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ABSTRACT 

 

 Facile monomer synthesis provided routes towards novel step-growth polymers for 

emerging applications. Adjustment of reaction conditions enabled green synthetic strategies, and 

promising scalability studies offered impetus for industrial funding. Engineering thermoplastics, 

such as linear polyetherimides (PEIs), had carefully targeted molecular weights for analysis of the 

effect of molecular weight and regiochemistry on the thermomechanical and rheological properties 

of PEIs. The design of linear, high performance PEIs comprising 3,3ô- and 4,4ô-bisphenol-A 

dianhydride (bis-DA) and m-phenylene diamine (mPD) provided an opportunity to elucidate the 

influence of dianhydride regiochemistry on thermomechanical and rheological properties. This 

unique pair of regioisomers allowed the tuning of the thermal and rheological properties for high 

glass transition temperature polyimides for engineering applications. The selection of the 

dianhydride regioisomer influenced the weight loss profile, entanglement molecular weight (Me), 

glass transition temperature (Tg), tensile strain-at-break, zero-shear melt viscosity, average hole-

size free volume (Vh), and the plateau modulus prior to viscous flow during dynamic mechanical 

analysis (DMA). The 3,3ô-PEI composition interestingly exhibited a ~20 °C higher Tg than the 

corresponding 4,4ô-PEI analog. Moreover, melt rheological analysis revealed a two-fold increase 

in Me for 3,3ô-PEI, which pointed to the origin of the differences in mechanical and rheological 

properties as a function of PEI backbone geometry. The frequently studied 4,4ô-PEI exhibited 

exceptional thermal, mechanical, and rheological properties, yet the 3,3ô-PEI regioisomer lacked 

significant study in the industrial and academic sectors due to its óinferiorô properties, namely poor 

mechanical properties. 



 
 

 
 

Introduction of long-chain branching (LCB) into PEIs provided a unique comparison 

between a commercially relevant PEI (Ultem® 1000) and a regioisomer infrequently found in the 

literature. Thermal stability remained consistent for each regioisomer, and Tgs for the 3,3ô- and 

4,4ô-LCB-PEIs agreed well with prior literature. Rheological analysis demonstrated typical shear 

thinning and low-shear viscosity trends for LCB systems. The targeted molecular weights for the 

3,3ô-LCB-PEIs were well below the Me cutoff for ñhigh molecular weight,ò and for this reason the 

rheological properties demonstrated inconsistent trends. Further study of PEIs led to the 

incorporation of ionic endgroups. These provided physical crosslinks, which enhanced mechanical 

and rheological properties of branched PEIs compared to their non-ionic analogs. The Tgs 

decreased with an increase in branching concentration for the phenyl-terminated PEI, while it 

remained unchanged for the ionically-endcapped PEIs. The divalent salts demonstrated higher 

mechanical strength and melt viscosities compared to the monovalent salt and the non-ionic PEIs. 

Interestingly, the zinc-endcapped PEI series exhibited decreased high-shear viscosities compared 

to the other PEIs, lending to promising industrial applications for the zinc-endcapped branched 

and linear PEIs for high temperature applications.  

Additional engineering thermoplastics in the form of bio-based polyureas exhibited 

mechanical properties similar to those of non-bio-based polyureas. The isocyanate-free synthetic 

route incorporated an essential urea degradation mechanism at elevated temperatures to produce 

isocyanic acid, which then reacted with amines to produce linear polyurea thermoplastics. Urea 

provided a sustainable and bio-friendly reagent for high molecular weight, isocyanate-free 

polyureas. Poly(propylene glycol) triamine enabled the long-chain branching of thermoplastic 

polyureas. Differential scanning calorimetry (DSC) showed no change in Tg for the series; 

however, melting peaks decreased in intensity as the branching concentration increased, indicating 



 
 

 
 

a reduction in crystallinity. Tensile testing eluded to a decrease in ultimate stress values for higher 

branching concentrations, while melt rheology showed significant differences in melt viscosities. 

Viscosities increased markedly with an increase in branching concentration, signifying greater 

entanglement and stronger physical crosslinks for the branched polyureas.  

 Further analysis of possible isocyanate-free routes led to the use of 1,1ô-

carbonyldiimidazole (CDI) to generate polyureas and polyurethanes. CDI, known in the literature 

for its use in amidation and functionalization reactions, enabled the production of well-defined and 

stable polyurethane monomers. The functionalization of butanediol with CDI yielded an 

electrophilic biscarbamate monomer, bis-carbonylimidazolide (BCI), suitable for further step-

growth polymerization in the presence of amines. The reaction of this novel monomer with 

aliphatic diamines produced thermoplastic polyurethanes with high thermal stability, tunable glass 

transition temperatures based on incorporation of flexible polyether segments, and creasable thin 

films. It is envisioned that CDI functionalized diols will afford access to various polymeric 

backbones without the use of toxic isocyanate-containing strategies. Additionally, non-isocyanate 

polyurethane (NIPU) foams were produced from BCI monomers without the need of blowing 

agents, catalysts, or solvents. These materials offered an alternative to existing foaming 

technology, which typically employed isocyanates. Polyurethanes were foamed through a CO2 

thermal decomposition mechanism involving the BCI monomers. We investigated two series of 

polyurethane foams with a tunable Tg range from ~0 °C to ~110 °C. We found that the 

incorporation of aromatic amines vastly altered the foam thermomechanical properties, and the 

resulting foams were closed-cell in nature.  
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GENERAL AUDIENCE ABSTRACT 

Step-growth polymers play a significant role in commercial and industrial applications. 

On-going work in this field focuses on sustainability, biodegradability, and improved 

processability. This dissertation encompasses the improvement and innovation of current and 

novel engineering thermoplastics and foams. The careful purification and step-growth synthetic 

strategies herein, afforded targeted molecular weights for analysis of linear and long-chain 

branched (LCB) polyetherimides (PEIs). Further analysis of LCB-PEIs, with monovalent and 

divalent ionic endgroups, provided an opportunity to study the effect of ionic interactions and 

physical crosslinks at high temperatures (>300 °C). The long branches improved the melt 

processability compared to linear analogues at equivalent molecular weights. The challenge to 

investigate polyurethanes using non-isocyanate methodologies offered an opportunity to apply 

fundamental small-molecule, organic synthesis to macromolecular science. 1,1ô-

Carbonyldiimidazole (CDI) provided a platform to generate polymeric chains from industrially 

relevant monomers. Additional testing serendipitously discovered the generation of CO2 upon 

thermal degradation of the novel monomers. Harnessing the release of CO2, during the gelation of 

polyurethanes, provided an isocyanate-, catalyst-, and solvent-free synthetic route towards 

polyurethane foams that boasts scalability and industrial relevance. 
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Chapter 1: Introduction   

1.1 Dissertation Overview  

 Engineering thermoplastics, such as polyetherimides, and commodity-use plastics, such as 

polyurethanes and polyureas, offer a wide range of physical properties to meet demanding 

applications. Polyetherimides occupy the sphere of high-temperature, chemically resistant 

materials for use in aerospace, automotive, biomedical, and structural applications. An important 

aspect of polyetherimides is their processability at elevated temperatures. In the evermore-

progressing field of polymer science, sustainability is always a foremost concern. A few methods 

to realize better sustainability were investigated, including long-chain branching, kinked isomers, 

molecular weight control, and reversible, physical crosslinking in the form of ionic endgroups, 

which dissociate at elevated temperatures.  

 The thermomechanical and rheological properties of polyetherimides were analyzed upon 

the introduction of kinked regioisomers in the form of 3,3ô-bisphenol-A-dianhydride. The isomer 

effected the glass transition temperature, melt-flow and tensile properties, as well as the free 

volume. Careful control of molecular weight provided an in-depth analysis of the influence of 

backbone rigidity on entanglements and thermal properties. In order to develop a more extensive 

understanding of the structure-property relationships of polyetherimides, the introduction of 

branching, and the subsequent variance of branching concentrations, provided long-chain branches 

where the branch length was approximately the entanglement molecular weight for each 

regioisomer. Finally, ionic endgroups in the form of sulfonate salts (sodium, calcium, and zinc 

cations) were added to long-chain branched polyetherimides in an attempt to design highly 

processable, mechanically robust materials. The ionic endgroups were compared to phenyl-

terminated branched polyetherimides, and the salts demonstrated increased glass transition 

temperatures and promising rheological properties.  
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 Polyurethanes and polyureas find application as adhesives, thermoplastics, gels, and foams. 

Two of the reasons for their broad range of applications is their chemical structure and inherent 

customizability. Polyurethanes typically consist of a diol reacting with a diisocyanate to generate 

a urethane linkage. The chemical composition of the diol and/or diisocyanate determine the final 

material properties. Polyureas are made in the same manner, except diamines are used instead of 

diols. Isocyanate-free polyurethanes and polyureas are of current interest, and the industry is 

constantly looking for more commercially viable routes to sustainable chemistries. Our research 

group has demonstrated the synthesis of high molecular weight polyureas using urea as a 

monomer. Although the reaction is specific to polyureas, this facile synthesis is unique because of 

its solvent-, catalyst-, and isocyanate-free nature. Another method to generate polyurethanes or 

polyureas without the use of isocyanates, catalysts, or solvents involves diol functionalization with 

1,1ô-carbonyldiimidazole. We have established the synthesis of high molecular weight, 

thermoplastic polyurethanes from 1,1ô-carbonyldiimidazole, as well as the generation of CO2 

through a thermal degradation pathway. The CO2 generation also led to polyurethane foam 

synthesis, and further characterization indicated that surfactants are able to control the cell size 

and the openness/closeness of the foam structure. The implications from this work provide 

promising results for scalable and sustainable emerging technologies.  
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Chapter 2: Influence of Dianhydride Regiochemistry on Thermomechanical and 
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2.1 Abstract 

The design of linear, high performance polyetherimides (PEIs) comprising 3,3ô- and 4,4ô-

bisphenol-A dianhydride (bis-DA) and m-phenylene diamine (mPD) provided an opportunity to 

elucidate the influence of dianhydride regiochemistry on thermomechanical and rheological 

properties. This unique pair of regioisomers allowed the tuning of the thermal and rheological 

properties for high glass transition temperature polyimides for emerging engineering applications. 

