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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 the last quarterly report, it was 

shown that the mechanical properties of blown films prepared from blends of a commercially 

available Fortegra additive and poly(lactide) (PLA) measured along the extrusion direction (i.e., 

machine direction, MD) were greatly enhanced as compared to those of the neat PLA blown films. 

This report examines the effects of physical aging and sampling directions (i.e., MD vs. transverse 

direction, TD) on the tensile properties of blown films of neat PLA and a Fortegra/PLA blend. 

 

Biobased PLA nanocomposites using cellulose nanocrystals: In previous reports we have 

shown that blending 5 wt% poly(ethylene oxide)-b-poly(butylene oxide) (PEO-PBO), sold under 

the tradename FORTEGRA, with commercial PLA, resulted in a tough plastic without any signs 

of physical aging up to 40 days. However, a new batch of PEO-PBO purchased from the 

manufacturer and blended with PLA produced inconsistent aging behavior. It was determined that 

there is a difference in the molecular weight of the “old” versus “new” PEO-PBO polymers. To 

explore this issue, we have synthesized a batch of PEO-PBO with as similar molecular weight as 

the “old” sample and blended it with PLA. An aging study is currently ongoing. We also have 

initiated an alternative approach to investigating aging in rubber modified PLA. Multiblock 

copolymers containing PLA and poly(ethyl-co-ethylene) (PE/PEE) were synthesized with varying 

amounts of the rubbery PE/PEE blocks and the tensile properties were examined as a function of 

aging time.  

 

Polyesters from 3-hydroxypropionic acid: Previously we reported the one-pot three steps 

synthesis of a telechelic PLLA macromonomer and its characterization by 1H and 13C NMR, 

MALDI-TOF as well as chloroform SEC. Those past three months we focused on the graft-through 

copolymerization of our chain end functionalized PLLA macromonomer and γ-methyl-ε-

caprolactone (γMCL). Kinetics, SEC and NMR analyses of the graft polymerization were 

collected. 



 

Biobased terephthalic acid from corn-derived products: 2-methyltetrahydrofuran (2-MTHF) 

underwent dehydra-decyclization (DH) to linear pentadienes, namely 1,3-pentadiene and 1,4-

pentadiene, or fragment to butenes and formaldehyde through a competing retro-Prins 

condensation (RP) pathway. In the quarter, we considered aluminum- and boron-containing 

zeolites in three distinct frameworks (MWW, MFI, and BEA) to evince the role of acid site strength 

and confining environments in the dehydra-decyclization of 2-MTHF-to-1,3-pentadiene.  Kinetic 

interrogations revealed the inability of weakly acidic borosilicates to catalyze RP pathway, leading 

to atleast threefold improvement in DH/RP rate ratios, albeit at about five-to-sixty times lower 

proton-normalized rates than aluminosilicates in the temperature range 453-573 K. The diene 

distribution remained far from equilibrium, and was tuned towards the thermodynamically 

favorable conjugated diene (1,3-pentadiene) by facile isomerization of 1,4-pentadiene. This tuning 

capability was facilitated by high bed residence times, as well as smaller micropore sizes among 

the different zeolites, when operated in diffusion-controlled regime. The suppression of competing 

pathways, and diffusion-enhanced promotion of 1,4-pentadiene isomerization events lead to an 

unprecedented ∼86% 1,3-pentadiene yield and an overall ∼ 90% combined linear C5 dienes’ yield 

at near quantitative (~98%) 2-MTHF conversion on borosilicate B-MWW. Finally, starting with 

isoconversion levels (ca. 21-26%) and using total turnover numbers (TONs) accrued over the 

entire catalyst lifetime as the stability criterion, borosilicates were demonstrated to be significantly 

more stable than aluminosilicates under reaction conditions (~3-6x higher TONs).  

 

As the most diene selective catalysts in the chemistry suffer from low reactivity, the current efforts 

are centered on addressing this problem on two fronts: (1) designing bifunctional catalysts with a 

metal-acid dual-functionality: Given the overwhelmingly rate-limiting nature of C-O bond scission 

in this chemistry [3], we expect that these cyclic ethers can ring-open on metal sites, while the 

produced intermediates can then undergo facile dehydration on the acid sites, boosting overall 

rates of the reaction; (2) Stabilizing the kinetically relevant transition state: Using pore-

confinement within different micropore environments as well as inert-cofeeds to stabilize the ring-

opening transition state could be another strategy to enhance the rates of diene production in the 

chemistry. 

