1.00E-08 7.00E-07 7.94E-05 

110 4.00E-09 3.00E-07   

115 1.00E-09 1.00E-07 5.01E-05 

120 3.00E-10 2.00E-08   

125 1.00E-10 5.00E-09 3.16E-05 

130 3.00E-11 1.50E-09   

135 8.00E-12 4.00E-10 2.51E-05 

140 2.00E-12 1.00E-10   

145 1.00E-12 3.00E-11 2.00E-05 

150 5.00E-13 1.00E-11   

 

Both the creep testing and DMA data indicate the faster relaxation of the copper 

crosslinks under minimal force as compared to the iron crosslinks, and the comparison 

of both data sets to the uncrosslinked film data set indicates that there are interactions 
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contributing to the modulus in the crosslinked films that are not present in the 

uncrosslinked film, which relies only on physical entanglement for its material 

properties. This confirms that the addition of metal ions does indeed affect the material 

properties, most likely by creating crosslinks. Furthermore, we are able to manipulate 

the material properties of the networks by simply changing the metal salt added. 

Another hypothesis for the difference in material properties due to changing the 

metal identity is possible. Since most of the ligand is occupied in complexes, the 

exchange time depends not only on dissociation but also on the probability of finding a 

new partner versus recombining with the old partner. This exchange time is termed the 

normalized lifetime by Rubinstein and Semenov.89 It is possible that the normalized 

lifetime is very sensitive to small differences in concentration of free ligand, meaning 

that if the preparation procedure yielded metal:ligand stoichiometry that is slightly 

different for each metal (for example due to increased water absorption by one metal 

salt), the relaxation times could differ. One way to rule out this possibility would be to 

compare films in which the metal:ligand stoichiometry was intentionally changed at the 

limits of uncertainty in stoichiometry. For instance, one could vary the metal added by 

1% more and 1% less than the amount calculated to achieve 1:2 metal:ligand 

stoichiometry, then observe the resultant change in the G” relaxation peak. If there was 

little change, it would support the hypothesis that the difference in relaxation is due to 

the difference in metal binding dynamics. If there was significant change, it would 
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support the hypothesis that the difference in relaxation is simply due to imprecise 

addition of metal equivalents.  

3.5 Elastomer Behavior Under High Strains 

The material properties of the elastomeric films were further characterized by 

uniaxial tensile testing to high strains. It was initially hypothesized that F1●Cu would 

fail at lower strains than F1●Fe because its crosslinks relaxed more quickly, leading us to 

believe they would be weaker under strain. However, this is not the case.  

At high strain during tensile testing, it is obvious that the copper-crosslinked and 

iron-crosslinked films F1●Cu and F1●Fe exhibit significantly different behaviors (Fig. 

21). Both of the metalated films (purple and green curves) exhibit higher tensile stress 

and extensibility than the unmetalated film F1 (gray curve). The higher tensile stress 

conforms to expectation because the crosslinks bear some of the stress. The decreased 

extensibility for the unmetalated films is interesting, because it is expected that an 

uncrosslinked film would be more extensible than a crosslinked one due to lack of 

translational constraint of polymer strands by stronger interactions than simple physical 

entanglements.90 The low extensibility of F1 could be due to the presence of ligand 

aggregate “hard phases” in the unmetalated film where there are no aggregates in the 

crosslinked films, as discussed in Section 3.2 pertaining to SAXS data. 

Comparing the two metalated films, F1●Cu exhibits much higher extensibility 

than the F1●Fe. Initially, the curves are extremely similar, but at strains of 
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approximately 50 % they start to diverge. The tensile stress of F1●Fe first dips below that 

of F1●Cu, but then significantly increases to be higher than that of F1●Cu until the film 

breaks at a lower percent strain than F1●Cu, which indicates that more iron crosslinks 

are breaking at the same percent strain than copper crosslinks.   

 

Figure 21. Stress-strain curves for F1●Cu (green), F1●Fe (purple), and F1 (gray) films. 

These data were collected at a strain rate of 10% strain per second in air at 23 °C. Data 

collected by Yunxin (Grace) Yao. 
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Figure 22. Repeatability of uniaxial tensile testing stress-strain curves at 10% strain 

rate. Purple curves are for F1●Fe, green curves for F1●Cu, and gray curves for F1. Data 

collected by Yunxin (Grace) Yao. 

3.6 Discussion of Divergent Elastomer Behavior 

One hypothesis arising from the uniaxial tensile testing results is that when force 

is coupled to the reaction coordinate during tensile testing, the iron-ligand bond is more 

susceptible to force-coupled dissociation than the copper-ligand bond. The effect of 

mechanical force on chemical kinetics is described in Chapter 2 of this work. 

Importantly, the extended Bell model enables the use of Δx(0) and Δx‡(0), the zero-force 

values of the reaction length and the activation length, respectively, to analyze force 

coupling.20 These zero-force lengths and the compliance values Δχ and Δχ‡ can be 

estimated using force-free electronic structure calculations. Collaborators are in the 
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process of performing such calculations. Preliminary results suggest that it is most 

thermodynamically stable for both Fe(II) and Cu(II) in the gas phase to have two ligands 

bound, each in a tridentate manner, to the metal center. They also suggest that the 

energy required for partial dissociation and full dissociation of the first ligand (Scheme 

4) are very similar for both metals, which could indicate that the partially dissociated 

intermediate is transient. Notably, the dissociation energy is lower for Cu(II) than for 

Fe(II). Finally, these preliminary computational results show a lower critical force for 

dissociation for one ligand from Cu(II) than from Fe(II).  
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Scheme 4. Dissociation of MeBip from a metal center. Top: Partial dissociation of one 

Mebip-type ligand to a bidentate conformation. Bottom: Full dissociation of one 

Mebip-type ligand. Pink arrows represent polymer attachment and pulling points. 

Triflate counterions omitted for clarity. 

 

These computational results are a recent addition to the data for this project. 

Previously, literature crystal structures were used to rationalize the differing 

dissociation behavior for Cu(II) and Fe(II) crosslinks.  As mentioned in Section 3.1, based 

on the only crystal structure of Cu(II) with two MeBip-type ligands,81 Cu(II) is 
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pseudooctahedral and binds the first MeBip ligand in a three-coordinate fashion but 

binds only two of the second ligand’s chelating sites (Figure 11). The sixth site in the 

pseudooctahedral geometry is occupied by a counterion’s oxygen atom O1. Both the 

pyridine N1 of the two-coordinate MeBip and the counterion are more than 0.5 Å further 

from the metal center than the other coordinating nitrogens. This can be ascribed to an 

elongational Jahn-Teller effect, present in copper due to degenerate d orbitals in the 

standard octahedral geometry.80,91 In this complex, N1 and O1 are occupying the axial 

positions of the elongated pseudooctahedral structure (Tables 1 and 2).81 The elongation 

of these bonds shifts the d9 Cu(II)’s d orbitals with a z component to lower energy, 

breaking the degeneracy (Fig. 23). 

