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1.) PROJECT ACTIVITIES COMPLETED DURING THE REPORTING PERIOD. (Describe project 
progress specific to goals, objectives, and deliverables identified in the project workplan.) 
 
Since our last report, researchers co-advised by Professors Ian Tonks and Marc Hillmyer have 
tried to understand the factors contributing to inhibition of molecular weight growth for the 
polymerization of hydroxymethyl styrene. Initial attempts have focused on transesterificative 
degradation (Figure 1) of isolated polymer samples with methanol in an effort to isolate and 
characterize the individual repeat units that make up the polymer backbone.  
 

 
Figure 1. Methanolysis of poly(VBA-CO) and proposed products based on 1H NMR and ESI-MS. 
 
We hypothesize that side reactions or polymer defects are likely leading to inhibition of polymer 
growth and that these should be identifiable by isolating the individual repeat units. Analysis of 
the polymer sample by size exclusion chromatography before and after methanol digestion has 
shown that all of the higher molecular weight (3-4 kg/mol) material is gone, and analysis by 1H 
NMR shows growth of a methyl ester peak and benzyl alcohol peak, consistent with 
transesterification of the benzyl ester under these conditions. Characterization of the crude material 



by ESI-MS shows the predominant peaks to be consistent with the structures shown above in Fig. 
1, supporting the hypothesized repeat unit structure shown in Fig. 2. 
 

  
Figure 2. Polymerization of hydroxymethyl styrene (or VBA) 
 
However, a drawback of this method is that the concentration of terminated/degraded end-groups 
or other polymer defects are likely to be low and may be difficult to detect and isolate using this 
method. Thus, we ran the reaction under an N2 atmosphere instead of under CO (Figure 3), 
expecting to see greater evidence of competing side reactions. Indeed, analysis of the crude 
reaction mixture by 1H NMR and GC-MS revealed the presence of a number of side products, 
namely those stemming from alcohol oxidation, transferhydrogenation, and hydrovinylation, all 
of which result in the termination/degradation of the monomer/polymer end-groups and are likely 
to inhibit molecular weight growth. Furthermore, identification of these side-products has allowed 
us to assign some previously unassigned peaks in the 1H NMR spectra for the crude polymerization 
reactions, further supporting the operation of these side reactions under polymerization conditions. 
 

 
Figure 3. Side products observed when hydroesterification was carried out in the absence of CO. 
 
Thus, we feel that we have a more complete picture of why the hydroesterificative polymerization 
of hydroxymethyl styrene is so limited in terms of molecular weight, namely that this monomer is 
particularly susceptible to alcohol oxidation and transferhydrogenation, which ultimately lead to 
an imbalance of functional groups and limit molecular weight. We are near the end of drafting our 
manuscript and hope to submit for publication very soon. Looking forward, we hypothesize that 
changing the monomer system may allow us to circumvent some of these issues. Figure 4 
highlights some of the monomers that we are currently targeting to test this hypothesis. 
 

 
Figure 4. New monomer targets hypothesized to mitigate alcohol oxidation and 
transferhydrogenation. 



 
In addition to the work with vinylbenzyl alcohol we have continued to explore the 
hydroesterification of 4-vinylphenolic type monomers derived from vanillin. In our last report, we 
highlighted the fact that despite observing hydroesterification between guiacol (2-methoxyphenol) 
and styrene, the analogous reaction with 4-hydroxy-3-methoxystyrene showed no ester formation 
(Figure 5). We hypothesized that switching to the isomeric 3-hydroxy-4-methoxystyrene might 
lead to more favorable reactivity, with the hydroxyl group meta to the vinyl group, but 
unfortunately no reactivity was observed. Currently, we are pursuing the alkylation of the phenolic 
moiety with 2-chloroethanol (Figure 5) in an attempt to generate a more nucleophilic alcohol.   
 

 
Figure 5. Scheme highlighting lack of reactivity for hydroxyl-methoxy styrene type monomers, 
and new proposed target monomers. 
 
In related work, we are continuing to explore new catalyst structures that can be used for the 
hydroesterificative polymerization reaction and related polymerizations. These catalysts are 
bifunctional, in that they include a binding pocket for a metal catalyst, and a secondary site that 
could aid in the recruitment of biomolecules for polymerization (Figure 6). In the examples below, 
the pyridine or bipyridine unit serve as the secondary recruitment site. To date, we have 
synthesized several new ligand frameworks and are currently examining synthetic routes to access 
the metal catalysts based on these ligands. We have recently obtained X-ray crystallographic 
evidence (Figure 6, right) that we can successfully synthesize Ti complexes using these ligands 
and will be shortly examining their polymerization competence.  
 

   
 
Figure 6. Left: new ligand synthesis for polymerization catalysts. Right: an example of a 
structurally-characterized Ti complex bearing our new ligand framework. 
 