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

 

Mechanically tough and transparent melt blown PLA film: A masterbatch of 19 wt% Fortegra 

and 81 wt% PLA (amorphous PLA, NatureWorks 4060D) was prepared by melt mixing the 

components in a twin-screw extruder operated at 180 oC and 60 RPM. (Molecular details and 

thermal properties of neat PLA, Fortegra, and Fortegra/PLA blends can be found in the last 

quarterly report). Subsequently, the Fortegra content of the masterbatch was diluted to 6 wt% by 

mixing it with additional neat PLA, following the same mixing procedure. Film blowing of both 

neat PLA and the 6/94 wt% Fortegra/PLA blend was successfully conducted, following the same 

procedures described in the last quarterly report. The draw down ratio (DDR) and blow up ratio 

(BUR) were controlled at 17.2 and ~1.0, respectively. The thickness of the blown films ranged 

from 30 to 100 µm.  

 

The Fortegra/PLA blend morphologies before and after film blowing were examined by scanning 

electron microscopy. (Experimental details can be found in the last quarterly report). Figures 1A, 

1B, and 1C show representative SEM images of the resulting cross-sections of the 6/94 wt% 



Fortegra/PLA bulk pellet, blown film cut in the MD, and blown film cut in the TD, respectively. 

These images indicate that Fortegra is thermodynamically incompatible with PLA and is dispersed 

as a minor phase within the PLA matrix. The nearly spherical dispersed Fortegra particles 

(diameters range from ~0.2 to ~1.5 µm; Figure 1A) in the bulk pellet were transformed into 

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

Figures 1B and 1C) in the resulting blown films. 

 

Figure 1. Representative SEM images of the 6/94 wt% Fortegra/PLA blend after solvent extraction of in (A) bulk 

pellets, (B) blown films cut in MD, and (C) blown films cut in TD.   

Tensile properties of neat PLA and 6/94 wt% Fortegra/PLA blend blown films in MD were first 

characterized with increasing aging time at room temperature. Tensile bar specimens were 

prepared according to ASTM D1708 by cutting the blown film along the extrusion direction (i.e., 

MD) of the blown films. 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 

2 and Table 1, both of which indicate that the tensile properties of neat PLA and 6/94 wt% 

Fortegra/PLA blend blown films are independent of aging time, at least up to 21 days. We 

hypothesize that the negligible physical aging effects on tensile properties could be due to the 

chain stretching along MD imposed by film blowing. Consistent with our previous observation, 

the tensile properties in MD of the 6/94 wt% Fortegra/PLA blend blown films are greatly enhanced 

compared to those of the neat PLA blown films. This could be due to the included rubbery Fortegra 

phases toughening the PLA matrix by enabling shear yielding and crazing.  

 

Tensile properties in MD and TD of neat PLA and 6 wt% Fortegra/PLA blend blown films were 

tested and the results are compiled in Table 1. In the case of neat PLA blown films, Young’s 

modulus, elongation at break, and toughness are within error the same in both MD and TD. In 

contrast, the yield stress of neat PLA blown films in MD (50.0 (±8.3) MPa) is slightly higher than 

that in TD (31.5 (±4.2) MPa), possibly due to the alignment of PLA chains in MD after film 

blowing. In the case of 6/94 wt% Fortegra/PLA blown films, however, the tensile properties in 

MD are greatly enhanced as compared to those in TD, e.g., the toughness exhibits a ~25 fold 

increase from 2.2 (±1.2) MJ-m-3 in TD to 55.2 (±21.7) MJ-m-3 in MD. We hypothesize that when 

the blown films are tested in MD, rather than in TD, the elongated Fortegra domains provide larger 

surface areas to serve as nucleation sites for the formation of crazes, which often propagates 

perpendicular to the tensile pulling direction (i.e., MD). This could provide more effective shear 

yielding and crazing, leading to better toughening effects. The next step is to examine the influence 

of processing conditions, e.g., draw down and blow up ratios, on microstructural and tensile 

properties of the resulting blown films. These studies could potentially lead to a better 

understanding of the detailed toughening mechanism for blown film. 



 

Figure 2. Representative stress-strain data obtained in MD at room temperature and various aging times for blown 

films prepared from (A) neat PLA and (B) 6 wt% Fortegra/94 wt%PLA blend.  

Table 1. Tensile properties of both neat PLA and Fortegra/PLA blend blown films. Average property values and 

standard deviations are from 7 separate measurements. 

 
wt % of 

Fortegra  

Aging 

Time (Day) 

Testing 

Direction 

Young's 

Modulus (GPa) 

Yield Stress 

(MPa) 

Elongation at 

Break (%) 

Toughness 

(MJ-m-3) 

0 
0 MD 

2.4 (±0.1) 47.8 (±1.6) 2.8 (±0.2) 1.3 (±0.1) 

0 
1 MD 

2.6 (±0.1) 49.8 (±6.3) 4.3 (±1.8) 2.1 (±0.9) 