Step-growth polycondensation enabled the production of high molecular weight PEIs for 

subsequent thermal and mechanical analysis. Monofunctional phthalic anhydride as an endcapper 

and monomeric stoichiometric imbalances enabled predictable number-average molecular weights 

ranging from 3,600 ï 35,400 g mol-1, as confirmed with size exclusion chromatography coupled 

with light scattering detection for absolute molecular weight determination. The selection of the 

dianhydride regioisomer influenced the weight loss profile as a function of temperature, 

mailto:Timothy.E.Long@asu.edu
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entanglement molecular weight (Me), glass transition temperature (Tg), tensile strain-at-break, 

zero-shear melt viscosity, average hole-size free volume (Vh), and the plateau modulus prior to 

viscous flow during dynamic mechanical analysis. The 3,3ô-PEI composition interestingly 

exhibited a ~20 ÁC higher glass transition temperature than the corresponding 4,4ô-PEI analog. 

Moreover, melt rheological analysis revealed a two-fold increase in Me for 3,3ô-PEI, which pointed 

to the origin of the differences in mechanical and rheological properties as a function of PEI 

backbone geometry.   

Keywords: regioisomers, polyetherimides, imides, entanglement molecular weight, engineering 

polymers 

2.2 Introduction  

Polyetherimides (PEIs) represent an important class of high-performance engineering 

polymers, which have historically impacted technologies ranging from aerospace to electronics. 

PEIs offer complementary thermomechanical properties to fully aromatic polyimides such as high 

glass transition temperature, high modulus, excellent thermal stability, and optical clarity, while 

further providing melt processability.1 This enhanced melt processability stems from the inclusion 

of flexible units in the main chain, i.e., the addition of ether and isopropylidene linkages.1ï3 4,4ô-

polyetherimide, such as Ultem 1000Ê, is derived from 4,4ô-bisphenol-A dianhydride (bis-DA) 

and m-phenylene diamine (mPD), and offers a Tg of 217 °C for high molecular weight polymers.2,4 

This engineering thermoplastic is used in automotive, medical, and engineering fields due to a 

synergy of thermal and chemical properties, in combination with the expected lighter weight 

compared to metallic structures. Configurational isomers are an important design parameter in 

polymer design, and for example, the difference between poly(ethylene oxide) (Tg = -66 °C) and 

poly(vinyl alcohol) (Tg = 80 °C) illustrates their potential impact. Long et al. investigated the effect 



 
 

5 
 

of kinked biphenyl monomeric isomers in liquid crystal polyesters and found that monomer 

composition controlled crystallinity.5 An additional benefit of isomeric polymers is the opportunity 

to form compatible blends compared to non-isomeric pairs.6ï8 Ding et al. in 2007 reviewed the 

field of isomeric polyimides, which included polyimides derived from symmetric and asymmetric 

analogs.9 This review summarized effects on Tg, thermal stability, solubility, and melt viscosity, 

and all properties typically decreased upon the inclusion of kinked or asymmetric monomeric 

units.  

Our prior reports described the effect of long-chain branching (LCB) on the melt 

rheological behavior of industrially relevant 4,4ô-PEIs.10 A melt-processable, branched PEI, with 

branch molecular weights above the critical molecular weight for entanglement, enabled an in-

depth analysis of the influence of LCB on physical properties. In particular, the melt viscosity 

decreased with higher levels of branching (> 2 mol %), and minimal changes appeared below 2 

mol % of the trifunctional branching agent. Furthermore, a collaboration with Cheng et al. offered 

a computational tool to predict Tgs for comparison to experimental data, ultimately directing 

polymer design.11 Cheng et al. reported gas diffusion coefficients through polyimides more closely 

aligned with experimental Tg data compared to previous density versus temperature model 

predictions. Their model predicted the Tg within 10-20 °C of the experimentally determined values 

for 3,3ô- and 4,4ô-PEIs, based on bis-DA and mPD. This manuscript now describes an 

unprecedented structure-property analysis of 3,3ô- derived PEIs. 

Previous literature demonstrated that the 3,3ô-isomer exhibited a higher Tg than the 4,4ô-

isomer, however, these researchers reported brittle films with presumably low molecular 

weights.2,12 Eastmond et al. also reported a tendency for oligomerization and the inability to attain 

high molecular weight polymers with the 3,3ô-isomer.12 Eastmond et al. observed a Tg of 219 °C, 
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which was not representative of high molecular weight polymers due to unfavorable reaction 

conditions. Takekoshi et al. reported the 3,3ô-PEI isomer with a Tg of 236 °C when implementing 

a high temperature, solution polymerization process with subsequent thermal imidization, which 

agrees well with the results discussed herein.2 The research herein details the ideal reaction 

conditions and monomer purification strategies that are necessary to achieve high molecular 

weight 3,3ô- and 4,4ô-regioisomeric compositions. Thus, high molecular weight products now 

enable reliable measurements of the thermal, mechanical, and rheological properties, and the 

significant differences are attributed to the difference in entanglement molecular weight. 

Interestingly, the kinked nature of the 3,3ô-isomer provided a lower melt viscosity at comparable 

absolute molecular weights.  

 

2.3 Experimental/Methods 

2.3.1 Instruments. 1H and 13C nuclear magnetic resonance (NMR) spectroscopy employed a 

Varian Unity 400 spectrometer operating at 399.87 MHz and 23 °C (solution concentrations of 10-

15 mg mL-1). A Waters e2695 size exclusion chromatograph determined the molecular weight of 

isolated polymers. Dissolution of PEI samples in chloroform at 1 mg mL-1 yielded a dn dc-1 of 

0.2173. The column set included a Shodex K-G guard column, 5 ɛm, 4.6 x 10 mm, and two Shodex 

KF-806M columns, 10 ɛm, 8 x 300 mm. The column temperature was set to 35 °C, and a flow rate 

of 1 mL min-1 separated the polymers. A WYATT TREOS II light scattering detector provided 

absolute molecular weight determination, while a Waters 2414 RI detector operated as the 

concentration detector. A TA Instruments TGA Q500 facilitated thermogravimetric analysis 

(TGA) by utilizing a heating rate of 10 °C min-1 from room temperature to 800 °C with a steady 

nitrogen purge. Duplication of TGA results provided standard deviations of the Td,5% and char 
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yields, or the weight remaining after reaching 800 °C. A TA Instruments DSC Q2000 with 

heat/cool/heat cycles of 10 °C min-1, 100 °C min-1, and 10 °C min-1, respectively, provided 

differential scanning calorimetry data where the sample was under a nitrogen environment during 

the experiment. DSC provided the Tg from the midpoint of the endotherm in the 2nd heat, and each 

sample underwent triplicate testing to provide standard deviations. Compression molding 

facilitated thin films by compressing PEI powders between Kapton® sheets at 315 °C on a PHI 

hydraulic press. Rexco Partall® POWER Glossy Liquid Mold Release, a silicone-based mold 

release agent, ensured easy removal of the PEI films. A TA Instruments DMA Q800 with a 

temperature ramp of 3 °C min-1 from 25 °C to 300 °C at 1 Hz provided a Tg taken from the peak 

in the tan delta. An Instron 5500R with a preload force < 1 N and an extension rate of 5 mm/min 

generated stress-strain curves at ambient temperature, and provided the strain-at-break for tensile 

bars cut with an ASTM D-638-V dog bone punch. Rheological experiments employed a TA 

Instruments Discovery HR-3 rheometer with disposable, 8 mm aluminum parallel-plate 

geometries. Strain-sweep experiments at 340 °C verified that 1-3% oscillatory strain was within 

the linear viscoelastic region allowing for further analysis (Figure S5). Time sweep experiments 

investigated melt-stability at 340 °C under 1.0% strain and 1 Hz for 60 min (Figure S6). The 

modulus crossovers occurring ~50 minutes at elevated temperatures are indicative of thermal 

crosslinking (Figure S6). A frequency sweep experiment at T = Tg + 30 °C with 3% strain ranging 

from 0.3 to 300 rad s-1 facilitated the determination of the entanglement molecular weight. 

Frequency sweep experiments provided melt viscosities for each regioisomer at relevant 

processing frequencies and temperatures.   

Positron annihilation lifetime spectroscopy (PALS) measurements employed a custom-

built instrument with 22Na as a positron source.13ï16 Sample thickness of 1 mm with a 1 cm 
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diameter enabled reproducible analysis. Room temperature scans with 7 cycles at 1 hour each 

collected 106 annihilation events per cycle. The resolution of the PATFIT-88 program offered the 

time resolution, where spectra decomposition provided three discrete lifetimes. The o-Ps pick-off 

annihilation originates from the longest lifetime. This lifetime, termed †, enabled the calculation 

of the mean radius, R, of the local volume, Vh, using the following equation: 

† πȢυρ ÓÉÎ       Equation (1) 

where ЎὙ Ὑ Ὑ πȢρφυφ ÎÍ. The pre-factor 0.5 ns in Eq. (1) is equal to the Ps annihilation 

rate. R and ЎὙ are respectively the radius of the hole and an empirical parameter that describes the 

thickness of the electron layer according to the Tao-Eldrup model. The value of ЎὙ is 1.656 Å 

when fit to the positron lifetime values of systems with known hole-sizes. As o-Ps lifetime is 

expected to show a distribution in polymers, we use the terms ñaverage o-Ps lifetimeò for o-Ps and 

ñaverage hole radiusò for R.  

