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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.) 

 

Mechanically tough and transparent melt blown PLA film: In previous reports, we have shown that 

blending 5wt% poly(ethylene oxide)-b-poly(butylene oxide) (PEO-PBO) diblock copolymer with 

commercial poly(lactide) (PLA) resulted in a range of mechanical properties depending on the molecular 

weight (Mn) of the additive: PEO-PBO-o (Mn=4,300 g/mol) and PEO-PBO-n (Mn=7,400 g/mol). Blends of 

PEO-PBO and PLA were tensile tested at varying strain rates to gain further insight into the effect of 

molecular weight on mechanical properties.  

 

We also continued to examine an alternative approach to developing rubber modified PLA based on 

multiblock copolymers (MBC). Previously, we presented the synthesis of MBC containing PLA and 

poly(ethylene-co-ethylethylene) (PLA-PE/PEE) and the associated mechanical properties of multiblock 

copolymers varying in PLA volume fraction (fPLA) as well as the average number (<n>) of coupled triblock 

copolymers. In this report we summarize progress towards deconvoluting these two factors. 

 

Biobased PLA nanocomposites using cellulose nanocrystals: In the last quarterly report, it was shown 

that the mechanical properties of the Fortegra/poly(lactide) (PLA) blend blown films were significantly 

enhanced in the extrusion direction (i.e., machine direction, MD) compared to those in the transverse 

direction (TD). In addition, the mechanical properties of the Fortegra/PLA blend films were consistently 

tough and independent of physical aging time at room temperature up to 21 days. This report extends the 

physical aging time to 100 days. This report also examines how the extent of stretching in the MD impacts 

the mechanical properties of both neat PLA and Fortegra/PLA blend blown films.   

 

Polyesters from 3-hydroxypropionic acid: We investigated the synthesis of a novel, biobased, and 

potentially biodegradable graft copolymer. A one-pot strategy was optimized for the synthesis of the 

macromonomer, a telechelic polyester. This macromonomer was then used for the graft-through 

polymerization with a biobased lactone. The obtained graft copolymers were characterized. 
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Biobased terephthalic acid from corn-derived products: The reaction of furfural derivatives including 

methyl-tetrahydrofuran was studied to produce pentadienes including 1,3-pentadiene and 1,4-pentadiene.  

The side reactions included C-C bond fragmentation via retro-Prins condensation to butenes.  In this quarter, 

we built on previous work to understand the performance of Boron-containing zeolites in complex 

microporous frameworks including MWW zeolites.  The distribution of isomers of 1,3-pentadiene and 1,4-

pentadiene was shown to depend upon the internal residence time of reactants within the porous network, 

which was extended in MWW due to the small pore network connecting larger pocket structures.  Under 

the best conditions with B-MWW (depicted in the Figure 1 below), linear pentadienes were shown to be 

primarly 1,3-pentadiene (the desired product) with total linear pentadienes of about 90%. 

 

 

Development of hydroesterification as a new route to sustainable polymers: In the previous reporting 

period, we have been focused on two aspects of hydroesterificative polymerization: (1) regioselective 

(branched or linear) polymerization of 10-undecenol, where we anticipate that by controlling the branched 

vs linear content we can manipulate crystallinity properties; and (2) synthesizing 2-methyl-𝜀-caprolactone, 

a promising monomer for ring-opening polymerization, from 5-hexenol.   

 

  

 

Figure 1.  



 3 

2.) IDENTIFY ANY SIGNIFICANT FINDINGS AND RESULTS OF THE PROJECT TO DATE.  

 

Mechanically tough and transparent melt blown PLA film: Previously, we have shown irregular tensile 

properties obtained from blends containing 5% wt. PEO-PBO-n (Mn=7,400 g/mol) in commercial PLA. 

The wide range of elongation at break (b) results for the samples can be sorted into three different groups: 

5-30% strain at break (early tear samples), 80-110%, and 175-200% strain at break. A possible explanation 

for this wide distribution is a time dependent toughening mechanism. One such mechanism has been 

proposed by Argon and Cohen,1,2 where they hypothesize that rubber additives can wet crazes due to 

capillary forces in advancing crazes. This results in plasticized crazes, which lowers the craze flow stress. 