0 
2 MD 

2.6 (±0.3) 50.0 (±8.3) 6.2 (±3.3) 3.4 (±1.8) 

0 
7 MD 

2.6 (±0.1) 46.3 (±5.3) 6.3 (±2.8) 3.0 (±1.4) 

0 
21 MD 

2.5 (±1.0) 47.3 (±7.9) 12.0 (±3.5) 4.4 (±1.7) 

6 
0 MD 

2.2 (±0.1) 44.9 (±3.3) 118.4 (±72.7) 57.6 (±35.9) 

6 1 MD 
2.1 (±0.3) 38.3 (±6.6) 118.6 (±87.2) 62.0 (±19.4) 

6 2 MD 
2.4 (±0.3) 46.5 (±6.7) 100.0 (±48.8) 55.2 (±21.7) 

6 7 MD 
2.0 (±0.3) 38.3 (±9.2) 109.2 (±59.4) 56.9 (±15.4) 

6 21 MD 
2.5 (±0.4) 39.3 (±7.7) 187.3 (±60.7) 42.5 (±14.4) 

0 
2 TD 

2.4 (±0.3) 31.5 (±4.2) 5.9 (±3.9) 2.3 (±1.6) 

6 
2 TD 

1.4 (±0.3) 16.0 (±3.1) 8.8 (±5.1) 2.2 (±1.2) 

 

Biobased PLA nanocomposites using cellulose nanocrystals: PLA-PE/PEE triblock (TBC) and 

multiblock (MBC) copolymers were prepared using the synthetic scheme shown in Figure 1.1 

Triblock copolymers were synthesized by ring opening polymerization of lactide from α,ω-

dihydroxy poly(ethylene-co-ethylethylene) (PE/PEE) (Mn=3,300 g/mol and 65% mol PEE) which 

was purchased from Cray Valley. The MBC was synthesized via step growth polymerization by 

coupling the TBC with sebacoyl chloride.  

 

A 

 



 

The PLA volume fraction and the molecular weight of the synthesized copolymers were analyzed 

by proton nuclear magnet resonance (1H-NMR) and size exclusion chromatography (SEC), 

respectively. SEC was used to calculate the dispersity (Ð) and average number of triblock 

copolymers in the multiblock copolymers (<n>). Table 1 summarizes the details of the synthesized 

copolymers where the number in the polymer label represents the PLA volume fraction.  

 
Table 2. 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 

TBC-70 14,000a 3,300 0.7 1.02 -- 

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

TBC-80 18,000a 3,300 0.8 1.02 -- 

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

TBC-90 42,000a 3,300 0.9 1.16 -- 

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

 

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. dÐ 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.    

 

The MBC were pressed into films using a Carver press, cut into dogbone shaped specimens, aged 

at room temperature for various times, and then tensile tested in accordance with ASTM D1708. 

The results are shown in Figure 3. MBC-70 shows no signs of aging through 14 days and is the 

toughest material among the copolymers studied to date. MBC-80 is tough through 2 days of aging 

but by 14 days it shows signs of physical aging. At 14 days, a majority of the MBC-80 samples 

were brittle and broke at strains <10% with a few (3 out of 10) breaking at high strains (>150%). 

These results along with the double yield, which can be seen at ~6% strain (Figure 3 B2), are 

indications that the sample is undergoing physical aging. MBC-90 (Figure 3 C1 and C2) had 

limited toughness; it was ductile at low aging time (2 hrs.) and then became brittle after 2 days, 

similar to NatureWorks PLA 4060D. All MBC that were ductile deformed in a similar manner. At 

low strains (5-10% strain), shear bands formed at 45° to the pulling direction followed by neck 

formation and cold drawing. These deformation features are similar to those observed for unaged 

PLA.  

 

 

B 

 
Figure 3. (A) Synthesis of triblock copolymer (TBC) and (B) corresponding multiblock copolymer (MBC). 



 
Figure 4. Stress strain curves from PLA-PE/PEE multiblock copolymers (MBC) at specified aging times for various 

volume fractions fPLA of PLA: (A1,A2) fPLA = 0.7; (B1,B2) fPLA = 0.8; (C1, C2) fPLA = 0.9. A2, B2 and C2 are 

expanded plots of the results in A1, B1 and C1, respectively.   

 

MBC-70 showed the best aging properties. There are several possible factors for its superior 

mechanical properties such as MBC morphology, rubber volume fraction and <n>. Each of these 

variables can affect the physical aging rate and toughness of the material and will be investigated 

over the next research period.         
 