2.3.2 Materials. 3,3ô- and 4,4ô-bisphenol-A dianhydride (3,3ô- and 4,4ô-bis-DA) and m-phenylene 

diamine (mPD) were provided by SABIC, Inc. Sublimation of mPD under reduced pressure and 

elevated temperatures afforded a white, pure solid that was stored in a desiccator under vacuum. 

3,3ô- and 4,4ô-bis-DA monomer preparation included a cyclodehydration at 200 °C under a 

nitrogen atmosphere, followed by storage in a desiccator under vacuum.3 Phthalic anhydride 

(Ó99%, ACS reagent) and o-dichlorobenzene (o-DCB) were purchased from Sigma Aldrich and 

used as received. Methanol, isopropanol, and acetone were purchased from Pharmco Aaper 

(ACS/USP grade) and used as received. Chloroform for polymer dissolution and SEC analysis was 

purchased from Millipore Sigma (Ó99.8%, HPLC stabilized). Nitrogen (99.999% UHP-T) was 
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purchased from Praxair Distribution. All deuterated solvents were purchased from Cambridge 

Isotope Laboratories, Inc.  

Synthesis of linear 3,3ô- and 4,4ô-polyetherimide with phthalic anhydride (3,3ô- and 4,4ô-

PEI).2 3,3ô-Bis-DA (8.000 g, 30.74 mmol) and phthalic anhydride (0.124 g, 0.84 mmol) were 

dissolved at 150 °C in o-DCB (10 mL) under a N2 atmosphere. mPD (1.691 g, 31.28 mmol) was 

dissolved in o-DCB (5 mL) in a three-necked, 500-mL round-bottomed flask outfitted with a glass 

stir rod and Teflon® blade, a septa with a nitrogen inlet, and a Dean-Stark apparatus. The Dean-

Stark apparatus was wrapped with heat tape, at 100 °C, and then connected to a water-jacketed 

condenser. The condenser was attached to a bubbler to prevent oxygen and moisture backfill into 

the reaction. The overhead stirrer was set to ~40 rpm, and the mPD was stirred under a N2 purge 

for 15 min before being placed into an oil bath at 100 °C. The anhydride solution was then added 

to the three-necked reaction flask, and remaining contents were transferred with an additional 14 

mL o-DCB, bringing the reaction to 20 wt % solids. The oil bath was increased to 180 °C, where 

the reaction became homogeneous after reaching ~140 °C. Thereafter, the stir rate was increased 

to 80 rpm. After 18 h of reaction time, water was quantitatively collected in the Dean-Stark 

apparatus and the reaction was removed from the oil bath. Two of the ports were sealed with septa 

and the remaining port was connected to a simple distillation arm leading to a two-necked flask 

situated in a dry ice/acetone mixture. The two-necked flask was attached to a bubbler, and the 

setup was purged with N2 for ~10 min before lowering the apparatus into a hot metal bath at 380 

°C for 0.5 h. After devolatilization and imidization, the resulting amber/yellow and clear polymer 

was dissolved in chloroform at 10 wt % solids. The solution was precipitated into a 50/50 non-

solvent mixture of acetone and methanol and dried in a vacuum oven at ~25 in-Hg and 220 °C for 

2 h, followed by 150 °C for 16 h. In order to target various molecular weights, the ratio of phthalic 
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anhydride to monomer was adjusted in accordance to Flory-Stockmayer Theory. Molecular 

weights ranging from 3.6 ï 35.4 kg mol-1 were synthesized for each regioisomer (Table 1 and 

Figure S1).  

  
Mn (kg mol

-1
) Mw (kg mol

-1
) Tg

 (ÁC) DSC/DMA Char Yield (%) Td,5% (ÁC) 

3,3ô-PEI 

3.7 4.5 208 40.5 Ñ 0.1 482 Ñ 1 
5.0 5.9 216 42.8 Ñ 2.0 487 Ñ 5 
6.3 8.6 221 429 Ñ 0.1 482 Ñ 2 
9.3 11.6 224 45.1 Ñ 0.4 480 Ñ 0 
21.6 38.3 234 / 233 49.8 Ñ 0.7 492 Ñ 5 
23.5 48.0 237 49.0 Ñ 0.5 490 Ñ 2 
31.0 55.2 238 / 237 49.2 Ñ 0.6 489 Ñ 1 
35.4 64.7 238 / 236 47.1 Ñ 0.1 482 Ñ 1 

4,4ô-PEI 

3.6 4.8 188 42.4 Ñ 0.1 507 Ñ 3 
5.1 7.2 197 43.9 Ñ 0.1 511 Ñ 8 
6.8 10.8 204 45.0 Ñ 0.2 514 Ñ 3 
10.0 14.9 208 46.5 Ñ 0.3 520 Ñ 1 
12.0 16.5 211  47.6 Ñ 0.8 523 Ñ 1 
14.2 28.4 215 / 215 49.8 Ñ 0.0 523 Ñ 0 
*19.7 *36.8 *217 / 216 *48.4 Ñ 0.5 *520 Ñ 1 
18.8 38.0 217 / 216 48.5 Ñ 0.0 520 Ñ 0 
23.4 53.1 219 / 216 48.6 Ñ 0.3 526 Ñ 2 
32.9 60.0 219 / 216 53.0 Ñ 1.0 525 Ñ 1 

Table 1. Summary of molecular weight and thermal properties for the PEI series. *Ultem 1000Ê 

industrial standard.  
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2.4 Results/Discussion 

 
Scheme 1. Polycondensation reaction between an aromatic dianhydride and an aryl amine, 

utilizing phthalic anhydride as the endcapper. 

  

A two-step polycondensation reaction facilitated the synthesis of isomeric PEIs (Scheme 

1).2,17,18 Typical polyetherimide synthetic protocol begins with the dissolution of the amine-

containing monomer(s) followed by addition of the anhydrides.17 The reaction mixture became 

heterogeneous/aggregated following addition of the anhydrides and remained heterogeneous until 

reaching ~140 °C. Increasing the reaction temperature to 180 °C further decreased the solution 

viscosity and allowed for facile removal of the water byproduct. Heating the reaction to 380 °C 

for 0.5 h under a vigorous nitrogen purge enabled quantitative thermal imidization and complete 

solvent removal.2,17,19 Following imidization, the PEI dissolved slowly in chloroform and 

precipitated readily in an acetone/methanol solution. The precipitated polymer provided a high 

isolated yield (> 90%), and 1H NMR spectroscopy confirmed the intended chemical structure 
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(Figures S2-S3). Compression molding at 315 °C produced robust PEI films. All analysis 

techniques utilized compression-molded films.   

 Thermogravimetric analysis provided confirmation of full imidization (Figure 1). The 

trend followed that higher molecular weights (darker curves) yielded statistically higher char yield 

than the lower molecular weights (lighter curves) (Table 1). This observation was consistent with 

higher molecular weights undergoing more chain scission events prior to the formation of volatile 

degradation products. Higher molecular weights resulted in a lower concentration of end-groups, 

which presumably released volatile byproducts more readily upon scission near the polymer chain 

end.20 Coupling these TGA results with a higher melt viscosity, the higher molecular weight 

samples formed a non-volatile carbonaceous char at higher yields than the lower molecular weight 

samples that began releasing volatile degradation products before appreciable char formation 

occured.20,21  

 

Figure 2.1. TGA of 3,3ô- and 4,4ô- PEI at varied molecular weight and average Td,5% reported for 

each isomer, where higher molecular weights produce higher char yields for both systems.  
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 DSC provided glass transition temperatures for both compositions and confirmed the 

absence of crystallinity. DSC revealed a single endothermic transition in the amorphous PEI 

sample that was characteristic of the Tg (Figure S4 and Table 1). As represented by the Flory-Fox 

equation,22 Tgs relate proportionally to molecular weight:  

T T,
K

M
   Equation (2) 

Where K is related to the polymer free volume and Mn is the number-average molecular weight. 

The Tg trend follows that the lowest molecular weight for each isomer had a Tg that was 33-35 °C 

lower than the high molecular weight samples. The high molecular weight (Mn > 18,000 g mol-1) 

samples for each isomer approached a maximum Tg. Analysis of the Flory-Fox plot provided the 

Tg for a polymer of infinite molecular weight, or Tg,Ð (Figure 2). The 4,4ô-PEI had a low molecular 

weight (Mn = 3,600 g mol-1) Tg of 188 °C and a Tg,Ð of 223 ÁC, while the 3,3ô-PEI had a low 

molecular weight (Mn = 3,700 g mol-1) Tg of 208 °C and a Tg,Ð of 241 °C. This strikingly higher 

Tg for the 3,3ô-PEI was attributed to the more hindered backbone compared to the 4,4ô-PEI.2,9,12 

 

Figure 2.2. Flory-Fox plot provides a theoretical Tg for infinite molecular weight PEIs. 
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DMA provided the onset temperature for viscous flow and provided complementary 

confirmation of Tgs. The plateau region prior to the onset of viscous flow was more extended for 

4,4ô-PEI compared to 3,3ô-PEI (Figure 3). Interestingly, the 4,4ô-PEI viscous flow temperature 

(storage moduli < 1 MPa) changed drastically from ~250 °C to ~300 °C with an increase in 

molecular weight. Conversely, the onset temperature for viscous flow temperature for 3,3ô-PEI 

ranged from ~265 °C to ~275 °C.  The temperature dependence on the relaxation times between 

the two isomers requires further analysis.  