 

Figure 23. Crystal field splitting diagrams.  Diagrams of d orbitals in a d9 octahedral 

complex (left) and elongated pseudooctahedral complex experiencing a Jahn-Teller 

effect (right). 
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Conversely, Fe(II) binds to all three chelating sites in both ligands at distances 

within 0.1 Å, making it an octahedral complex.92 There is not an available crystal 

structure specifically with MeBip as the ligand, but other Bip-type ligands bind in the 

described fashion, for example those in Figure 24. The two crystal structures depicted 

here were chosen because the perchlorate counterion in Figure 24A is comparable to that 

in the available copper crystal structure, and the triflate counterion in Figure 24B is 

relevant to the complexes in this work. The effect of the counterion is small, though most 

metal-nitrogen bonds in the structure with triflate are slightly longer than those in the 

structure with perchlorate. The counterions are also further from the metal in the triflate-

containing crystals than in the perchlorate-containing crystals. The lack of Jahn-Teller 

distortions indicates that these complexes are low spin because the low-spin state for d6 

iron does not require distortion to reach a low-energy state.
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Figure 24. Representations of Fe(II) complexes with MeBip-type ligands. A: crystal 

structure of Fe(II) complex MAFBII92 from the Cambridge Structural Database, which 

has perchlorate counterions. B: crystal structure of Fe(II) complex MAFCIJ92 from the 

Cambridge Structural Database, which has triflate counterions. C: schematic 

representation of top complexes with generic counterion R-. 
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Table 3. Metal-nitrogen bond lengths in crystal structures. Dark blue boxes represent 

full coordination to the metal, light blue represents weak semicoordination, and 

white represents no coordination. 

 

Table 4. Metal-oxygen distances in crystal structures to the closest oxygen of 

each counterion. Highlighted blue box represents semicoordination of closest 

counterion oxygen to the metal center.  

 

Let us consider these crystal structures to be the starting position for the ligand 

dissociation reaction, and assume that (a) N1 of the dissociating ligand leaves the Van 

der Waal’s radius of the metal center at approximately the same distance for Fe(II) and 

Cu(II), and (b) that N1 leaving this radius is the rate determining step for ligand 

dissociation. If this is the case, then N1 for the Cu(II) structure starts closer to 

dissociation than N1 for the Fe(II) structure. If we name that distance as Δx‡(0) and the 

energy input W is the same, then the force required for ligand dissociation from Cu(II) 

should be higher than that required for dissociation from Fe(II) assuming the same 

compliance χ.  

Crystal 

structure Metal Anion 

metal-

Npyridine 

bond 1 

(Å) 

metal-

N1pyridine 

bond 2 (Å) 

metal-

Nimidazole 

bond 1 (Å) 

metal-

Nimidazole 

bond 2 (Å) 

metal-

Nimidazole 

bond 3 (Å) 

metal-

Nimidazole 

distance 4 

(Å) 

Fig. 11(left) Cu(II) ClO4- 1.974 2.510 2.003 2.042 1.959 4.549 

Fig. 24A Fe(II) ClO4- 1.909 1.908 1.956 1.968 1.965 1.964 

Fig. 24B Fe(II) OTf- 1.914 1.912 1.971 1.960 1.978 1.946 

Crystal 

structure 

Metal 

center Counterion 

metal-O (counterion) 

distance 1 (Å) 

metal-O (counterion) 

distance 2 (Å) 

Fig. 11(left) Cu(II) ClO4- 2.698 5.590 

Fig. 24A Fe(II) ClO4- 5.293 5.288 

Fig. 24B Fe(II) OTf- 8.398 7.085 
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This picture is in direct opposition to our collaborators’ preliminary 

computational results. The computational results are in the gas phase and the solution 

state (using water as the solvent), rather than the solid crystalline state. It is possible that 

the dissociation energy is different when solvated, especially with a polar solvent that 

could stabilize the metal center such as water. The elastomeric films used for the 

experiments in this chapter do not have a solvent, but the polymer matrix surrounding 

the complexes is very nonpolar, and so likely has a very different dielectric constant 

than water. This difference will be taken into account in the next iteration of 

computational experiments.  

3.7 Conclusion 

This work has developed a platform to systematically analyze the effects 

coordinative crosslinking at the elastomer level on mechanical properties. It was 

determined that the metals chosen for this proof-of-concept study, iron(II) and 

copper(II), both bound in a 1:2 metal:ligand ratio using small molecule spectroscopic 

studies. Upon incorporation of the small molecule complexes as crosslinkers in a 

polymer network, the homogeneity of the networks was confirmed. Furthermore, the 

effect of the coordinative crosslinking on the material was determined: both metals 

caused a slight and nearly identical increase in storage modulus compared to an 

uncrosslinked film, confirming that crosslinking was occurring and occurred to a similar 

extent for both metals. The frequency dependence of the loss modulus reveals that 
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relaxation of the copper-crosslinked film occurs more quickly than that of the iron-

crosslinked film, indicating that facile manipulation of material properties can be 

achieved by simply changing the metal salt used in film preparation. This observation is 

reinforced by testing at high strains, under which the copper-crosslinked films were 

significantly more extensible than the iron-crosslinked films despite similar active strand 

density. We tentatively attributed the difference in behavior under force to more 

effective force coupling to the iron-N1 bond compared to the copper-N1 bond based on 

literature crystal structures, but computational experiments seeking to explain the 

divergent force-coupled dissociation behavior is still underway.  

As discussed in Chapter 2 of this work and in the introduction of this chapter, 

there is a significant lack of knowledge connecting the single molecule behavior of 

organometallic bonds under force to bulk network behavior. This work developed a 

platform that was implemented in the network area of study, but was designed to be 

easily extended to linear polymer and single molecule work. Modeled after the system 

used by Li et al.26, this polymer system can be used in pulsed ultrasonication studies 

and, with minor modification, SMFS studies.  

The methodology for ultrasonication and SMFS would rely on using the same 

polymer P1 in SCNPs (Figure 25). To obtain SCNPs for ultrasonication, the preparation 

conditions would need to be considerably more dilute than described in this work to 
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avoid inter-strand crosslinking as was desired in films. Dynamic light scattering (DLS) 

characterization of the resulting SCNPs to determine their size would also be necessary.  

 

Figure 25. Schematic representation of metal-crosslinked SCNPs for sonication 

(bottom) and SMFS (right). 

 

To obtain SCNPs for SMFS, cis-cyclooctene must be replaced with 9-

oxabicyclo[6.1.0]non-4-ene (epoxy-COD) (Scheme 5). Epoxy-COD serves in SMFS to aid 

in polymer attachment to the cantilever tip. Once this modification is implemented, the 

same procedure used by Li et al.26 can be used for SMFS.  
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Scheme 5. Syntheis of P2 using 9-oxabicyclo[6.1.0]non-4-ene in place of cis-

cyccooctene: useful for SMFS. 

 

One difference between the ligand in the aforementioned study and the one used 

in this work is the denticity; the ligand in the study by Li, et al.26 is bidentate, while ours 

is tridentate. The tridentate and bulky nature of the MeBip-type ligands will prevent 

confusion between tris- and bis- coordinate centers within the SCNPs.  