2.) IDENTIFY ANY SIGNIFICANT FINDINGS AND RESULTS OF THE PROJECT TO DATE.  
 
In the Tonks/Hillmyer project, we have identified key side reactions that likely lead to end-group 
degradation in the hydroesterificative polymerization of hydroxyl methyl styrene. Based on these 
findings we propose that new monomer motifs might help circumvent these issues, which are 
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potentially general and fundamental to this method of polymerization. We are close of completing 
a manuscript draft and submitting for publication. 
 
To our surprise, we have not been able to get any of the hydroxyl-methoxy styrene derivatives to 
participate in hydroesterification. To circumvent this, we propose alkylation of the phenolic moiety 
with 2-chloroethanol in an attempt to generate a more nucleophilic, primary alcohol, which we 
expect to be more reactive. 
 
In the project led by Professor Thomas Hoye, using samples of the monomer 4-ketovalerolactone 
(KVL) prepared from levulinic acid, in turn available from six-carbon sugars such as fructose and 
glucose (formic acid is a byproduct), researchers have prepared samples of 
poly(ketovalerolactone) (PKVL) by ring-opening transesterification polymerization (ROTEP) 
(Figure 7, panel a). We are beginning to explore the physical properties of this new material. 
Although preliminary at this stage, it is clear that the properties possessed by this polymer are 
sufficiently promising to warrant investigation of improved methods of synthesis of the precursor 
monomer, KVL, and we are beginning to investigate this.  
 
With a sample of PKVL already in hand, we have explored its hydrolytic cleavage by in situ NMR 
monitoring (Figure 7, panel b). The degradation is pH-dependent and the rapid breakdown is 
encouraging, suggesting potential environmental advantages following end-of-use is PKVL were 
to ever find its way into i) useful plastics and products and ii) the waste stream. To help us 
understand some of the spectral features, we have also hydrolyzed the KVL monomer itself, which 
ring-opens to 5-hydroxylevulinic acid (HLA, Figure 7, panel c). 
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Figure 7. a. Synthesis of PKVL from KVL by ring-opening transesterification (ROTEP).  b. 
Summary of some representative data describing the hydrolysis of PKVL. c. Hydrolysis of KVL 
to HLA. 
 
A representative set of NMR spectral data, shown in Figure 8, from which one can deduce the 
extent, rate, and cleanliness of the conversion of either KVL or PKVL to HLA. 
 

 
 
Figure 8.  
 
 
3.) CHALLENGES ENCOUNTERED. (Describe any challenges that you encountered related to project 
progress specific to goals, objectives, and deliverables identified in the project workplan.) 
 
The problems identified with the hydroesterificative polymerization of hydroxyl methyl styrene in 
the Tonks/Hillmyer project appear to be general to this method of polymerization. While we hope 
that changing the monomer system will help, we are still trying to identify ways to avoid these 
debilitating side reactions. 
 
In the Hoye project, we have studied further the selectivity of the bromination of levulinic acid 
(LA). This crucial step in the conversion of LA to KVL still does not have an efficient solution. 
This has prompted us to consider other methods of synthesis of KVL (as briefly mentioned above). 
 
4.) FINANCIAL INFORMATION (Describe any budget challenges and provide specific reasons for 
deviations from the projected project spending.) 
 
Nothing to report 
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5.) EDUCATION AND OUTREACH ACTIVITES. (Describe any conferences, workshops, field days, etc 
attended, number of contacts at each event, and/or publications developed to disseminate project results.) 
 
The Green & Sustainable Chemistry Workshop for 
High School Teachers, led by Center for Sustainable 
Polymers investigator Jane Wissinger, was held at 
the University of Minnesota July 17-19, 2018. 19 
teachers attended from across the state of Minnesota, 
including Marshall, Morris, Cook County, Kettle 
River, the Twin Cities metro and other locations. 
The workshop is offered at no cost to participating 
teachers, focuses on the principles of green 
chemistry, industrial applications, and potential 
impacts to human health and the environment. The 
workshop provides shared lesson plans and introduces teachers to drop-in replacements for 
traditional chemistry laboratories in topics such as bioplastics, design engineering, and 
biomimicry. In a post-workshop survey all participants strongly agreed that they would 
recommend the workshop to other high school chemistry teachers. They also demonstrated intent 
to incorporate the content into their chemistry courses over the next three years.  
 
Additionally, several personnel involved in the project volunteered to staff the Center for 
Sustainable Polymers’ exhibit on green chemistry and bioplastics at the Minnesota State Fair in 
August 2018. Laura Seifert, Jennifer Henderson, and Gereon Yee (Hillmyer/Tonks advisee) 
participated in the event, which is a great opportunity to talk to the general public about the 
important role of basic research and green chemistry in their everyday lives. The exhibit is in the 
Eco-Experience building and is staffed for twelve hours a day each day of the fair. Approximately 
250,000 fair goers visit the building annually. 