 

Figure 2.3. DMA provides Tgs for film-forming PEIs and demonstrates a longer plateau prior to 

viscous flow for 4,4ô-PEI compared to 3,3ô-PEI. 

 

 There are a number of rheological methods for determination of entanglement molecular 

weight of a polymer. One common method requires the synthesis of a polymer over a large 

molecular weight range. Several introductory texts discuss this method in detail, which 

necessitates the calculation of the zero-shear viscosity for each polymer.23,24 The Rouse model 

predicts the polymer melt viscosity for unentangled melts, or M < Mc, where Mc ~ 2Me, and the 

reptation model predicts the viscosity for entangled melts, or M > Mc, where – ͯ ὓ . However, 
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linear polymers more accurately follow the power law – ͯ ὓ Ȣ, when M > Mc.
23ï26 Another 

method, commonly termed the van-Gurp Palman method,27 allows for the estimation of the 

entanglement molecular weight of a polymer by measuring the storage modulus in the melt state 

and extrapolating the entanglement molecular weight using the following equation:27,28  

    Equation (3) 

Completing a frequency sweep experiment at a temperature ~30 °C above the Tg provided a 

minimum in the tan delta, or the ratio of the loss moduli to storage moduli (Figure 4).27,28 Important 

to note, Liu et al. found that using similar estimation techniques yields up to a 15% margin of error 

for polydisperse samples.29 Assuming time-temperature superposition (TTS) remains valid, the 

phase angle or tan delta plotted against the storage modulus provided a plateau modulus, ' . Thus, 

rheological measurements revealed the '  for the 53 kg mol-1 Mw 4,4ô-PEI and 65 kg mol-1 Mw 

3,3ô-PEI as 1.69 and 0.71 MPa, respectively. The corresponding entanglement molecular weights 

were ~3,100 g mol-1 and ~7,500 g mol-1 for each polymer, respectively. As described above, DMA 

showed 3,3ô-PEI with a shortened plateau prior to viscous flow, and this observation was attributed 

to a decreased number of chain entanglements compared to 4,4ô-PEI. Fetters et al. established the 

role of packing length in apparent entanglement molecular weight based on experimental and 

modeling data.30,31 The authors found that packing length is directly related to the plateau modulus 

and entanglement molecular weight, providing impetus for further analysis of the packing length 

of isomeric PEIs. The higher Me demands higher weight-average molecular weights to achieve 

similar chain entanglement densities compared to the 4,4ô-isomer. A simple frequency sweep 

experiment at a relevant processing temperature, i.e., 340 °C, provided a representation of melt-

behavior for the two regioisomers (Figure 5). As expected, higher molecular weight resulted in 

-
”24

'
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higher viscosities, however, the 3,3ô-isomer exhibited a lower melt viscosity than the 4,4ô-isomer 

at equivalent molecular weights. A lower apparent weight-average molecular weight for the 3,3ô-

PEI produced complex viscosities at 50 rad s-1 that were 1.5-fold lower than 4,4ô-PEI. Earlier 

literature states that a ñhigh [weight-average] molecular weight polymerò represents a weight-

average molecular weight of approximately ten times the Me.
28 While the 4,4ô-PEI ñhigh [weight-

average] molecular weightò is near 30 kg mol-1 Mw, the 3,3ô-isomer approaches 75 kg mol-1. This 

presents some synthetic challenges because high performance thermoplastic polyetherimides do 

not commonly reach these values due in part to kinetics and limited monomer purity. The highest 

weight-average molecular weight achievable using 3,3ô-bis-DA in our laboratories was ~65 kg 

mol-1 Mw. Previous literature reports that 3,3ô-dianhydride isomers tend to cyclize at a higher rate;9 

however, high temperature thermal imidization induces transimidization, negating much of the 

possible cyclization.2 

 

Figure 2.4. The plateau modulus (G0
N) originates from the minimum in the tan delta of the 

frequency sweep experiment at ~30 °C above Tg.  
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Figure 2.5. Melt viscosities for selected 3,3ô- and 4,4ô-PEIs at equivalent Mw, where T = 340 °C. 

 

 Tensile analysis provided Youngôs moduli upon analysis of the slope of the stress-strain 

curve at the initial, linear portion of the data. The Youngôs modulus for 3,3ô- PEI averaged ~400 

MPa less than 4,4ô- PEI at similar molecular weights. The observed difference was reproducible 

over five replicate experiments (Figure 6 and Table 2). Weight-average molecular weights below 

55 kg mol-1 and 28 kg mol-1 did not yield films with reproducible tensile curves for 3,3ô- and 4,4ô-

PEI, respectively. As expected, the strain-at-break for each sample showed that higher molecular 

weight provided higher ultimate percent strain. The 38 kg mol-1 Mw 4,4ô-PEI sample displayed 

similar strain-at-break to the 65 kg mol-1 Mw 3,3ô-PEI sample, which was consistent with the claim 

that high molecular weight properties are achieved as the weight-average molecular weight 

approached ten-times Me range.28  
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Figure 2.6. Strain-at-break for high Mw 3,3ô-PEIs approaches strain-at-break for lower Mw 4,4ô-

PEI. 

 

PALS commonly reveals three lifetime components with the longest lived corresponding 

to o-PS pickoff lifetime (†). Table 2 (and Figure S7) presents the role of structural differences 

and the effect of molecular weight on the observed average hole-size free volume (Vh). The Vh 

measured by PALS elucidates network structure by probing the unoccupied space with a positron 

with a 1 Å radius. This unoccupied space (or free volume) is inherent to all polymers. There was 

no apparent dependence on molecular weight; rather the dependence was on the structural 

differences (Figure S7). Segmental motions were less restricted in the 4,4ô-isomer, thus leading to 

an increased value of Vh. The 3,3ô-isomer demonstrated improved chain packing as the Vh was 

significantly lower in comparison. This was confirmed with the higher Tg for the 3,3ô-isomer, 

confirming a higher order of chain packing. In all cases, I3 (intensity of o-PS) was found to be low 

(~2%), which was attributed to a large dispersity of hole-sizes within the networks, and the 4,4ô-

isomer yielded more holes with a larger size than the 3,3ô-PEI isomer.32  
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Mw (kg mol -1) 

Tg (°C)#  Td,5% (°C) 
Youngôs Modulus 

(MPa) 
Strain-at-
Break (%) 

Ȅ* 
(PaÅs)#  

Free Volume, 
Vf (Å3) 

3
,
3
ô

-P
E

I 38.3 234 492 N/A N/A 1,500 6.1 

55.2 238 489 2,610 ± 80  6 ± 3  3,600 6.5 

4
,
4
ô

-P
E

I 38.0 217 520 3,020 ± 10  22 ± 4  2,200 23.1 

53.1 219 526 3,160 ± 60  43 ± 12  5,500 27.1 

#Complex viscosity taken at 50 rad s-1 and Tg taken from DSC measurements.  

Table 2. Select thermal and mechanical properties for PEI samples. 

 

2.5 Conclusions 

 Polycondensation of 3,3ô- and 4,4ô-bis-DA and mPD yielded PEIs of varied and controlled 

molecular weights. Stoichiometric imbalances and monofunctional endcapping reagents provided 

a route to targeted molecular weights for each regioisomeric homopolymer. SEC and 1H NMR 

spectroscopy enabled structural and absolute molecular weight determination, while TGA and 

DSC provided thermal characterization for the PEI series. Backbone configuration significantly 

affected the thermal, mechanical, and rheological properties of the PEIs. The 3,3ô-isomer produced 

a higher Tg, lower Td,5%, lower melt viscosity, higher Me, lower strain-at-break, and reduced free 

volume when compared to the 4,4ô-isomer at equivalent molecular weight. The kinked structure 

of the 3,3ô-bis-DA accounted for these differences, and this structure restricted chain mobility, 

which increased thermal relaxation temperatures. The decreased chain mobility also inhibited 

chain entanglement, the 3,3ô-isomer required considerably higher molecular weights to achieve 

similar physically crosslinked network effects. When nearing ten-times the polymer Me, the 

mechanical properties of each regioisomer became comparable. Finally, this detailed study 
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reinforced the influence of polymer main chain symmetry on thermomechanical properties and 

melt processability.  
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2.8 Supporting Information  

 

 

 

Figure S2.1. Select SEC traces for 3,3ô-PEI-PA (38,300 g/mol Mw) and 4,4ô-PEI-PA (53,100 

g/mol Mw) 
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Figure S2.2. 1H NMR of 38,300 g mol-1 Mw 3,3ô-PEI. 

 

 

Figure S2.3. 1H NMR of 38,000 g mol-1 Mw 4,4ô-PEI. 
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Figure S2.4. Raw DSC traces of the 2nd heat for 3,3ô- and 4,4ô-PEI in blue and red, respectively. 

Please note that we shifted the DSC traces vertically for ease of viewing. 