Additionally, the MeBip ligand system is modular in that it allows for alteration 

of ligand attachment points, as well as substituents that can alter the steric or electronic 

nature of the ligand. For example, ligand 6 can be easily synthesized as shown in 

Scheme 6. It can then be used as a force-bearing crosslinker in networks or ring-closed to 

become a monomer for linear polymers appropriate for ultrasonication and SMFS. This 

ligand structure dramatically changes the direction of force transduction through the 

metal center.  
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Scheme 6. Synthetic route to a MeBip-type ligand with polymer attachment points at 

the sides, rather than at the center of the pyridine. 

 

In another example, ligands 7 and 8 can be synthesized and used as sidechains in 

the same way as discussed in this work (Scheme 7). However, 7 is functionalized with an 

electron-donating group, while 8 is functionalized with an electron-withdrawing group. 

This enables the exploration of electronic effects in the ligand sphere and their 

consequences for force-bearing metal-ligand bonds. A final example is ligand 9, the 

study of which in the same experiments as described here can elucidate steric effects on 

the coupling of force to metal-ligand bonds.  
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Scheme 7. Facile synthesis of ligands 7-9, incorporating electron-donating, electron-

withdrawing, and sterically bulky groups. 

 

In conclusion, this work demonstrates that the MeBip ligand platform as a 

sidechain for creating homogenous elastomeric networks, the properties of which can be 

manipulated by simply changing the metal identity. It also lays the groundwork for 

systematic study of a variety of metals with a modular ligand that provides access to 

different polymer attachment points, electronic effects, and steric effects.  
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3.8 Experimental 

3.8.1 General Considerations 

All reagents and solvents were ordered from VWR, Intl. or Sigma Aldrich and 

used without further purification. 1H NMR were collected on a Bruker 500 MHz 

spectrometer with reference to solvent peak CDCl3 (1H δ = 7.26). All chemical shifts are 

given in ppm (δ) and coupling constants (J) in Hz as singlet (s), doublet (d), triplet (t), 

quartet (q), multiplet (m), or broad (br). Column (flash) chromatography was performed 

using Silicycle F60 (230 - 400 mesh) silica gel. Rheological data was collected using an 

Anton Paar 502e model rheometer. DSC data was collected using a TA DSC2500. Gel 

permeation chromatography (GPC) was performed with an Agilent 1260 Infinity LC 

system, using 2 in-series Agilent PLgel mixed-C columns (10 5 Å, 7.5x300 mm, 5 μm, 

part number PL1110-6500) at room temperature at a flow rate of 1.0 mL/min in THF. 

Molecular weights were calculated using an in line Wyatt miniDAWN TREOS multi-

angle light scattering detector with Wyatt Optilab T-rEX refractive index detector. The 

refractive index increment (dn/dc) values were determined by online calculation based 

on injections of known concentration and mass. DMA, Uniaxial tensile tests, and creep 

tests were performed on a TA Instruments RSA III Dynamic Mechanical Analyzer (force 

resolution: 0.0001 N, displacement resolution: 1 𝜇m) at Duke University’s Shared 

Material Instrument Facility (SMIF). 
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3.8.2 Ligand Synthesis 

To synthesize 1, chelidamic acid (1.83 g, 10 mmol, 1 eq.) and N-methyl-1,2-

phenylenediamine (2.44 g, 20 mmol, 2 eq.) were added to a 50 mL round bottom flask 

with a stir bar. 5.0 mL phosphoric acid (85 wt % in water) was carefully added. The flask 

was fitted with a condenser and the reaction mixture heated to 180 °C overnight. Upon 

cooling to room temperature, the reaction mixture was poured into 400 mL stirring 

deionized water. 3.0 M sodium hydroxide solution was added until a light blue 

precipitate appeared and the pH was above 7. The precipitate was filtered off and 

redispersed in 10 wt % potassium carbonate until it turned pink, when it was again 

filtered off. The pink solid was dissolved in boiling methanol, to which concentrated 

hydrochloric acid was added until the color changed from dark red to dark blue. Upon 

cooling, light gray powdery crystals precipitated and were collected by filtration. The 

product 1 was dried and used without further purification for the synthesis of 3. 1H 

NMR (500 MHz, DMSO (D6) δ = 12.31 (s (br), 1H), 8.00 (s, 2H), 7.95 (d, 2H), 7.88 (d, 2H), 

7.60-7.52 (m, 4H), 4.30 (s, 6H). 
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Figure 26. 1H NMR spectrum of 1. 

To synthesize 2, (Z)cyclooct-4-enol (1.26 g, 10.0 mmol, 1.0 eq), 6-bromohexanoic 

acid (2.34 g, 12.0 mmol, 1.2 eq), N,N′-dicyclohexylcarbodiimide (2.06 g, 10.0 mmol, 1.0 

eq), and 4-(dimethylamino)pyridine (122 mg, 1.0 mmol, 0.10 eq) were added to a flame-

dried round bottom flask with a stir bar. The flask was closed with a septum and flushed 

with nitrogen for 10 minutes and then 200 mL anhydrous dichloromethane was added 

via syringe. The reaction mixture was stirred overnight, and then the white precipitate 

formed was removed by filtration. The filtrate was dried onto silica and subjected to 

flash chromatography with an eluent of a gradient of 0 % to 20% ethyl acetate in hexane. 

The product 2 was collected and dried for use in synthesis of 3. 1H NMR (500 MHz, 



 

82 

CDCl3) δ = 5.72-5.58 (m, 2H), 4.87-4.80 (m, 1H), 3.40 (t, 2H), 2.38-2.25 (m, 3H), 2.19-2.06 

(m, 3H), 1.92-1.82 (m, 4H), 1.73-1.65 (m, 2H), 1.66-1.56 (m, 4H), 1.51-1.43 (m, 2H). 

 

Figure 27. 1H NMR spectrum of 2. 

To synthesize 3, products 1 (1.78 g, 5.0 mmol, 1.0 eq) and 2 (1.44 g, 6.0 mmol, 1.2 

eq) were added to a flame-dried round bottom flask with a stir bar and potassium 

carbonate (2.07 g, 15.0 mmol, 3.0 eq). 25 mL anhydrous dimethylformamide was added 

to the flask and it was fitted with a condenser. The reaction mixture was heated to 80 °C 

for 48 hours, after which it was cooled to room temperature and triturated with 

deionized water until the product precipitated as a light pink solid. The solid was 

redissolved in dichloromethane and then dried onto silica for flash chromatography in 0 
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to 10% methanol inn dichloromethane. The product 3 was collected as a light pink solid. 

1H NMR (500 MHz, CDCl3) δ = 7.93 (s, 2H), 7.87 (d, 2H), 7.73 (d), 7.46 (d, 2H), 7.36 (m, 

4H), 5.72-5.58 (m, 2H), 4.87-4.80 (m, 1H), 4.24 (s, 6H), 3.34 (t, 2H), 2.31 (m, 3H), 2.22-2.07 

(m, 3H), 1.93-1.82 (m, 2H), 1.75-1.67 (m, 4H), 1.66-1.57 (m, 2H), 1.55-1.50 (m, 2H). 