A major factor in this toughening mechanism is the viscosity of the rubber additive. The lower the viscosity, 

the faster the additive can be absorbed by the craze fibrils. This indicates that there would be a strain rate 

dependence on the mechanical properties. To test this hypothesis, we measured the mechanical properties 

as a function of strain rate. Samples were hot pressed and then cut into dog-bone shaped specimens in 

accordance with ASTM 1708. The individual tensile test results are shown in Figure 2A-D and the compiled 

results are shown in Figure 3. The results show a clear dependence of elongation at break with strain rate. 

Overall, as the strain rate decreases, the elongation at break distribution becomes narrower. Lower strain 

rates (0.023 min-1 (Figure 2A) and 0.045 min-1 (Figure 2B)) resulted in a greater average strain at break, 

and none of the samples broke below 50% strain (a 10x increase compared to neat PLA at the same aging 

condition). In comparison, the lower molecular weight additive PEO-PBO-o (Mn=4,300 g/mol), which has 

 
Figure 2. Tensile test curves of 5% wt. PEO-PBO-n in PLA 2 days after physical aging at varying strain rates: A) 

0.023 min-1 B) 0.045 min-1 C)0.45 min--1 D)2.3 min-1. 
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a lower viscosity, displayed no early tear samples and had a narrow distribution of elongation at break 

results, when tested at 0.45 min-1, further supporting the time dependent toughening mechanism.  

 

We previously reported the synthesis of a PLA-

PE/PEE MBC containing 90% PLA (fPLA=0.9) 

and <n>=1.8 (MBC-90-2) (see Table 1 for 

molecular characteristics). This multiblock 

copolymer had mechanical properties (Figure 

4A) as a function of aging time, similar to PLA. 

Additional MBCs (MBC-70-8 and MBC-80-

4), synthesized with greater <n> and lower fPLA 

displayed superior mechanical properties. To 

delineate the effect of <n> versus morphology 

on the mechanical properties, an additional 

MBC with a higher <n> was synthesized with 

fPLA=0.9. This was accomplished by preparing 

PLA-PE/PEE-PLA triblock copolymers (TBC) 

and coupling them with sebacoyl chloride to 

make MBCs. The new TBC was synthesized 

following the same procedure as previously 

reported but reacted to lower conversion (75%) 

compared to the initial TBC (92% conversion). 

This resulted in a TBC with greater end group fidelity, leading to a MBC with <n>=4.9 (MBC-90-5), more 

than double the first attempt (Table 1). The resulting MBC was hot pressed at 135°C and cut into dog-bone 

shaped specimens and tensile tested in accordance with ASTM 1708. A representative stress strain curve 

of MBC-90-5 is shown in Figure 4B. The sample was brittle at all aging times. Therefore, MBCs with 

fPLA=0.9 do not result in tough PLA samples regardless of <n>, and the brittle nature of the material is a 

result of the morphology. We hypothesize that the packing of spherical rubbery domains results in a brittle 

plastic because the rubber particles with radius of 14 nm are too small to cavitate, preventing the material 

from shear yielding. Our future work will mainly focus on MBCs with fPLA=0.7 (lamellar morphology based 

on SAXS) and fPLA=0.8 (cylindrical morphology based on SAXS). 

 
Table 1. Summary of molecular characterization of PLA-PE/PEE triblock and multiblock copolymers.   

Polymer Mn (g/mol)a PE/PEE Mn (g/mol)a fPLAc Ðd <n>e 

MBC-70-8 112,000b 3,300 0.7 1.67 8.0 

MBC-80-4 72,000b 3,300 0.8 1.69 4.0 

MBC-90-2 74,000b 3,300 0.9 1.57 1.8 

MBC-90-5 242,000b 3,300 0.9 1.53 4.9 
aMn was calculated from 1H NMR end group analysis. bMBC Mn was calculated based on TBC Mn from end group 

analysis multiplied by the average number of TBC in each MBC, <n>. cVolume fraction PLA was calculated from 

mol fractions of each block assuming density of PLA (ρPLA)=1.25 g/mL and ρPEcoPEE=0.867 g/mL. dDispersity (Ð) 
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Figure 3. Compiled data from Figure 2 of elongation at 

break (logarithmic axis) versus strain rate (logarithmic 

axis).  
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was measured by SEC with THF as the mobile phase. eAverage number of triblock copolymers in the multiblock 

copolymer was calculated based on SEC measured molecular weights.    