 

 

 

Figure S2.5. Melt rheological strain sweep experiments at 340 °C provide the linear viscoelastic 

region for 3,3ô- and 4,4ô-PEI, 38,000 g mol-1 Mw 4,4ô-PEI is representative of entire series.  
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Figure S2.6. Melt rheological time sweep experiments at 340 °C provide the modulus crossover 

point for 3,3ô- and 4,4ô-PEI.  
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Figure S2.7. Variation in intensity and <Vh> for each isomer and molecular weight, showing 

consistently low intensity due to hole size distribution in comparison to <Vh>.  
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3.1 Abstract  

 Engineering thermoplastics such as polyetherimides are prevailing materials in the 

industrial sector. The frequently studied 4,4ô-PEI exhibits exceptional thermal, mechanical, and 

rheological properties, yet the 3,3ô-PEI regioisomer lacks significant study in industry and 

academia due to its óinferiorô properties, namely poor mechanical properties. Careful purification 

and step-growth synthetic strategies afforded targeted molecular weights for analysis. Thermal 

stability remained consistent for each regioisomer and Tgs for the 3,3ô- and 4,4ô-PEIs agreed well 

with prior literature. Rheological analysis demonstrated typical shear thinning and low-shear 

viscosity trends for long-chain branched systems. The targeted molecular weights for the 3,3ô-PEIs 

were well below the entanglement molecular weight cutoff for ñhigh molecular weight,ò and for 

this reason the rheological properties demonstrated inconsistent trends. Although not directly 

analyzed herein, blends of the branched 3,3ô- and 4,4ô-PEI provide a route to high Tg and high 

flow thermoplastics. 

 

3.2 Introduction  

Polyetherimides (PEIs) are valuable engineering thermoplastics used in demanding 

applications such as electronics, biomedical, automotive, and aerospace. They boast high glass 
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transition temperatures (Tgs), impressive thermal stability, and are melt processable, unlike their 

polyimide cousins.1 The main difference between polyimides and PEIs originates in the chemical 

structure, while PEIs contain flexible moieties such as ether and isopropylidene linkages, 

polyimides are rigid and often lack Tgs.1ï4 It is well-known that long-chain branching (LCB) 

further improves the melt processability of commercial polymers. LCB increases the shear-

thinning and extensional flow when compared to linear polymers with similar molecular weight.5ï

8 Most of the implementation of long-chain branching in the literature is in regards to polyolefin 

chemistry.5,6,9,10 Long et al. has shown improved melt processability in PEIs when incorporating 

low mol % of branching agent, < 2 mol %.11 Previous reports detail the synthesis of trifunctional 

aromatic amines and the subsequent polymerization of polyetherimides using 4,4ô-bisphenol-A 

dianhydride (4,4'-Bis-DA).11 This chapter applies this technology to the 3,3'-Bis-DA regioisomer, 

which was already known to have improved melt processability.4,12  

Industrial and academic interest in understanding the effect of the 3,3'-bis-DA regioisomer 

on the properties of PEIs spurred the comprehensive analysis of linear PEIs with varied molecular 

weight.12 The thermal and rheological properties changed significantly when compared to the 4,4'-

PEI, commercially sold as Ultem® 1000, at equivalent molecular weight. We initially determined 

the entanglement molecular weight (Me) for each system and then synthesized linear polymers 

with molecular weights ranging from 1 x Me to 10 x Me. There was a ~20 °C  difference in glass 

transition temperature between the regioisomers and the 3,3'-PEI had a melt viscosity ~ 30% of 

4,4'-PEI at the same molecular weight. However, when comparing melt viscosities where 

molecular weight = 10 x Me, the difference in viscosity was nominal. The progress made herein 

demonstrates that branched 3,3'-PEIs follow the same trends as branched 4,4'-PEIs, namely, an 

increase in low-shear melt viscosity with low levels of branching (<1 mol %) and a decrease in 
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viscosity with higher concentrations of branching (>1 mol %).  The polymer shear thinning 

improves with the introduction of long-chain branches and thermal properties for branched PEIs 

are comparable throughout the 0.0 ï 3.0% branching range, although Tgs begin to decrease at the 

higher branching concentrations. 

 

3.3 Experimental/Methods 

3.3.1 Instruments. A Waters e2695 size exclusion chromatograph (SEC) determined the 

molecular weight of isolated PEIs. Dissolution of PEI samples in chloroform at 1 mg mL-1 yielded 

a dn dc-1 of 0.2173. The column set included a Shodex K-G guard column, 5 ɛm, 4.6 x 10 mm, 

and two Shodex KF-806M columns, 10 ɛm, 8 x 300 mm. The column temperature was set to 35 

°C, and a flow rate of 1 mL min-1 separated the polymers. A WYATT TREOS II light scattering 

detector provided absolute molecular weight determination, while a Waters 2414 RI detector 

operated as the concentration detector. A TA Instruments TGA Q500 facilitated thermogravimetric 

analysis (TGA) by utilizing a heating rate of 10 °C min-1 from room temperature to 800 °C, with 

a steady nitrogen purge. A TA Instruments DSC Q2000 with heat/cool/heat cycles of 10 °C min-

1, 100 °C min-1, and 10 °C min-1, respectively, provided differential scanning calorimetry data 

where the sample was under a nitrogen environment during the experiment. DSC provided the Tg 

from the midpoint of the endotherm in the 2nd heat, and each sample underwent duplicate testing 

to provide an average value. Compression molding facilitated thin films by compressing PEI 

powders between Kapton® sheets at 315 °C on a PHI hydraulic press. Rexco Partall® POWER 

Glossy Liquid Mold Release, a silicone-based mold release agent, ensured easy removal of the PEI 

films. A TA Instruments DMA Q800 with a temperature ramp of 3 °C min-1 from 25 °C to 300 °C 

at 1 Hz provided a Tg taken from the peak in the tan delta. Rheological experiments employed a 
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TA Instruments Discovery HR-3 rheometer with disposable, 8 mm aluminum parallel-plate 

geometries. Strain-sweep experiments at 340 °C verified that 1-3% oscillatory strain was within 

the linear viscoelastic region allowing for further analysis. Time sweep experiments investigated 

melt-stability at 340 °C under 1.0% strain and 1 Hz for 60 min. The modulus crossovers occurred 

>45 minutes at elevated temperatures, indicated thermal crosslinking after extended periods. A 

frequency sweep experiment from 0.6283 ï 628.3 rad s-1 at 1.0% strain where temperatures ranged 

from 350 ï 250 °C facilitated the time temperature superposition (TTS) analysis.  

3.3.2 Materials. 3,3ô- and 4,4ô-bisphenol-A dianhydride (3,3ô- and 4,4ô-bis-DA), 2,4,4'-

triaminodiphenylether (TADE), and m-phenylene diamine (mPD) were provided by SABIC, Inc. 

Sublimation of mPD under reduced pressure and elevated temperatures afforded a white, pure solid 

that was stored in a desiccator under vacuum. 3,3ô- and 4,4ô-bis-DA monomer preparation included 

a cyclodehydration at 200 °C under a nitrogen atmosphere, followed by storage in a desiccator 

under vacuum. Phthalic anhydride (Ó99%, ACS reagent) and o-dichlorobenzene (o-DCB) were 

purchased from Sigma Aldrich and used as received. Methanol was purchased from Pharmco 

Aaper (ACS/USP grade) and used as received. Chloroform for polymer dissolution and SEC 

analysis was purchased from Millipore Sigma (Ó99.8%, HPLC stabilized). Nitrogen (99.999% 

UHP-T) was purchased from Praxair Distribution.  

Synthesis of branched 3,3ô- and 4,4ô-polyetherimide with phthalic anhydride (3,3ô- and 4,4ô-

LCB-PEI). Synthesis follows from Wolfgang and Long et al.12 3,3ô-Bis-DA (12.000 g, 23.06 

mmol) and phthalic anhydride (0.169 g, 1.14 mmol) were dissolved at 150 °C in o-DCB (20 mL) 

under a N2 atmosphere. TADE (0.034 g, 0.16 mmol) and mPD (2.527 g, 23.37 mmol) was 

dissolved in o-DCB (10 mL) in a three-necked, 500-mL round-bottomed flask outfitted with a 

glass stir rod and Teflon® blade, a septa with a nitrogen inlet, and a Dean-Stark apparatus. The 
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Dean-Stark apparatus was wrapped with heat tape, at 100 °C, and then connected to a water-

jacketed condenser. The condenser was attached to a bubbler to prevent oxygen and moisture 

backfill into the reaction. The overhead stirrer was set to ~40 rpm, and the mPD was stirred under 

a N2 purge for 10 min before being placed into an oil bath at 100 °C. The anhydride solution was 

then added to the three-necked reaction flask, and remaining contents were transferred with an 

additional 13 mL o-DCB, bringing the reaction to 20 wt % solids. The oil bath was increased to 

180 °C. The stir rate was increased to 80 rpm. After 18 h, water was quantitatively collected in the 

Dean-Stark apparatus and the reaction was removed from the oil bath. Two of the ports were sealed 

with septa and the remaining port was connected to a simple distillation arm leading to a two-

necked flask situated in a dry ice/acetone mixture. The two-necked flask was attached to a bubbler, 

and the setup was purged with N2 for ~10 min before lowering the apparatus into a hot metal bath 

at 380 °C for 0.5 h. After devolatilization and imidization, the resulting amber/yellow and clear 

polymer was dissolved in chloroform at 10 wt % solids. The solution was precipitated into 

methanol, a non-solvent, and dried in a vacuum oven at ~25 in-Hg and 220 °C for 2 h, followed 

by 150 °C for 16 h. In order to target various branching concentrations, the ratio of TADE amines 

to mPD amines was adjusted to provide 0.0 ï 3.0% TADE PEIs. The synthetic procedure was 

duplicated for the 4,4ô-LCB-PEIs. 

