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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 the last report, one of the main objectives of the work in the Hillmyer and Tonks groups with 
polymerizing HMS has been directed towards understanding changes in molecular weight (MW) over the 
course of the polymerization reaction, and finding good ways to characterize MW changes early on in the 
reaction when MW is expected to be below the detectable threshold for size-exclusion chromatography 
(SEC). To this end, effort has focused on the application of diffusion ordered spectroscopy (DOSY), which 
can be used to measure the diffusion constant (D) of a molecule in solution and which can subsequently be 
correlated with a MW value by way of external calibration using the empirical relationship logD ∝ logMW. 
Thus, diffusion measurements were performed for a set of relatively mondispersed polystyrene standards 
(Ð < 1.14) ranging in MW from ~ 374 g/mol all the way to ~128,000 g/mol to construct an external 
calibration curve of logD vs. logMW, and used this to determine MW values for our synthesized poly(HMS-
CO) polymers. Plotting the change in MW against polymer conversion gives the plot shown in Figure 1 
(left), which displays an exponential increase in MW at high conversions, characteristic of a step-growth 
polymerization mechanism.  
 

 



Figure 1. (Left) Plot of degree of polymeriztation (Np) vs. extent of reaction (p), using data from both 
DOSY (black) and SEC (red) measurements. The data is fit to Carother’s equation, highlighting that a 
maximum Np value of ~ 47. (Right) Plot of MW vs. reaction time for data obtained from both DOSY (black) 
and SEC (red) measurements. The region of linear MW growth with respect to reaction time is highlighted 
by linear fits to the data for t = 6-16 h. 
 
Plotting the MW vs. time for the DOSY measurements (Figure 1, right, black data) displays an induction 
period at early time points (t < 6 h), which then leads to a period of linear MW growth over time, and which 
appears to drop-off beyond ~16 h. This data is corroborated by SEC analysis of reactions beyond 6 h, which 
shows a similar trend in MW growth over time, but to a much lesser degree—the max. MW value observed 
by SEC is ~8000 g/mol compared to ~18,000 g/mol by DOSY. However, considering the statistical errors 
associated with the MW values determined by DOSY (which are large due to propagation from the error in 
logMW from the calibration curve), these values are in the same range. Thus, with this data, it is established 
that the polymerization of HMS occurs via a typical step-growth polymerization mechanism as originally 
hypothesized, and that the growth in MW stops after ~16 h of reaction time.  
 
The mechanism for terminating the polymerization is something currently under investigation, but our 
preliminary findings point to the absence of end-groups after ~16 h. This is mainly substantiated by the fact 
that when polymer is precipitated from the reaction mixture, no end-groups are observed by NMR 
spectroscopy, and attempts to functionalize any remaining benzyl alcohol end-groups with reagents such 
as trifluoroacetic anhydride, trichloroacetyl chloride, or tert-butyl-di-methylsilyl chloride, do not result in 
new peaks that are identifiable. Currently the goal is to work towards fully degrading the isolated polymer 
with H2SO4 in MeOH in an attempt to deconstruct the polymer into the individual repeat units (Figure 2), 
in order to identify any fragments that might support the presence of side reactions or the formation of 
polymer defects leading to termination of the polymerization reaction.  
 

 
 
Figure 2. Proposed scheme for the decomposition of the poly(HMS-CO) into the esterified repeat units. 
 
In addition, researchers have also been exploring the origins of the poor polymerization reactivity of 
phenolic type olefinic alcohols such as eugenol and chavicol. As identified in previous work, the key 
problem with polymerizing these natural products stems from the reactivity on the olefin end of the 
molecule, particularly in the propensity for the Pd-catalyst to isomerize the olefin to the β-methyl styrene 
and thus inhibit pre-coordination of the olefin to the Pd center which is requisite for the subsequent insertion 
into the Pd-H bond. To work around this, the focus is now on 3-methoxy-4-hydroxystyrene, which is the 
styrenic analogue of eugenol but which is unable to isomerize and deactivate in the way that eugenol can. 
Interestingly, this molecule can also be derived from the natural products vanillin and ferulic acid (Figure 
3).  
 

 



 
Figure 3. Synthetic routes to 3-methoxy-4-hydroxystyrene. 
 
Preliminary work with this monomer has shown that it too does not polymerize via hydroesterification in 
the way that HMS is able to, and control experiments have shown this to stem from the poor nucleophilicity 
of the phenolic moiety (Figure 4). As previously shown, guiacol, which is the analogue of this compound 
but without the vinylic tail, is able to readily participate in hydroesterification with olefins such as ethylene 
and styrene, and the lack of reactivity for the corresponding styrene monomer is a surprise. Currently, the 
reactivity of the isomeric 3-hydroxy-4-methoxystyrene, which is hypothesized to be more nucleophilic than 
the 4-hydroxy derivative, will be studied further.  
 

 
 
Figure 4. Hydroesterification of guiacol (top) and 3-methoxy-4-hydroxystyrene (bottom) with styrene, 
highlighting the lack of hydroesterification reactivity upon addition of the vinyl group to the 4-position.  