 

Biobased PLA nanocomposites using cellulose nanocrystals:  

Film blowing of both neat PLA and Fortegra/PLA blends: A 6/94 wt% Fortegra/PLA blend (amorphous 

PLA, NatureWorks 4060D) was prepared using a dilution from masterbatch approach, following the same 

procedure described in the last quarterly report. Characterization details and thermal properties of neat PLA, 

Fortegra, and Fortegra/PLA blends along with film blowing procedures for both neat PLA and 6/94 wt% 

Fortegra/PLA blend are described in the last quarterly report. In this report, the speed of the nip roller was 

varied to produce blown films with three different draw down ratios (DDR, defined as the speed of the nip 

roller divided by the speed of the extrudate at the film die) of 6.9, 17.2, and 27.6. The blow up ratio (defined 

as diameter of the blown film divided by the diameter of the film die) was kept ~1.0 for all blown films. 

The resulting film thickness ranged from 30 to 200 µm.  

Tensile properties of Fortegra/PLA blend blown films with increasing aging time: The tensile 

properties of the 6/94 wt% Fortegra/PLA blend blown films in the MD were characterized at different aging 

times at room temperature. Tensile bar specimens were prepared according to ASTM D1708 by cutting the 

blown films with the long dimension in 

the MD. Tensile tests were conducted 

on a Shimadzu Autograph AGS-X 

Tensile Tester at room temperature 

with an extension rate of 10 mm/min 

following ASTM D1708. 

Representative stress-strain data and 

corresponding tensile property values 

are displayed in Figure 5A. According 

to Figure 5A, the tensile properties of 

the 6/94 wt% Fortegra/PLA blend 

blown films are consistently tough and 

nearly independent of aging time up to 

100 days. We believe that their 

invariant mechanical properties with 

increasing aging time is due to the 

rubbery Fortegra dispersions that 

 
Figure 4. Stress strain curves from PLA-PE/PEE multiblock copolymers (MBC) with fPLA=0.9, at specified aging 

times for various <n>: (A) 1.8 and (B) 4.9.   

 

 
Figure 5. (A) Representative stress-strain data of the 6/96 wt% 

Fortegra/PLA blend blown films in the MD at different aging times; 

(B) Representative photograph of the 6/96 wt% Fortegra/PLA blend 

film in the MD at 6 % strain.    
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toughen the PLA matrix by promoting craze formation; the crazing stress is known to be relatively 

insensitive to physical aging.3 One supporting piece of evidence for this hypothesis is that the Fortegra/PLA 

blend films whitened uniformly at low (< 6%) strain during the tensile test (Figure 5B), indicative of the 

enhanced crazing capability introduced by the rubbery Fortegra dispersions.  

Blend morphology: The Fortegra/PLA blend morphologies before and after film blowing were also 

examined by scanning electron microscopy (SEM). (Experimental details can be found in a previous 

report). Figures 6A-D show representative SEM images of the cross-sections (after removing the dispersed 

Fortegra phases by solvent extraction) of the 6/94 wt% Fortegra/PLA bulk pellet and corresponding blown 

films with DDR values of 6.9, 17.2, and 27.6, respectively. As shown in Figure 6, the nearly spherical 

dispersed Fortegra particles (diameters range from ~0.2 to ~1.5 µm; Figure 6A) in the bulk pellet were 

transformed into elongated, ellipsoidal strands (diameters range from ~0.1 to ~0.5 µm near their widest 

point; Figures 6B, 6C, and 6D) in the blown films. With the SEM images shown in Figures 6B-D, it is 

challenging to quantitatively compare the size of these ellipsoidal strands in the 6/94 wt% Fortegra/PLA 

blend blown films with different DDR values. Future studies will pursue a quantitative comparison.   

 

Figure 6. Representative SEM images of the 6/94 wt% Fortegra/PLA (A) bulk blend and corresponding blown films 

with DDR values of (B) 6.9, (C) 17.2, and (D) 27.6. All the films were cut in the MD. 