 

3.4 Results/Discussion 

 The facile synthesis of LCB-PEIs from bis-DA, mPD, PA, and TADE monomers provided 

polymers with branching concentrations ranging from 0.0 ï 3.0 mol % (Scheme 1). The 4,4ô-bis-

DA isomer acted as a control and is comparable to previous works from Long et al.11 The 3,3ô-bis-

DA monomer enabled further analysis of the effect of dianhydride regiochemistry on the 
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thermomechanical and rheological properties of PEIs.12 The polycondensation reaction proceeded 

through a two-step procedure where the reagents combined to form a poly(amic acid) in o-DCB 

before thermal imidization and solvent removal at 380 °C (Scheme 1, left image). A strong 

nitrogen purge during each step of the reaction ensured minimal oxidative degradation for the PEI 

products. The PEI readily dissolved in chloroform after imidization and further isolation of the 

polymer through a precipitation in methanol ensured a high yield (> 95%) (Scheme 1, right image). 

Thermal compression molding at 315 °C generated creasable, optically clear PEI films. All further 

analysis techniques utilized compression-molded films. 

 

Scheme 1. Synthesis of LCB-PEI with phthalic anhydride endcapper and TADE triamine. 3,3ô-

PEI shown as an example with the poly(amic acid) solution at the bottom left and the final dried, 

powder product at the bottom right.  
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 Thermogravimetric analysis (TGA) provided char yields and weight loss profiles for the 

branched PEIs. The char yields remained consistent across the series of branched PEIs for both 

isomers (Figure 1 and Table 1). The Td,5%, or temperature where 5% of the original mass was lost, 

was unchanged within each branching series; however, it was 10-15 ÁC lower for the 3,3ô-PEI 

series compared to 4,4ô-PEIs. This difference was consistent with prior literature.12 Carbonaceous 

char between 50 and 60% was in agreement for PEIs with similar polymer backbones. Differential 

scanning calorimetry (DSC) analysis elucidated glass transition temperatures (Tgs) for the PEIs 

(Figure 2 and Table 1). The 3,3ô-PEIs maintained Tgs that were 15 ï 20 ÁC higher than 4,4ô-PEIs. 

A slight Tg depression became obvious for higher branching concentrations (Figure 3). After 

plotting the Tgs against the polymer branching concentration, the general trend became apparent 

that higher levels of branching reduced the Tg. This effect was reported in previous literature, such 

that as branching increased, the amplified concentration of ñlow molecular weight fractionsò 

presented a plasticization effect on the polymer as a whole.11  

 

Figure 3.1. Td,5% values were lower for the 3,3ô-PEI, but char yields remained equivalent. 
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Figure 3.2. Tgs from DSC for 3,3ô- and 4,4ô-PEI tended to decrease with higher levels of 

branching.  

 

 

Figure 3.3. Tgs plotted against branching concentration demonstrated the relative decrease in Tg 

with an increase in branching. 

 

 Dynamic mechanical analysis (DMA) elucidated Tgs and flow temperatures for the 

branched PEIs in the series (Figure 4 ï 5). Tg values from DMA agreed with the DSC results (Table 

1). Interestingly, the flow temperatures for the 3,3ô-PEI series remained within ~5 °C from each 

other, while the 4,4ô-PEIs exhibited significant differences based on branching concentration. The 

0.0% TADE PEI had the lowest flow temperature, followed closely by the 3.0% TADE PEI. The 

trend followed that flow/yield temperature was highest for 2.0% > 0.1% > 1.0% > 0.5% > 3.0% > 

0.0%. The significant difference between 0.1 and 0.0% TADE was attributed to the higher Mn for 
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the 0.1% TADE PEI. The remaining trend agreed well with prior literature, such that 0 ï 2% 

branching typically elicits more pronounced entanglement response in mechanical and rheological 

analysis.11 SEC coupled with light scattering elucidated the dispersity (Ð) of the PEIs as a function 

of branching concentration (Figure 6). PEIs with less than 1 mol % TADE showed negligible 

differences in Ð, but samples with 2-3% branching had significantly higher Ð values. This result 

agrees with prior literature from the Long research group, such that increasing the branching 

concentration increases the number of high and low molecular weight chains.11 

 

Figure 3.4. Storage moduli and tan delta for the complete series illuminated the significant 

difference in Tg as well as flow temperature between the isomers.  
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Figure 3.5. The DMA curves were separated for easier analysis and the flow temperatures changed 

with an adjustment in branching concertation for the 4,4ô-PEI.  

 

 

Figure 3.6. SEC shows that an increase in branching concentration causes an increase in PDI or 

Ð. *Differential refractive index trace shown. 
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Table 1. Summary of molecular weight from light scattering SEC analysis and thermal 

characterization from DSC, DMA, and TGA. 

 

The introduction of long-chain branching to these PEIs caused an improvement in shear 

thinning and variations in low-shear viscosities. Typically, branched polymers exhibit decreased 

low-shear viscosity due to a decrease in the random coil size.5,6 However, long-chain branching is 

known to increase the low shear viscosity due to the increase in chain entanglements and chain-

chain coupling that occurs.7,8,11 The benefit of long-chain branching is that when the polymer 

undergoes high shear rates, such as those seen in an injection molding process, the polymers 

display improved shear thinning over linear polymers of similar molecular weights. TTS 

measurements provided confirmation of the aforementioned effect of long-chain branching on 

PEIs (Figure 7). With the exception of the 0.1% branched 3,3ô-PEI, the 3,3ô-LCB-PEI series 

showed a decrease in low-shear viscosity with an increase in branching concentration. This 

observation was attributed to a high entanglement molecular weight (Me) for 3,3ô-PEIs.12 The Me 

for 3,3ô-PEI was over twice that of 4,4ô-PEI, indicating that the Mw for 3,3ô-PEI must be roughly 

twice that of the 4,4ô-PEI for comparable properties (melt viscosity, number of entanglements, 

tensile properties, etc.). Herein, the molecular weights were equivalent for each series. Branching 

the 3,3ô-PEI series at a ñlow molecular weightò meant that branches were too short to undergo 

entanglements and viscosities decreased with increased branching (Figure 7). On the contrary, 
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4,4ô-PEI had a high enough molecular weight, with respect to the entanglement molecular weight, 

for the branches to undergo entanglements. This invoked an increase in low-shear viscosity for 

low incorporations of branching (circa 0.1 ï 1.0 mol %). Finally, time sweep experiments 

demonstrated moderate melt stability for the branched PEIs (Figure 8). All of the rheologically 

analyzed PEIs exhibited melt stability, or a lack of a storage and loss moduli crossover, for >45 

min at 340 °C. Radical and/or oxidative stabilizers, such as tris(2,4-di-tert-butylphenyl)phosphite, 

allow for further improved PEI melt stability.  

 

 

 

Figure 3.7. TTS demonstrated a decrease in low-shear viscosity with an increase in branching for 

the 3,3ô-PEI series, but 0.1 ï 1.0 mol % TADE for the 4,4ô-PEI resulted in higher viscosities than 

the linear analog.  
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Figure 3.8. Time sweep experiments showed melt stability for the PEIs for >45 min at 340 °C. 

Linear analogs shown as examples. 

 

3.5 Conclusions 

 Long-chain branching of high performance engineering polymers enabled improved 

processing conditions for two commercial regioisomers. The thermal stability remained 

unchanged with the morphological alteration, while the Tg depression became evident for higher 

branching concentrations. Rheological analysis indicated an increase in low-shear viscosity with 

an increase in branching until reaching a certain point where the viscosity decreases due to a 

plasticization effect. Shear thinning partially improved for the branched PEIs over the linear 

analogs, demonstrating the effectiveness of implementing long-chain branching in PEIs for 

improved melt processability. Unfortunately, a higher molecular weight for the 3,3ô-PEIs would 

provide a more accurate analysis of the effect of branching on the regioisomer. Future works 

include a study of a molecular weight of 10 x Me for the 3,3ô-PEI for a better comparison to the 

4,4ô-PEI system. 
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4.1 Abstract  

 Ionic endgroups provided physical crosslinks that enhanced mechanical and rheological 

properties of branched polyetherimides (PEIs). Branching concentrations ranged from 0.0 ï 5.0% 

for PEIs endcapped with sulfonate salts or a non-ionic, phenyl moiety. The Tgs decreased with an 

increase in branching concentration for the phenyl-terminated PEI, while it remained unchanged 

for the ionically-endcapped PEIs. The PEIs with divalent salts demonstrated higher mechanical 

strength and melt viscosities compared to the monovalent salt and the non-ionic PEI. Interestingly, 

the zinc-endcapped PEI series exhibited decreased high-shear viscosities compared to the other 

PEIs, lending to promising industrial applications for the zinc-endcapped PEIs for high 

temperature applications.  