 
New salicylimine-(bi)pyridine ligated catalysts for hydroesterification and copolymerization reactions 
 
In addition to continued work on carbonylative polymerization as a route to polyesters, there is interest in 
developing new carbonylative routes to other types of polymer materials. Recently, an investigation into 
the copolymerization with bioderived alkenes with CO to make new bioderived polyketones began. 
Polyketones such as that made from ethylene and carbon monoxide inherently have very high thermal 
stability, with melting points well above 200 °C, whereas even ultrahigh molecular weight, linear 
polyethylene melts around 140 °C. However, polyketones suffer from brittleness, and are therefore difficult 
to process into useful materials. Adding functionality – even as simple as a methyl branch from 
incorporating propylene into the structure – greatly improves the material’s stress-at-strain. Thus, 
researchers postulate that using bioderived alkenes will benefit from improved properties for processing, 
as well as have the potential for post-polymerization functionalization via the monomers’ hydroxyl moieties 
(Figure 5).  

 
 
 
 
 
 
 



Figure 5. Left: Polyketone made from alternating ethylene and carbon monoxide copolymerization, which 
suffers from low stress-at-strain. Middle: goal polyketone from bioderived eugenol/chavicol and carbon 
monoxide. Right: new SALbpy catalysts for copolymerization studies. 
 
En route to this polymerization, 2 new catalysts based on Pd and Ni have been designed. These bipyridyl-
appended salicyclaldimine (SALbpy) ligands have a second binding pocket for other metals, and it is 
hypothesized that the polymerization behavior can be carefully tuned through metal additives. To date, 
these two new catalysts (Figure 5, right) have been synthesized, and will be attempting carbonylative 
polymerizations with these in the near future. 
 
 
2.) IDENTIFY ANY SIGNIFICANT FINDINGS AND RESULTS OF THE PROJECT TO DATE.  
 
The Tonks and Hillmyer groups have shown that the polymerization of HMS follows a typical step-growth 
mechanism by characterizing the changes in MW over the course of the reaction using DOSY and SEC 
measurements. These data highlight an abrupt MW ceiling of ~8 kg/mol beyond ~16 h of reaction. 
 
Towards understanding the polymerization of eugenol and chavicol type monomers, it has been shown that 
the styrenic analogue of eugenol (3-methoxy-4-hydroxystyrene) lacks the nucleophilicity to participate in 
hydroesterification, a surprising result given the previous reactivity observed with guiacol (2-
methoxyphenol). To circumvent this issue, it is proposed that an isomeric form of this monomer, 3-hydroxy-
4-methoxystyrene, should be a more competent nucleophile in these reactions given that the hydroxyl 
functionality should be much less deactivated by the vinyl group in the 3- versus the 4-position. 
 
The Hoye group has now spent considerable effort exploring the conversion of levulinic acid (LA), 
available from hydroxymethylfurfural (HMF) into the novel monomer 4-ketovalerolactone (KVL). This 
2-stage process, summarized in Figure 6, panel a, involves the bromination of LA into 5-bromolevulinic 
acid (5-BLA) followed by its subsequent conversion to KVL. The latter step is carried out under basic 
conditions and involves an intramolecular nucleophilic displacement of bromide ion. Polymerization of 
KVL into poly(KVL) has been preliminarily explored and early evaluation of the properties of this 
polymer gives us the incentive to further improve the synthetic routes for producing the KVL.  
 
Toward that end, the bromination reaction under a variety of different conditions has been studied, 
including with and without various additives. The product distribution comprises the five brominated 
products shown in Figure 6, panel b. To date conditions giving ca. 3:1 selectivity in favor of 5-BLA over 
3-BLA as the two dominant products have been achieved. Finally, an alternative approach to KVL is 
being explore in collaboration with a CSP researcher in the Hillmyer laboratory. This intellectual property 
may be protected. 
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Figure 6. a. Overview of the levulinic acid (LA) route to the novel monomer 4-ketovalerolactone (KVL).  
b. The selectivity issues associated with the key bromination of LA to 5-BLA. 
 
 
 
3.) CHALLENGES ENCOUNTERED. (Describe any challenges that you encountered related to project 
progress specific to goals, objectives, and deliverables identified in the project workplan.) 
 
One of the remaining challenges associated with the polymerization of HMS lies in identifying likely 
pathways of terminating the polymerization reaction. This question will be answered through degradation 
of the polyester into the respective repeat units, followed by isolation and characterization. It is hoped that 
this will be resolved quickly and a manuscript based on the results thus far is being drafted. 
 
In regards to the work with 3-methoxy-4-hydroxystyrene, this monomer too does not seem amenable to 
polymerization, despite the fact that the styrenic olefin should be more reactive and less prone to side 
reactions compared to eugenol and chavicol. The poor nucleophilicity of the phenol has been identified as 
a likely problem, and researchers are in the process of testing the isomeric 3-hydroxy-4-methoxystyrene 
to see if this phenol is a more competent nucleophile.  
 
 
4.) FINANCIAL INFORMATION (Describe any budget challenges and provide specific reasons for 
deviations from the projected project spending.) 
 
 
 
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.) 
 
 