 

Figure 28. 1H NMR spectrum of 3. 

3.8.3 Titration Procedures 

The titrations were undertaken in a solvent mixture of 95:5 (volume/volume) 

toluene: methanol. Toluene was chosen to match the solvent used in gels (see below), 
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and methanol was added to dissolve the metal salts before complex formation in both 

the small-molecule experiments.  

For iron(II) trifloromethanesulfonate (iron(II) triflate), a 75.8 μM solution of 

iron(II) triflate was titrated in 5 μL aliquots with a 9.29 mM solution of 3 until four 

equivalents of 3 compared to iron(II) triflate had been added. A spectrum from 285 to 

800 nm was collected upon addition of each aliquot. At the end of the titration, the 

solution was allowed to stand for 30 min before another full spectrum was collected to 

confirm there was no change in absorbance over time. 

For copper(II) trifloromethanesulfonate (copper(II) triflate), a 66.8 μM solution of 

copper(II) triflate was titrated in 5 μL aliquots with a 4.65 mM solution of 3 until four 

equivalents of 3 compared to copper(II) triflate had been added. A spectrum from 285 to 

800 nm was collected upon addition of each aliquot. At the end of the titration, the 

solution was allowed to stand for 30 min before another full spectrum was collected to 

confirm there was no change in absorbance over time. 

In addition, a 33.41 μM solution of copper(II) triflate was titrated in 3 μL aliquots 

with a 4.65 mM solution of 3 until four equivalents of 3 compared to copper(II) triflate 

had been added. A spectrum from 285 to 800 nm was collected upon addition of each 

aliquot. At the end of the titration, the solution was allowed to stand for 30 minutes 

before another full spectrum was collected to confirm there was no change in absorbance 

over time. 
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The ligand itself absorbs in the UV region below 345 nm, but a new UV peak 

arises upon metal binding that is slightly red-shifted at 355 to 360 nm, depending on the 

metal species. Increases in absorbance of this peak were used to monitor the ligand 

binding. Iron(II) triflate also develops a pronounced visible-region metal-ligand-charge-

transfer (MLCT) peak at approximately 572 nm, but for best comparison to the copper 

titrations, the UV peak at 355 nm was used to monitor ligand binding. 

3.8.4 Polymer Synthesis 

To make monomer 4, (Z)-cyclooct-4-enol (1.26 g, 10.0 mmol, 1.0 eq), octanoic acid 

(1.73 g, 12.0 mmol, 1.2 eq), N,N′-dicyclohexylcarbodiimide (2.06 g, 10.0 mmol, 1.0 eq), 

and 4-(dimethylamino)pyridine (122 mg, 1.0 mmol, 0.1 eq) were added to a flame-dried 

round bottom flask with a stir bar. The flask was closed with a septum and flushed with 

nitrogen for 10 minutes and then 200 mL anhydrous dichloromethane was added via 

syringe. The reaction mixture was stirred overnight, and then the white precipitate 

formed was removed by filtration. The filtrate was dried onto silica and subjected to 

flash chromatography with an eluent of a gradient of 0 % to 20% ethyl acetate in hexane. 

Monomer 4 was collected and dried for use in polymerization of P1. 1H NMR in CDCl3 δ 

5.64 (2H, m), 4.82 (1H, td J = 7.5 Hz), 2.32 (1H, m), 2.24 (2H, t), 2.16 (2H, m), 2.10 

(1H, m), 1.85 (2H, m), 1.69 (1H, dt), 1.59 (5H, m), 1.28 (8H, m), 0.87 (3H, t). 
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Figure 29. 1H NMR spectrum of 4. 

Polymer P1 was synthesized with a feed ratio of 70 mol% cis-cyclooctene, 25 

mol% monomer 4 and 5 mol% monomer 3. To synthesize P1, the monomers 3 (619 mg, 

5.6 mmol, 0.70 eq), 4 (507 mg, 2.0 mmol, 0.25 eq), and cis-cyclooctene (240 mg, 0.40 

mmol, 0.050 eq) were added to a 40 mL scintillation vial with a stir bar and a septum 

cap. The vial was evacuated and refilled with nitrogen three times before 7.50 mL 

anhydrous chloroform was added via syringe. In a separate, flame-dried 7 mL 

scintillation vial, 13.9 mg Grubbs II was added. One mL anhydrous chloroform was 

added to this vial and the Grubbs II catalyst was fully dissolved. From this catalyst 

solution, 0.5 mL was added to the stirring monomer solution via syringe. The viscosity 
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of the solution could be observed to increase within five minutes of catalyst addition. 

The reaction mixture was allowed to stir for six hours, at which point 0.1 mL ethyl vinyl 

ether was added to quench the catalyst. The mixture was allowed to stir for an 

additional ten minutes and was then precipitated dropwise into stirring methanol. The 

gummy solid precipitate was collected and redissolved in minimal dichloromethane, 

then stirred overnight with Quadrapure-thiourea beads. The beads were allowed to 

settle to the bottom of the vial, then the liquid was added dropwise to stirring methanol 

to reprecipitate the product. The gummy solid was again dissolved in minimal 

dichloromethane and precipitated a third time in stirring methanol, after which it was 

dried and characterized by 1H NMR and GPC in tetrahydrofuran. 1H NMR in CDCl3 δ 

7.93 (s), 7.865 (d), 7.46 (d), 7. 36 (m), 5.44-5.27 (m), 4.92-4.84 (m), 4.24 (s), 2.31-2.24 (m), 

2.05-1.90 (m), 1.65-1.47 (m), 1.38-1.22 (m). 
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Figure 30. 1H NMR spectrum of P1. 

3.8.5 Film Preparation 

To make coordinatively crosslinked networks, P1 was dissolved at 

approximately 10 wght. % in 95:5 chloroform: methanol. Solutions of either iron(II) 

trifluormethanosulfonate or copper(II) trifluoromethanosulfonate in the same solvent 

mixture were added to obtain a metal:3 ratio of 1:2, generating networks P1•Fe and 

P1•Cu, respectively. The solutions were cast into Teflon molds, covered with a glass 

slide, and allowed to dry slowly under positive nitrogen flow for 24 h. They were then 

uncovered and allowed to dry under positive nitrogen flow for another 12 h. Finally, 
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they were transferred to a vacuum chamber for 24 h to ensure complete removal of 

chloroform and methanol, generating films F1•Fe and F1•Cu.  

To make the uncrosslinked film F1, P1 was dissolved at approximately 10 weight 

percent in 95:5 chloroform:methanol and cast into a Teflon mold, covered with a glass 

slide, and allowed to dry slowly under positive nitrogen flow for 24 h. It was then 

uncovered and allowed to dry under positive nitrogen flow for another 12 h. Finally, it 

was transferred to a vacuum chamber for 24 h to ensure complete removal of chloroform 

and methanol, generating film F1.  