 

4.2 Introduction  

PEIs are high performance thermoplastics often employed in aerospace, automotive, and 

biomedical applications.1 One of the key aspects of engineering thermoplastics is the ability to 

undergo processing after the initial synthesis of the polymer. A typical two-step polycondensation 



 
 

45 
 

reaction produces PEIs through an initial high temperature solution polymerization followed by a 

thermal imidization at temperatures above 300 °C.1ï6 The resulting PEIs are melt-processable 

through a myriad of molding techniques and additive manufacturing. A recent drive towards 

improving the processability of PEIs arose from the goal for better sustainability and more 

environmentally friendly practices. One option for this improvement includes the introduction of 

long-chain branching (LCB), which improves shear thinning and alters the melt viscosities of 

polymers.2,7ï10 The addition of physical crosslinks in the form of ionic interactions is another 

unique approach to altering the processability and mechanical properties of PEIs.11ï18 Previous 

literature described the introduction of sulfonate salts in short-chain, oligomeric PEIs.11 Cao et al. 

found that zinc salts provided the best mechanical and rheological properties when comparing 

sodium, calcium, and zinc sulfonate salt endgroups.11 

Herein, we investigated the combined effect of introducing long-chain branching and ionic 

salt endgroups to PEI thermoplastics. The thermomechanical and rheological properties were 

analyzed for LCB-PEIs with branching concentrations ranging from 0.0 ï 5.0%, and weight 

average molecular weights ranging from 41 ï 51 kg mol-1. In agreement with prior literature, the 

zinc endcapped LCB-PEIs demonstrated improved rheological properties compared to the non-

ionic and the sodium/calcium PEIs. The ionic PEIs also maintained high Tgs, despite the branching, 

in contrast to the non-ionic PEI that showed a depression in Tg with an increase in branching 

concentration.  

 

4.3 Experimental/Methods 

4.3.1 Instruments. A Waters e2695 size exclusion chromatograph determined the molecular 

weight of isolated, non-ionic PEIs. Dissolution of PEI samples in chloroform at 1 mg mL-1 yielded 
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a dn dc-1 of 0.2173. The column set included a Shodex K-G guard column, 5 ɛm, 4.6 x 10 mm, 

and two Shodex KF-806M columns, 10 ɛm, 8 x 300 mm. The column temperature was set to 35 

°C, and a flow rate of 1 mL min-1 separated the PEIs. A WYATT TREOS II light scattering detector 

provided absolute molecular weight determination and a Waters 2414 RI detector operated as the 

concentration detector. A TA Instruments TGA Q500 facilitated thermogravimetric analysis 

(TGA) by utilizing a heating rate of 10 °C min-1 from room temperature to 800 °C with a constant 

nitrogen purge. A TA Instruments DSC Q2000 with heat/cool/heat cycles of 10 °C min-1, 100 °C 

min-1, and 10 °C min-1, respectively, provided differential scanning calorimetry data where the 

sample was under a nitrogen environment throughout the experiment. DSC provided the Tg from 

the midpoint of the endotherm in the 2nd heat, and each sample underwent triplicate testing to 

provide an average value with a standard deviation. Compression molding facilitated thin films by 

compressing PEI powders between Kapton® sheets at 315 °C on a PHI hydraulic press. Rexco 

Partall® POWER Glossy Liquid Mold Release, a silicone-based mold release agent, ensured easy 

removal of the PEI films. A TA Instruments DMA Q800 with a temperature ramp of 3 °C min-1 

from 25 °C to 300 °C at 1 Hz provided a Tg taken from the peak in the tan delta. Rheological 

experiments employed a TA Instruments Discovery HR-3 rheometer with disposable, 8 mm 

aluminum parallel-plate geometries. Strain-sweep experiments at 340 °C verified that 1.0% 

oscillatory strain was within the linear viscoelastic region allowing for further analysis. Time 

sweep experiments investigated melt-stability at 340 °C under 1.0% strain and 1 Hz for 60 min. A 

frequency sweep experiment from 0.6283 ï 628.3 rad s-1 at 1.0% strain, where temperatures ranged 

from 350 ï 250 °C, facilitated the time temperature superposition (TTS) analysis. An Instron 

5500R with a preload force < 1 N and an extension rate of 5 mm min-1 generated stress-strain 
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curves at room temperature (~23 °C). The Instron provided a strain-at-break and yield point for 

tensile bars cut with an ASTM D-638-V dog bone punch. 

4.3.2 Materials. 4,4ô-Bisphenol-A dianhydride (4,4ô-bis-DA), 2,4,4'-triaminodiphenylether 

(TADE), and m-phenylene diamine (mPD) were provided by SABIC, Inc. Sublimation of mPD 

under reduced pressure and elevated temperatures afforded a white, pure solid that was stored in a 

desiccator under vacuum. 4,4ô-Bis-DA monomer preparation included a cyclodehydration at 200 

°C under a nitrogen atmosphere, followed by storage in a desiccator under vacuum. Aniline 

(Ó99.5%), sulfanilic acid (Ó99.0%), sodium sulfanilate hydrate (NaSA-H,Ó97%), o-

dichlorobenzene (o-DCB), and calcium carbonate (CaCO3, Ó99.0%) were purchased from Sigma 

Aldrich. NaSA-H was dried at 100 °C under reduced pressure to remove the hydrated water before 

being used to generate sodium sulfonate (NaSA). Aniline was distilled and stored under nitrogen. 

Zinc oxide (Ó99.0%) was purchased from Fisher Scientific. Methanol (ACS/USP grade) and 

acetone (ACS/USP grade) were purchased from Pharmco Aaper and used as received. 1-Methyl-

2-pyrrolidone (NMP, >99%) and chloroform (Ó99.8%, HPLC stabilized) for polymer dissolution 

and SEC analysis were purchased from Millipore Sigma. Nitrogen (99.999% UHP-T) was 

purchased from Praxair Distribution.  

Synthesis of sulfonate salts endgroups. Synthesis follows from Cao et al.11 The calcium and zinc 

sulfonate salts were synthesized by reacting sulfanilic acid with CaCO3 and zinc oxide, 

respectively. The synthesis of zinc sulfonate (ZnSA) follows as an example. Sulfanilic acid (3.464 

g, 20.00 mmol), ZnO (0.977 g, 12.00 mmol), and DI water (100 mL) were added to a two-necked, 

100 mL round-bottomed flask with a stir bar and refluxed for 1 h. The product was then isolated 

through filtration, followed by rotary evaporation. A white powder was collected and dried under 

reduced pressure at 100 °C. The calcium sulfonate (CaSA) was synthesized in the same manner. 
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Synthesis of branched 4,4ô-polyetherimide (4,4ô-LCB-PEI). Synthesis follows from Wolfgang 

and Long et al. and the 1.0% branched PEI follows as an example.3 4,4ô-Bis-DA (70.000 g, 132.92 

mmol) was dissolved at 150 °C in o-DCB (150 mL) under a N2 atmosphere. TADE (0.192 g, 0.89 

mmol) and mPD (13.895 g, 128.49 mmol) were dissolved in o-DCB (70 mL) in a three-necked, 

500 mL round-bottomed flask outfitted with a glass stir rod and Teflon® blade, a septa with a 

nitrogen inlet, and a Dean-Stark apparatus. The Dean-Stark apparatus was wrapped with heat tape, 

at 120 °C, and then connected to a water-jacketed condenser to collect water, and solvent 

evaporation, from the reaction. The condenser was attached to a bubbler. The overhead stirrer was 

set to ~40 rpm, and the mPD was stirred under a N2 purge for 10 min before being placed into an 

oil bath at 120 °C. The bis-DA solution was then added to the reaction flask, and an additional ~30 

mL o-DCB were added, bringing the reaction concentration to 20 wt % solids. The reaction 

temperature was immediately increased to 180 °C with a steady N2 flow and the stir rate was 

increased to 80 rpm to ensure complete mixing. After 18 h, the reaction was removed from the oil 

bath and two of the three ports were sealed with septa. The remaining port was connected to a 

simple distillation arm leading to a two-necked flask situated in a dry ice/acetone mixture. The 

two-necked flask was attached to a bubbler, and the setup was purged with N2 for ~10 min before 

placing the apparatus into a hot metal bath at 380 °C for 0.5 h. After devolatilization of the o-DCB 

and imidization of the PEI, the resulting yellow and clear polymer was dissolved in chloroform at 

10 wt % solids. The solution was precipitated into a 50:50 mixture of methanol/acetone and dried 

in a vacuum oven at reduced pressure and 220 °C for 2 h, followed by 150 °C for an additional 18 

h. In order to target various branching concentrations, the ratio of TADE amines to mPD amines 

was adjusted to provide 0.0 ï 5.0% TADE PEIs. 
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Synthesis of sulfonate- and phenyl-terminated PEIs. The sulfonate salts (NaSA, CaSA, and 

ZnSA) were dried at 140 °C under reduced pressure prior to use. The dried 4,4ô-LCB-PEI powder 

was weighed and dissolved in NMP at 20 wt % solids. The aniline endcapped 1.0% TADE PEI 

(1.0% TADE Aniline) sample follows as an example. The 1.0% branched PEI powder (9.855 g) 

and NMP (38 mL) were added to a three-necked, 100 mL round bottomed flask outfitted with a 

glass stir rod and Teflon® blade, a septa with a nitrogen inlet, and a Dean-Stark apparatus. The 

Dean-Stark apparatus was wrapped with heat tape, at 120 °C, and was connected to a water-

jacketed condenser with a bubbler. The overhead stirrer was set to ~40 rpm, and the polymer was 

left to stir at ambient temperature until the polymer was fully dissolved. Aniline (0.086 g, 0.92 

mmol) was added to the solution and the reaction proceeded at 180 °C for 6 h with a steady N2 

flow. The reaction was then removed from the heat and connected to a simple distillation arm 

connected to a two-necked flask in a dry ice/acetone mixture. The two-necked flask was attached 

to a bubbler, and the setup was purged with N2 for ~10 min before heating the solution to 300 °C 

for 0.5 h. The reaction was removed from the heat and dissolved in chloroform at 10 wt % solids 

before precipitation in a 50:50 mixture of methanol/acetone. The polymer was then dried at 

reduced pressure and 180 °C for 16 h. This was repeated to generate the NaSA, CaSA, and ZnSA 

endcapped PEIs.  