Tensile properties of blown films with different DDR values: Tensile properties of both neat PLA and 

6/94 wt% Fortegra/PLA blend blown films with different DDR values in the MD were characterized at 

room temperature. To improve the statistical consistency of the tensile data, tensile tests were conducted at 

an extension rate of 1 mm/min. Representative stress-strain data and corresponding tensile property values 

are displayed in Figure 7 and Table 2. For neat PLA blown films, increasing the DDR values from 6.9 to 

27.6 led to an increase in the elongation at break from 15 (±6) % to 69 (±25) % and a ~3 fold increase in 

the tensile toughness from 5.3 (±1.3) MJ-m-3 to 17.8 (±4.7) MJ-m-3, respectively. The enhanced tensile 

properties at larger DDR values could be potentially due to a greater degree of orientation of the PLA chains 

at a larger extent of stretching 

(i.e., a larger DDR value). In 

stark contrast, the tensile 

properties of the 6/94 wt% 

Fortegra/PLA blown films 

with different DDR values 

were within error the same. To 

better understand the 

underlying mechanism of this 

behavior, future studies will 

quantitatively compare the 

Fortegra dispersion 

morphologies of the 6/94 wt% 

Fortegra/PLA blown films 

with different DDR values.  

 
 

 

Figure 7. Representative stress-strain data for (A) neat PLA and (B) 6/94 wt% 

Fortegra/PLA blend blown films with different DDR values. All the films were 

cut in the MD. 
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Table 2. Tensile properties of both neat PLA and 6/94 wt% Fortegra/PLA blend blown films. Average values and 

standard deviations are from 7 separate measurements. All the films were cut in the MD. 

wt % of 

Fortegra  

DDR   

Value 

Aging Time 

(day) 

Young's 

Modulus (GPa) 

Yield Stress 

(MPa) 

Elongation at 

Break (%) 

Toughness 

(MJ-m-3) 

0 6.9 133 2.7 (±0.2) 38.6 (±4.7) 15 (±6) 5.3 (±1.3) 

0 17.2 133 2.7 (±0.2) 33.8 (±4.4) 24 (±5) 6.8 (±2.1) 

0 27.6 133 2.7 (±0.1) 34.8 (±8.3) 69 (±25) 17.8 (±4.7) 

6 6.9 133 2.6 (±0.2) 26.1 (±2.9) 164 (±29) 35.1 (±6.5) 

6 17.2 133 2.6 (±0.2) 25.4 (±5.8) 154 (±22) 33.1 (±9.7) 

6 27.6 133 2.7 (±0.2) 28.0 (±2.9)   176 (±27)    38.6 (±8.6) 

  

Polyesters from 3-hydroxypropionic acid: Using simple and mild conditions, the lactone chain end 

polymer was obtained in a one-pot process. Conditions were optimized to avoid racemization of optically 

pure monomer and complete conversion was reached for each of the 3 steps. This new macromonomer was 

then copolymerized with a lactone to synthesize a fully biobased graft copolymer. Using Lynd’s model4, 

the kinetics of the graft-through copolymerization were investigated and showed the statistical behavior of 

our system. Conditions were optimized, reaction temperature was adjusted to reach a higher molecular 

weight. A series of graft copolymers were analyzed by NMR spectroscopy, SEC, TGA and DSC. Tensile 

testing was performed to measure strain-stress relationship. 

 

Biobased terephthalic acid from corn-derived products: We have now concluded that B-MWW 

provides the best catalyst pore structure and active site for this chemistry, achieving high yields to the 

monomer 1,3-pentadiene. 

 

Development of hydroesterification as a new route to sustainable polymers: For 10-undecenol 

polymerization, we have investigated the role of Pd source, acid, ligand (L1 and L3 are proprietary ligands 

at this time), and solvent (Table 1) in impacting the linear : branched ratio of the resulting ester. Through 

this screen, we have determined that Pd(OAc)2 in combination with TsOH remains the best combination 

for realizing high yields of product, but by changing the ligand to L1, we can start to significantly impact 

the amount of branching, and ultimately, polymer properties. 

 

Table 1. Examining the effects of various reaction components on the regioselectivity of 10-undecenol 

polymerization. 