3.8.6 Uniaxial Tensile Testing and Stress Relaxation Testing 

Tensile testing was performed on films that were approximately 1.0 mm in width 

by 3.0 mm in height by 0.3 mm in thickness. Uniaxial tensile tests of these film were 

carried out at the nominal strain rate of 10%/s. The nominal strain (𝜀) was measured 

through the distance between clamps (recorded by DMA instrument), and the nominal 

stress was calculated as the measured load divided by the original cross-sectional area 

vertical to the load.  Stress relaxation tests were conducted using the same sets of 

samples. Once clamped onto the instrument, the samples were strained at a strain rate 

50%/s up to 50% strain, then held at 50% strain for 500 s while the nominal stress was 

recorded by the instrument. 
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4. Rheological Characterization of Coordinatively 
Crosslinked Organogels 

As previously mentioned, there is a platform that has connected single-molecule 

experiments with gel characterization.8 The platform P1 described in Chapter 3 of this 

work was characterized in the elastomeric state and can be extended in the future to 

single-molecule experiments. In this section, we explore the properties of gels made 

from P1 and metal coordination. 

4.1 Introduction 

Noncovalent crosslinks in gels are expected to display more kinetically dynamic 

behavior than solid elastomers because the solvent allows for easier diffusion of 

molecules within the network.87 The solvent also provides the opportunity for loading of 

the gel solution with small molecules such as catalytic substrates93 or drug molecules.94 

However, it is unknown whether the same force-mediated behavior should be expected 

in gels as in the solvent-free environment of solid elastomers crosslinked by 

organometallic complexes. To address this knowledge gap, we sought to determine 

whether the same platform reported in Chapter 3 for solid elastomers could be extended 

to work in organogels. The first challenge was to make self-standing gels, which was 

found to be more easily done by swelling dry films than by adding metal to crosslink 

concentrated polymer solutions. The second step was to characterize the gels to 

determine whether changing the metal identity changes the material properties.  
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4.2 Results and Discussion 

It was assumed that when the solid films were swollen with toluene, the 

structural similarity observed between the metalated films (described in Chapter 3) 

would persist. Upon swelling, frequency sweeps were conducted on each material to 

determine whether the gel moduli were affected by the crosslinking metal identity. 

Representative rheological frequency sweeps are shown in Figure 28.  

Qualitatively, the metal-containing gels P1●Cu and P1●Fe were self-standing 

materials while the polymer solution P1 was a viscous liquid. In addition, the storage 

and loss modulus curves of the metal-containing gels P1●Cu and P1●Fe differ 

significantly from those of the uncrosslinked polymer solution of P1. Both the loss and 

storage moduli of the metal-containing films are also at least an order of magnitude 

higher than those of the uncrosslinked film at all frequencies (Figure 31), indicating that 

the metal ions and chelating units are indeed crosslinking the polymer to create the gels.  
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Figure 31. Rheological frequency sweeps of polymer gels in toluene. Storage moduli 

G’ and loss moduli G” of (A) gel P1●Cu at 59 mass% polymer, (B) gel P1●Fe at 56 

mass% polymer, and (C) un-crosslinked solution P1 at 67 mass% polymer. Sweeps for 

P1●Cu and P1●Fe were performed at 23 °C in air at 5% amplitude with 8mm parallel 

plate geometry. Sweep for P1 solution was performed at 23 °C in air at 5 % amplitude 

with 25 mm cone and plate geometry. 
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As expected, the storage moduli of the crosslinked gels P1●Cu and P1●Fe 

decrease as more solvent is added (Figure 32). When G’ versus volume fraction polymer 

is plotted at the approximate plateau modulus (at the frequency 99.6 rad/s), the copper-

crosslinked gels P1●Cu decrease in modulus slightly more quickly with decreasing 

volume fraction polymer than the iron crosslinked gels P1●Fe. The volume fraction was 

calculated using the mass of the gel, the mass of polymer originally used, and the 

densities of the majority monomer cis-cycloocetene and the solvent toluene.  

 

Figure 32. For P1●Cu and P1●Fe, the plateau modulus (G’ at 99.6 rad/s) is plotted as a 

function of the volume fraction of polymer. 

 

The plateau region for G’ becomes increasingly narrow as the volume fraction of 

polymer decreased for P1●Cu (Figure 33). This behavior essentially brings the 

crosslinked gels closer to the behavior of the uncrosslinked P1 solution, for which no 
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plateau modulus was reached and across entire frequency regime tested. We attribute 

this data to more quickly relaxing Cu(II) crosslinks compared to Fe(II) crosslinks, and to 

faster relaxation in more dilute conditions (decreased polymer volume fraction). At low 

volume fractions of polymer, when the ligand is essentially more dilute, the copper 

likely transitions to a mixture of 1:1 and 2:1 binding with the ligand, lowering the 

number of effective crosslinks. A decrease in number of crosslinks would explain why 

the storage modulus of the Cu(II) gels decreases faster than that of the Fe(II) gels. This is 

an important piece of information because, if some of the Cu(II) crosslinks are 

dissociating to 1:1 complexes, then the overall number of active strands due to crosslinks 

is changing in comparison to the Fe(II) gel.  

   

 

Figure 33. G’ of P1●Cu and P1●Fe, showing increased frequency dependency with 

decreasing polymer content for P1●Cu. ϕ is the mass percent polymer of the sample. 

Frequency sweeps were conducted at 5% amplitude in air at 23 °C with 8 mm parallel 

plate geometry. 

― ϕ = 0.59         ― ϕ = 0.53           ― ϕ = 0.47  

― ϕ = 0.34       ― ϕ = 0.29 

 

 

― ϕ = 0.79         ― ϕ = 0.56           ― ϕ = 0.53  

― ϕ = 0.42       ― ϕ = 0.34         ― ϕ = 0.31         
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So, preliminary rheological characterization suggests that, while these gels can be 

used to determine the effect of the metal center on material properties at high polymer 

contents, in dilute conditions, part of the change in material properties will be due to 

change in the number of crosslinks. This platform is most applicable to the goal of 

determining force-mediated network behavior in high-polymer-content gels. At lower 

polymer concentrations, the solution-state kinetics of Cu(II)-ligand dissociation become 

more important and therefore must be explored further. One way to explore the kinetics 

of ligand dissociation is by functionalizing the ligand with a fluorescent marker that is 

quenched upon metal association. It is difficult to determine kinetic constants with the 

current system and UV-visible spectroscopy because of the overlap in the UV spectra of 

the metal complex and the free ligand. Fluorescence spectroscopy could provide a more 

quantitative picture of the concentration dependence of Cu(II) versus Fe(II) binding, 

which could in turn be correlated with gel polymer content.   