Polyesters from 3-hydroxypropionic acid: The graft-through copolymerization between the 

chain-end functionalized PLLA macromonomer was investigated. Using benzyl alcohol as an 

initiator, PLLA macromonomer and γMCL were copolymerized catalyzed by diphenyl phosphate 

(DPP) at 100°C in toluene. Studying different concentration conditions, we obtained narrower 

distribution in more dilute conditions (200 mgmonomer/mL). A kinetics study of the 

copolymerization showed the statistical nature of the graft-through polymerization. Graft polymers 

containing approx. 20 % of PLLA of 22 and 70 kg/mol were obtained. 

 

The mechanical properties of the synthesized completely biobased graft polymers will be 

measured. 

 

Another strategy for the synthesis of polyesters with functional chain ends was investigated. First, 

benzyl alcohol was used to initiate the polymerization of L-Lactide using DBU as a catalyst. A 

second step consisted in the coupling of PLLA hydroxyl chain end and a functional molecule in 

dichloromethane with DMAP as catalyst. The last step was the oxidation of the chain end. The 

purified sample was analyzed by 1H NMR, SEC and MALDI-TOF. 

 

The reactivity of this new macromonomer was compared to the one of our previously synthesized 

one. Similar reactivity and molecular weight were obtained for the graft through copolymerization 

with γMCL. 



This strategy will be applied to the synthesis of multiple arms polyesters with a lactone at the 

chain-ends. 

 

Biobased terephthalic acid from corn-derived products: Boron zeolites exhibit variable activity 

which can stabilize better than other solid acid zeolites.  This could be a potential benefit for 

commercialization, since it would permit continuous flow reactors without regeneration on a 

reasonable time scale. 

 

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

report, we have begun to investigate the hydroesterificative polymerization of coumaric acid-

derived monomers. Unfortunately, initial results in this area have resulted in competitive 

polymerization of only the alkene group of the monomer, resulting in low ester yields. As a result, 

we have returned to 10-undecenol, another corn oil-derived molecule that we previously 

demonstrated could undergo hydroesterificative polymerization, resulting in polymers with 

molecular weights of 14.5 kg/mol. These polymers tend to form in a mixture of branched and linear 

products, and going forward we aim to control the branched : linear ratio in order to obtain better 

polymer crystallinity and other properties. The next step in this project is to examine the role that 

the ligand plays in the creation of branched and linear polymers. By tuning the branching of the 

polymer, the polymer properties will change as a result leading to polyesters with different 

potential uses. A variety of monophosphine ligands will be synthesized and tested for their effect 

on the hydroesterificative polymerization of 10-undecenol. An initial phosphine ligand has been 

made through the synthetic pathway shown in Figure 1. We suspect this ligand will lead to a 

product with higher branching density, based off of results of the hydroesterification of 1-hexene 

with similar ligands. Synthesis of additional ligands will clarify will allow us to properly tune the 

branched : linear ratio, and also to understand why PPh3 has been the best ligand to date.  

 

 
Figure 5. Synthesis of a new phosphine ligand featuring a pyrrole moiety. 

  

New polyester structures from corn-derived carboxylic acids: Hoye group researchers have 

extended their studies of polyester ABA triblock copolymers that have thermoplastic properties. 

They have used a glucose-derived lactone to create the soft (amorphous) mid-block segment and 

a second lactone, this made from levulinic acid, as the precursor to the hard end blocks. The 

preparation of these novel triblock copolymers is outlined, generically, in Figure 6. The initial 

midblock was prepared by initiating the polymerization of the first lactone with the difunctional 

initiator benzene-1,4-dimethanol. This telechelic diol was then treated with the second lactone to 

prepare the samples of the ABA polyesters.  

 



 

Figure 6. Preparation of hard-soft-hard segmented triblock copolymers. 

 

Characterization of the molecular weight of these triblock copolymers is summarized in Table 3. 

They plan to study the thermal properties of these copolymers through differential scanning 

calorimetry (DSC). 
 

Table 3. Features of the synthetic ABA triblock copolymers. 

 
 

Hoye group researchers have also recently explored the production of a previously unreported (i.e., 

unknown) lactone from levulinic acid in two steps. Ring-opening transesterification 

polymerization (ROTEP) of this new lactone has been achieved using either DPP or TBD as the 

acidic or basic catalyst, respectively, to reach high conversion (>99%). Additional characterization 

of this novel polymer is planned.  
 

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: During the graft through copolymerization, a close 

to complete conversion is measured for the macromonomer. However, a shoulder corresponding 

to the macromonomer retention time in SEC is still observed. A side transesterification reaction 

may occur and lead to an unreactive PLLA macromonomer, thus decreasing the PLLA content in 

the graft copolymer. This side reaction will be investigated, and conditions will be optimized to 

avoid it. 
 

4.) FINANCIAL INFORMATION (Describe any budget challenges and provide specific reasons for 

deviations from the projected project spending.) 

 

Nothing to report. 

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.) 
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Nothing to report. 
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