 

 

 
Figure 7. Graft-through polymerization 
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Pd Source Acid Ligand Solvent 
Ester Yield 

(%) 

Linear : 

Branched 

Ratio 

Pd(OAc)
2
 TsOH PPh

3
 toluene 99% 78 : 22 

PdCl
2
 TsOH PPh

3
 toluene 86% 83 : 17 

PdCl
2
 TsOH PPh

3
 dioxane 66 77 : 23 

PdCl
2
 MsOH PPh

3
 dioxane 56 82 : 18 

PdCl
2
 HCl (4M in dioxane) PPh

3
 dioxane 6 85 : 15 

PdCl
2
 HCl (4M in dioxane) L1 dioxane 0 - 

PdCl
2
 TsOH L1 toluene 66 53 : 47 

Pd(OAc)
2
 TsOH L1 toluene 80 78 : 22 

Pd(OAc)
2
 - L3 toluene 0 - 

 
In our initial attempts to synthesize 2-methyl-𝜀-caprolactone from 5-hexenol, we have found that we 

primarily form polyester at high concentrations (Figure 8). From this polyester, we aim to add in chain 

shuttling agents that can ring-close the polymer and make small amounts of the caprolactone, which we 

will hopefully be able to distill off from the polymer, isolate, and drive the equilibrium to primarily 

formation of the caprolactone. 

 
New polyester structures from corn-derived carboxylic acids: A fundamental aspect of all ring-opening 

transesterification polymerizations (ROTEPs) of lactones (i.e., cyclic esters) is the extent to which the 

polymerization will occur. This dictates 

the size (or molecular weight) of the 

polymer, which, in turn, often significantly 

affects its mechanical properties. This 

“degree of polymerization” is dictated by 

the relative thermodynamic stabilities of 

the starting lactones versus the 

macromolecular polyester products. When 

chain-growth polymerizations such as this 

reach equilibrium, the rate of the forward 

propagation to add one more monomer unit 

to the polymer is equal to the rate of the 

back, depolymerization step (or chain-

shortening by one monomer unit).  The 

equilibrium monomer concentration 

(EMC) is often used as a measurement of 

 
Figure 8. Synthesis of 2-methyl-𝜀-caprolactone from 5-hexenol. 

 

 

 
Figure 9. a) The ring-opening transesterification 

polymerization (ROTEP) of valerolactone (VL) to PVL. b) The 

equilibrium for ring-opening of an isomeric methylated 

valerolactone (MVL) to its hydroxyacid derivative in an acidic 

aqueous medium.  
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the extent to which any one lactone structure will proceed to its ring-opened polyester.   

 

The monomeric, unsubstituted six-membered lactone is called valerolactone (VL) and the derived polyester 

is polyvalerolactone (PVL) (Figure 9a). There are four mono-methylated derivatives of valerolactone. The 

thermodynamic parameters associated with the polymerization of each of these MVLs (2-, 3-, 4-, and 5-

VL) monomers are known (Schneiderman & Hillmyer, Macromolecules, 2016, 49, 2419–2428). We 

hypothesize that the equilibrium extent to which each of these MVLs ring-opens in a homogenous aqueous 

solution to its corresponding hydroxyacid (Figure 9b) will correlate with the EMC for polymerization of 

that lactone. If these parameters prove to show such correlation, this type of simple experiment could be a 

universal method for predicting the thermodynamically dictated EMC of any new lactone monomers under 

ROTEP polymerization conditions. The Keq for several of the isomers have now been measured and we 

anticipate having the remaining data soon.  

 

3.) CHALLENGES ENCOUNTERED. (Describe any challenges that you encountered related to project 

progress specific to goals, objectives, and deliverables identified in the project workplan.) 

 

Polyesters from 3-hydroxypropionic acid: With our actual conditions, the highest obtained molecular 

weight for our graft copolymers is 51 kg/mol, leading to an unsatisfying number of graft/chains. Efforts to 

increase degree of polymerization and grafting density of our system will be pursued. Overcoming this 

challenge will allow better mechanical properties for our materials. 

 

Biobased terephthalic acid from corn-derived products: This work has had the challenge of 

understanding the chemistry under conditions of diffusion limitation.  We overcame this challenge by 

identifying the conditions both with and without diffusion control and evaluating mechanisms only within 

the reaction-controlled conditions. 

 

 

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.) 

 

Registration for the aforementioned Green and Sustainable Chemistry Workshop for high school teachers 

during summer 2020 is open: https://csp.umn.edu/green-chemistry-workshop/ 
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