Relaxation of the copper complexes is also observed in the loss modulus data; the 

lower the volume fraction of polymer, higher the frequency at which G” peaks (Figure 

34). That is, when there is more solvent in the environment, the copper complexes relax 

faster. It is possible that this faster relaxation is due to increasing dissociation constant 

with decreasing concentration. The iron complexes do not exhibit relaxation in the 

frequency range explored, supporting the hypothesis that they are more kinetically 

stable than the copper complexes.  
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Figure 34. G” curves focusing on the relaxation of the crosslinks from frequency 

sweeps of the copper-crosslinked gels P1●Cu. ϕ is the mass percent polymer of the 

sample. Frequency sweeps were conducted at 5% amplitude in air at 23 °C with 8 mm 

parallel plate geometry. 

 

These gel studies have revealed first and foremost that in a material context, 

copper binds at least partially in a 2:1 stoichiometry with the ligand at all volume 

fractions tested. Secondly, the material properties of the gels, namely the relaxation 

timescales, can be tuned by changing the metal identity even at high polymer content 

where 2:1 ligand:metal binding dominates for both metal species.  

― ϕ = 0.59         ― ϕ = 0.53           ― ϕ = 0.47 

― ϕ = 0.34       ― ϕ = 0.29 

 

 

G”, P1●Cu 
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4.3 Conclusion 

We have demonstrated that the polymeric platform used to create homogenous 

elastomers can be extended to create self-standing gels of various polymer content. 

Furthermore, we have demonstrated that the relaxation time of these gels can be tuned 

by manipulating the metal identity and the gel polymer content. Further tuning of the 

relaxation time could be achieved with characterization of additional metal species. It 

would also be interesting to create gels with more than one metal species, for example 

50% Cu(II) and 50% Fe(II), to achieve materials with multiple relaxations. This does not 

require high polymer content and could afford gels with desirable mechanical 

properties, such as being self-standing like low-polymer-content Fe(II)-crosslinked gels, 

at the same time exhibiting functionalities such as self-healing based on fast-relaxing 

crosslinks like the Cu(II) complexes. One could even imagine the use of such a gel to 

release metal ions into the surrounding environment. If a Cu(II) gel was made, then put 

at the interface between a dilute Fe(II) solution and a metal-free solution, the Fe(II) 

would slowly exchange with the Cu(II), releasing Cu(II) into the metal-free solution. 

Since the relaxation time of the Fe(II) crosslinks, once formed, is very slow, the Fe(II) 

network would release few Fe(II) ions into the initially metal-free solution. Such a 

system could be used to control the timescale of copper release into an environment, for 

example to achieve antimicrobial functionality.95,96 Alternatively, depending on the 

relative relaxation times of toxic metals such as chromium, the quickly-relaxing Cu(II) 
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crosslinked gel could act as a filter, releasing environmentally-benign Cu(II) and 

capturing toxic metals with slow relaxation times (Figure 35). If the toxic metal had a 

slow enough relaxation time, the filter could be removed before any was re-released into 

the environment. 

 

Figure 35. Schematic representation of a filter system exploiting the quickly-relaxing 

Cu(II)-crosslinked gel discussed in this work. 

 

4.4 Experimental 

4.4.1 General Considerations 

The monomers and polymer P1 were synthesized as described in Chapter 3. 

Anhydrous toluene was used as received from VWR. All rheological characterization 

was conducted on an Anton Paar MCR 702 rheometer.  
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4.4.2 Gel Preparation 

Films F1•Fe and F1•Cu were swollen with toluene to make gels for rheological 

characterization. Toluene was used for its high boiling point, which facilitated 

rheological testing, as well as to enable better comparison to the solution state UV-Vis 

studies in 95:5 v/v toluene: methanol. Each film’s mass was recorded using a 

microbalance, then toluene was added dropwise to the top of the film. The film and 

toluene were allowed to equilibrate for one h, at which time the mass was recorded 

again to determine the relative content of solvent and network. The gel was then 

immediately subjected to a rheological frequency sweep at 5% amplitude using 8 mm 

parallel plate geometry, after which more solvent was added and the procedure was 

repeated. This process yielded frequency sweeps for gels with a range of polymer 

content. 
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Conclusion 

As the mechanochemistry of organometallic complexes has yet to be 

systematically studied in the context of molecule-to-material relationships, and as it has 

potential for useful application in functional materials, the aims of this work were: (i) to 

explore prior work related to the molecular-level activation of metal-ligand bonds by 

mechanical force, and (ii) to design and characterize a polymeric network crosslinked by 

metal-ligand complexes that can be used as a modular platform for systematic 

investigation of the effects of mechanical force on metal-ligand bonding. Regarding (i), 

there is much valuable relevant work which sets the stage for a more systematic study of 

the effects of metal identity and ligand sphere sterics and electronics. Regarding (ii), we 

have demonstrated the use of metal-ligand complexes as modular crosslinks in a 

polymer network and designed them with careful consideration of variables affecting 

mechanical properties of the materials outside of the crosslinking metal identity, namely 

aggregation of the crosslinks and the density of active strands. Changing the metal 

identity from Fe(II) to Cu(II) does not appreciably change the aggregation behavior or 

active strand density observed in crosslinked films of the polymer P1, but it was clearly 

demonstrated that this change in metal identity did significantly alter the extensibility 

and tearing energy of the films. For the copper-crosslinked films, the extensibility was 

three times that of the iron-crosslinked films, and the tearing energy was approximately 

twice that of the iron-crosslinked films. We tentatively attribute this behavior to the 
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faster relaxation of the Cu(II) crosslinks, which allows the dissipation of energy without 

breaking backbone carbon-carbon bonds. Due to the reversible nature of the metal-

ligand bonds, the crosslinks can reform on the timescale of tensile testing and fracture 

testing, allowing the material to flow but also reform its crosslinks before carbon-carbon 

bond rupture leads to film rupture.  

The same polymer system tested in the dry elastomer state was also investigated 

rheologically as toluene organogels. This investigation lent support to the hypothesis 

that the Cu(II) complexes are more susceptible to the dissociation of one ligand because 

as the gels’ polymer concentration decreased, the storage modulus because increasingly 

frequency dependent, indicating a decrease in the number of active crosslinks despite 

the same number of chelating repeat units in the polymer. The gel studies also 

highlighted the possibilities associated with multiple relaxation times in multi-metal 

gels, including self-healing materials.  

Looking to the future, these polymers can be used with little or no synthetic 

modification for single molecule force spectroscopy and characterization by 

ultrasonication. While this work describes the material aspect of the molecule-to-

material relationship in this system, it also provides a direct avenue for investigation of 

the molecular aspect. Furthermore, we have designed the ligand-bearing repeat units to 

be synthetically accessible with a range of substituents to afford facile, systematic 

alteration of the electronics and sterics of the ligand sphere. This adds another handle to 



 

102 

manipulate the behavior under force of these complexes, outside the metal identity 

manipulation demonstrated in this work.  

An additional application of this ligand that could be useful in further defining 

the molecule-to-material relationship of this system is a covalently-bridged dimer of 

ligands to form a nonscissile loop-like mechanophore. Such a structure would provide 

an alternative means to obtain single-molecule force spectroscopy characterization of 

this type of system and would enable the release of stored length from the rupture of a 

metal-ligand bond. A schematic of such a structure is shown in Scheme 8, and the 

synthetic details of intermediates in the progress towards this loop ligand are contained 

in the Appendix of this dissertation.  

 

Scheme 8. Schematic of suggested macrocyclic monomer amenable to ring-opening 

metathesis polymerization. 
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Appendix 

Synthesis of Intermediates Toward Loop Ligand 

 

Scheme 9. Synthesis of 11.  

Preparation of 11 (methyl 6-((5-cyano-2-

(methylamino)phenyl)carbamoyl)picolinate): 453 mg (2.50 mmol, 1.0 eq) of 10, 368 mg 

(2.50 mmol, 1.0 eq), and 948 mg (2.50 mmol, 1.0 eq) HBTU were added to a flame-dried 

40 mL scintillation vial with a septum cap and stir bar. A needle was used to evacuate 

and refill the vial with a nitrogen atmosphere three times. 5.0 mL anhydrous DMF was 

added via syringe to the and it was stirred to disperse the solids. 1.0 mL DIPEA was 

added to the stirring reaction mixture in one portion via syringe, immediately initiating 

a change from cloudy brown solution to clear, reddish pink solution. Within 15 minutes, 

fluffy light pink precipitate began to form. The mixture was stirred overnight, then 

opened to air and diluted with 15 mL cold, deionized water. This caused the 

precipitation of a very light pink, fluffy solid, which was filtered out of the solution and 
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washed three times with 15 mL each of cold, deionized water. The resulting light pink 

powdery solid was dried in vacuo to yield 563 mg (72.6%) and was used without further 

purification. 1H NMR (500 MHz, DMSO [D6]) δ = 9.77 (s, 1H), 8.27 (m, 3H), 7.57 (d, 1H), 

7.54 (dd, 1H), 6.71 (d, 1H), 6.33 (s(br), 1H), 3.95 (s, 3H), 2.76 (s, 3H). 13C NMR (500 MHz, 

DMSO [D6]) δ = 165.18, 163.40, 150.73, 149.06, 146.99, 139.90, 132.60, 130.97, 127.86, 

126.13, 122.79, 120.59, 110.69, 95.83, 53.22, 29.79. MS (ESI+): m/z  311.1 (MH+). 

 

Scheme 10. Synthesis of 12.  

Preparation of 12 (6-(5-cyano-1-methyl-1H-benzo[d]imidazol-2-yl)picolinic acid): 

310 mg (1.0 mmol, 1eq.) of the solid 11 was dispersed in 14.0 mL of 3.0 M hydrochloric 

acid (aq.) in a 25 mL round bottom flask with a stirbar and a small vigreaux condenser. 

The mixture of pink solid and pink liquid was heated to 70 C and stirred 18 hours. The 

mixture was cooled to room temperature and 5.0 M sodium hydroxide solution (aq.) 

was added dropwise until the pH was between 5 and 6. The solid was filtered off and 

washed three times with 10 mL cold, deionized water. Drying in vacuo resulted in 266 

mg (95.7%) of off-white solid that was used without further purification. 1H NMR (500 
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MHz, DMSO [D6]) δ = 13.33 (s(br), 1H), 8.545 (dd, 1H), 8.295 (d, 1H), 8.24-8.16 (m, 2H), 

7.89 (d, 1H), 7.73 (dd, 1H), 4.38 (s, 3H). 13C NMR (500 MHz, DMSO [D6]) δ = 8.53 (dd, 

1H), 8.285 (d, 1H), 8.211 (t, 1H), 8.177 (dd, 1H), 7.886 (d, 1H), 7.731 (dd, 1H), 4.379 (s, 

3H). MS (ESI+): m/z 279.1 (MH+). 

 

Scheme 11. Synthesis of 13.  

Preparation of 13 (4-methoxy-N1-methylbenzene-1,2-diamine): 911 mg (5.0 

mmol, 1.0 eq) of N-methyl-4-methoxy-2-nitroaniline and 378 mg (10.0 mmol, 2.0 eq) 

sodium borohydride was added to a 250 mL round bottom flask with a stirbar and 

closed with a rubber septum. The flask was evacuated and refilled three times with a 

nitrogen atmosphere. In a separate flask, 60.0 mL ethanol and 20.0 mL deionized water 

were mixed and sparged for 20 minutes with nitrogen. A cannula was used to transfer 

the solvent mixture from its flask to the reaction flask containing the nitroaniline. 

Meanwhile, 11.2 mg (0.050 mmol, 0.010 eq) palladium(II) acetate was added to a flame-

dried 7 mL scintillation vial with a septum cap. 1.0 mL of ethanol was added to this vial 

to dissolve the catalyst. A syringe was used to transfer the catalyst solution from the vial 

to the vigorously stirring reaction mixture in one portion. Upon its addition, the color of 

the reaction mixture changed immediately from orange to red, and continued to darken 
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to brown over time. The reaction was stirred at room temperature for 18 hours, after 

which TLC in ethyl acetate showed no remaining starting material. 50 mL brine was 

added and the mixture was extracted three times with 50 mL each of ethyl acetate. The 

combined organic layers were washed with 50 mL deionized water once, then dried 

with magnesium sulfate, filtered, and dried in vacuo to yield a dark brown, oily solid. A 

silica plug using ethyl acetate as the eluent was run. The resulting 498 mg (63.8%) of 

dark brown, sticky solid was kept under nitrogen atmosphere and used without further 

purification. 1H NMR (500 MHz, DMSO [D6]) δ = 6.29 (d, 1H), 6.20 (s, 1H), 6.085 (dd, 2H), 

4.25 (s(br), 2H), 4.16 (s(br), 1H), 3.58 (s, 3H), 2.64 (s, 3H). 13C NMR (500 MHz, DMSO 

[D6]) δ = 151.92, 136.91, 131.35, 109.99, 101.14, 101.04, 54.87, 30.91. MS (ESI+): m/z 153.1 

(MH+). 

 

Scheme 12. Synthesis of 14.  

Preparation of 14 (2-(6-(5-methoxy-1-methyl-1H-benzo[d]imidazol-2-yl)pyridin-

2-yl)-1-methyl-1H-benzo[d]imidazole-5-carbonitrile): A flame-dried 250 mL round 
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bottom flask with a stirbar and septum was charged with 1.09 g (3.90 mmol, 1.0 eq) 12, 

594 mg (3.90 mmol, 1.0 eq) 13, and 1.48 g (1.0 mmol, 1.0 eq) HBTU. The sealed flask was 

evacuated and refilled with nitrogen atmosphere three times. 10.0 mL anhydrous DMF 

was added to the vial via syringe. With vigorous stirring, 2.0 mL DIPEA was added to 

the reaction mixture via syringe. The mixture was stirred at 50 °C for 12 hours. After 12 

hours, 10.0 mL 3.0 M hydrochloric acid (aq) was added to the vial via syringe, which 

caused an immediate change in color from light pink to bright magenta. The mixture 

was stirred at room temperature overnight. To obtain the product, the pH was adjusted 

to 7 with 5.0 M sodium hydroxide solution (aq), which caused a light brown solid to 

precipitate. The solid was filtered off and washed three times with 10 mL cold, 

deionized water, then dried to yield 1.35 g (87.8%) light brown solid that was used 

without further purification. 1H NMR (500 MHz, DMSO [D6]) δ = 8.426 (d, 1H), 8.390 (d, 

1H), 8.340 (s, 1H), 8.231 (t, 1H), 7.929 (d, 1H), 7.761 (dd, 1H), 7.589 (d, 1H), 7.277 (d, 

1H),7.003 (dd, 1H), 4.287 (s, 3H), 4.231 (s, 3H), 3.828 (s, 3H). MS (ESI+): m/z 395.3 (MH+). 
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Scheme 13. Synthesis of 15.  

Preparation of 15 (2-(6-(5-hydroxy-1-methyl-1H-benzo[d]imidazol-2-yl)pyridin-

2-yl)-1-methyl-1H-benzo[d]imidazole-5-carbonitrile): A flame-dried 2-neck 50 mL round 

bottom flask was fitted with a reflux condenser and then was charged with 1.35 g (3.42 

mmol, 1.0 eq) of 14. Septa were used to close the system, and it was then evacuated and 

refilled with nitrogen three times. 10.0 mL anhydrous dichloromethane was added to 

the vial via syringe to disperse the solid 5. 10.3 mL 1.0 M (10.3 mmol, 3.0 eq) boron 

tribromide solution in dichloromethane (commercial, Sigma Aldrich) was added slowly 

to the stirring reaction vial in one portion via syringe. The cloudy light brown solution 

turned cloudy mauve. After stirring for 12 hours at 40 °C, the solution was opened to air 

and 20.0 mL water was added. The mixture was poured into a beaker containing 50 mL 

di water. The pH was adjusted to 7.0 with 10 M NaOH (aq) solution. The brown 

precipitate was then filtered from the mixture, washed four times with 20 mL di water, 

and dried. This yielded 951 mg (73.2%) of a light brown solid. 1H NMR (500 MHz, 
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DMSO [D6]) δ = 9.22 (s, 1H), 8.415 (dd, 1H), 8.395 (dd, 1H), 8.330 (d, 1H), 8.212 (t, 1H), 

7.916 (d, 1H), 7.756 (dd, 1H), 7.475 (d, 1H), 7.057 (d, 1H), 6.875 (d, 1H), 4.288 (s, 3H), 

4.194 (s, 3H). δ. MS (ESI+): m/z 381.3 (MH+). 
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Scheme 14. Suggested route for remaining synthetic steps to loop ligand. 
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Fitting Information for SAXS Data  

 

Figure 36. Fitting of SAXS data for F1. Blue points are the raw intensity data. Yellow 

points are the fitting of Equation 8 to the raw data between q = 0.02 and 0.06. Orange 

points are the fitting of the data between q = 0.00541 and 0.01, representing Porod law 

scattering. Gray points are this fitting from Porod’s law subtracted from the raw data.  

Origin was used to plot and fit all data.  
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Figure 37. Fitting of SAXS data for F1●Fe. Blue points are the raw intensity data. 

Yellow points are the fitting of Equation 8 to the raw data between q = 0.05 and 0.15. 

Orange points are the fitting of the data between q = 0.00541 and 0.01, representing 

Porod law scattering. Gray points are this fitting from Porod’s law subtracted from the 

raw data.  Origin was used to plot and fit all data.  
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Figure 38. Fitting of SAXS data for F1●Cu. Blue points are the raw intensity data. 

Yellow points are the fitting of Equation 8 to the raw data between q = 0.05 and 0.15. 

Orange points are the fitting of the data between q = 0.00541 and 0.01, representing 

Porod law scattering. Gray points are this fitting from Porod’s law subtracted from the 

raw data.  Origin was used to plot and fit all data.  
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Table 5. Fitting parameters for Equation 8 for raw SAXS data I(q). F1●Fe and F1●Cu 

were fit between q = 0.05 and 0.15. F1 was fit between q = 0.02 and 0.06. 

 

  

F1●Fe before correction 

by Porod law 

  

F1●Cu before 

correction by Porod 

law 

  

F1 before correction 

by Porod law 

  

Parameter value  +/- value  +/- value  +/- 

A 1.32E-05 1.25E-07 3.13E-05 2.56E-07 6.86E-06 1.03E-07 

B 3.87E-06 2.25E-08 3.00E-06 1.94E-08 1.46E-07 5.07E-09 

Ra (Å) 16.73 0.09 16.53 0.07 26.95 0.20 

Rc (Å) 32.05 0.05 32.23 0.06 65.29 0.39 

 

Table 6. Fitting parameters for Equation 8 for raw SAXS data minus the value of IPorod 

for Porod law scattering at each q, I’(q). F1●Fe and F1●Cu were fit between q = 0.05 

and 0.15. F1 was fit between q = 0.02 and 0.06. 

 

  

F1●Fe after correction 

by Porod law 

  

F1●Cu after 

correction by Porod 

law 

  

F1 after correction by 

Porod law 

  

Parameter value  +/- value  +/- value  +/- 

A 1.34E-05 1.51E-07 3.18E-05 2.65E-07 7.38E-06 7.59E-07 

B 3.98E-06 2.51E-08 3.14E-06 2.13E-08 1.95E-07 8.91E-09 

Ra (Å) 16.42 0.10 16.18 0.08 25.19 1.06 

Rc (Å) 32.12 0.05 32.32 0.05 64.02 0.77 

 

Table 7. Fitting parameters K and a for Porod’s law (Equation 29) for raw SAXS data 

between q = 0.00514 and 0.01. 

 

  F1●Fe F1●Cu F1 

K 1.2E-06 7.0E-06 4.5E-06 

a 3.0 2.7 2.8 

 

 

 A Porod law can be used to describe the differences in density between areas in a 

material.97 To determine whether scattering resulting from differing areas of density in 
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the material, indicated by the trend of increasing I at low values of q in the SAXS data, 

affected the fitting of Equation 8 to the SAXS data, the data between q = 00.514 and 0.01 

was fit with a modified Porod law97 

 

where I is the scattering intensity, K is the Porod scaling factor, and α is the Porod 

exponent, which is related to the interface between the polymer-rich and polymer-lean 

regions in the swollen networks. α is 4 for smooth surfaces, but higher and lower values 

indicate a surface density gradient and a rough surface, respectively. 

The resulting fitting parameters from the modified Porod law were used to find 

IPorod at each value of q. Next, IPorod was subtracted from each value of I in the raw dataset 

to get I’(q). Finally, the new dataset I’(q) was again fit with Equation 8, and the resulting 

fitting parameters Ra, RC, a, and b were compared to the original fitting parameters for 

Equation 8 with the raw data. As can be seen by comparing Tables 5 and 6, the 

subtraction of Porod’s law scattering does not significantly alter the fitting parameters 

for Equation 8, and therefore does not detract from the fact that the size and spacing of 

the small aggregates observed in F1●Fe and F1●Cu are nearly identical to each other.

Equation 29 
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