 

4.4 Results/Discussion 

 We utilized water and elevated temperatures to displace the acidic proton in sulfanilic acid 

with calcium or zinc cations to generate sulfonate salt endgroups (Scheme 1). Step-growth 

polycondensation of PEIs facilitated long-chain branching of engineering thermoplastics. TADE 

triamine provided a route towards high thermal stability PEIs with 0.0 ï 5.0% branching. A four-
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step reaction enabled the synthesis of branched ionic PEIs (Scheme 2). The first step included a 

high-temperature solution polymerization in o-DCB to yield a poly(amic acid) and the second step 

involved the imidization of master batch LCB-PEIs without endgroups (Figure 1-A and 1-B, 

respectively). Isolation of the master batch ensured a consistent molecular weight between the 

samples with varied endgroups. Division of the master batch into four parts enabled the end-

capping of the LCB-PEIs with ionic and non-ionic endgroups. Dissolution of each part in NMP, 

followed by the addition of the endgroup (aniline, NaSA, CaSA, or ZnSA) and ring-closure at 

elevated temperatures, completed the reaction (Figure 1-C). Compression molding of the final 

dried product yielded thin films for additional characterization (Figure 1-D). The darker color of 

the endcapped PEIs comes from slight degradation of the NMP solvent at elevated temperatures 

and is consistent with previous findings. Dissolution of the aniline-endcapped LCB-PEIs in 

chloroform, followed by analysis through SEC with light scattering, provided molecular weights 

for each series with the branching concentrations ranging from 0.0 to 5.0%. The questionable 

solubility of ionic endgroups in chloroform deterred their analysis through SEC. Although 

transimidization had the potential to alter the molecular weight of the samples, it is assumed that 

the ionic PEIs maintain similar molecular weights to the non-ionic/aniline endcapped analog.1,4,6 

Molecular weights decreased with an increase in branching concentration despite the same targeted 

molecular weights (Table 1). Higher levels of branching causes reduced apparent molecular 

weights because of the smaller globular size of polymers in solution.2  
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Scheme 1. Synthesis of calcium and zinc sulfonate salts.  

 

 

Scheme 2. Polycondensation of bis-dianhydride with mPD and TADE triamine (0.0 ï 5.0 mol %) 

with an initial imidization without endcapper followed by post-polymerization functionalization 

using aniline, sodium sulfonate, calcium sulfonate, or zinc sulfonate.  
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Figure 4.1. A) Poly(amic acid) solution at 180 °C in o-DCB; B) Imidized polymer without 

endcapper; C) Dissolved, precipitated, and dried PEI before addition of NMP and endgroup; D) 

Compression molded films of PEIs with various endgroups, 1.0 mol % TADE shown.  

  

Thermogravimetric analysis (TGA) provided thermal weight loss profiles for the complete 

series of PEIs with varied branching concentrations and endgroups. The series, including an 

Ultem® 1000 commercial standard, demonstrated consistent char yields (Figure 2). The 

temperature at 5 wt % loss (Td,5%) for each sample showed a trend where the higher branching 

concentrations elicited lower Td,5%ôs (Figures 2 ï 3 and Table 1). Higher endgroup concentrations 

caused lower Td,5%ôs due to easier chain scission events and subsequent volatilization of endgroups 

compared to the backbone.19,20 Higher endgroup concentrations lead to lower Td,5%ôs. The ionic 

endgroups had no effect on the Td,5%, although the ZnSA endcapped PEIs appeared to maintain 

higher char yields compared to the rest of the series.  
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Figure 4.2. TGA traces for the entire PEI series from 0.0 ï 5.0 mol % TADE incorporating aniline, 

NaSA, CaSA, and ZnSA endgroups.  

 

 

 

 

Figure 4.3. Summarized TGA results demonstrated a minor decrease in Td,5% with an increase in 

branching concentration. 
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Table 1. Table of TGA, DSC, DMA, tensile, and viscosity results for LCB-PEIs with ionic 

endgroups. 

 

Differential scanning calorimetry (DSC) determined glass transition temperatures (Tgs) for 

the LCB-PEIs from the endothermic transitions in the 2nd heat (Figure 4). The aniline-endcapped, 

non-ionic LCB-PEIs demonstrated the expected trend, such that an increase in branching 

concentration depressed the polymer Tg (Figure 5).2 The lower molecular weight branches 

effectively plasticized the polymer and therefore decreased the Tg. Interestingly, the ionic LCB-

PEIs showed a different trend. The strong ionic associations from the NaSA, CaSA, and the ZnSA 

endcapped PEIs caused a restriction in backbone mobility.11,13ï15,17,18 The restricted motion caused 

an increase in Tg with an increase in ionic group concentration, that is, higher levels of branching. 

The 5.0% branched PEIs with ionic endgroups had comparable Tgs to the linear samples, despite 

the plasticization caused by lower molecular weight branches.  
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Figure 4.4. DSC data indicated a significant decrease in Tg for aniline-endcapped PEIs compared 

to ionic PEIs.  

 

 

Figure 4.5. Summarized DSC results revealed that PEIs with ionic endgroups maintained higher 

Tgs than aniline functionalized PEIs at elevated branching concentrations. Standard deviations 

based on duplicate experiments.  
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 Thermal characterization through dynamic mechanical analysis (DMA) confirmed the Tgs 

from the DSC results (Figures 6 ï 7). The higher branching concentration PEIs had lower flow 

temperatures, or temperatures where the storage modulus dropped below 1 MPa, partially due to 

the lower Tgs. The endgroup composition caused minimal differences in Tg and flow temperature 

for the PEI series and unfortunately the 5.0% branched PEIs were too brittle for the DMA testing. 

We expected that the endgroup effects were more prominent in the PEIs with more branches (circa 

>3.0%), but the lower molecular weight and decreased entanglements in the 5.0% LCB-PEIs 

caused a decrease in the mechanical strength. An Instron was used in testing the mechanical 

properties of the LCB-PEIs that were mechanically strong enough for the Instron clamps (Figure 

8). The 0.0%, 0.1%, and 1.0% branched PEIs elicited strain-at-break values ranging from 8% to 

48% based on branching concentration and endgroup composition. The 3.0% and 5.0% LCB-PEIs 

were too brittle to make tensile dog bones, regardless of endgroup composition. The strain-at-break 

for the linear PEIs was ~30% for all of the samples (Table 1 and Figure 8). The 0.1% LCB-PEIs 

demonstrated no apparent trend in strain-at-break values, while the 1.0% LCB-PEIs showed 

significant elongation in the ZnSA sample compared to the other samples. Looking more closely 

at each endgroup, the aniline and NaSA samples have the lowest strain-at-breaks for the 1.0% 

LCB-PEIs (Figure 9). The CaSA sample had lower strain-at-break for the 0.1% and 1.0% branched 

samples compared to the linear analog. Interestingly, the ZnSA series had far more consistent 

strain-at-break values across the branching concentrations when compared to the aniline, NaSA, 

and CaSA endcapped PEIs. The stronger associations present in the ZnSA created a physical 

crosslinked network that improved the mechanical strength. Cao et al. found similar results in 

linear oligomer PEIs with low molecular weights.11 Calcium- and sodium-based ionic interactions 

had a different impact on the mechanical properties because of a weaker ionic interaction compared 
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to zinc.21 The ionic associations disrupt the ́-  ́ interactions in the PEIs, causing weaker 

materials.21  

 

Figure 4.6. DMA elucidated the effect of ionic groups on flow temperature of PEIs.  
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Figure 4.7. DMA of LCB-PEIs with various endgroups at equivalent molecular weights.  
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Figure 4.8. Tensile analysis indicated that the ZnSA functionalized PEI had a significantly higher 

strain-at-break at 1.0 mol % TADE. Higher TADE concentrations (3.0 ï 5.0 mol %) experienced 

embrittlement and were unable to form tensile dog bones.  
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Figure 4.9. ZnSA PEIs experienced consistent strain-at-break values across the range of branching 

concentrations (0.0 ï 1.0 mol %), while the other systems demonstrated decrease mechanical 

properties due to the branching.  

 

 Melt rheological analysis included time sweep and TTS experiments. The time sweep 

analysis indicated melt stability for >60 min at 340 °C for all of the PEIs tested. The TTS 

experiments provided a chance to investigate the processability as a function of branching 

concentration and endgroup functionality. All of the PEIs exhibited shear thinning (Figure 10). 

The low-shear viscosities related to final part properties, while the high-shear viscosities related 

to processability.2,3 The typical low-shear viscosity trend followed that CaSA > ZnSA > NaSA > 

aniline (Figures 10 ï 11). This indicated that divalent ionic interactions increased the 

intermolecular adhesion compared to monovalent and non-ionic endgroups. Intriguingly, the 

ZnSA PEIs had the lowest high-shear viscosities in 0.0%, 1.0%, and 3.0% branched PEIs, 

indicating improved processability for zinc functionalized PEIs (Figure 11). The CaSA endcapped 
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PEIs had large high-shear viscosities, indicating poor processability. This finding aligned with 

previous reports of calcium functionalized high temperature thermoplastics.11,21 The most 

interesting finding from melt rheology was that the 3.0% branched PEIs had greater low-shear 

viscosities than the 0.0% and 1.0% branched PEIs for the ionic endcapped samples (Figure 12). 

The aniline endcapped PEI followed the trend from previous literature (and reported in Chapter 

3), where branching up to 1.0%, increased the low-shear viscosity, but beyond 1.0% branching, 

the branches functioned as plasticizers and lowered the viscosity.2  

 

Figure 4.10. TTS analysis showed substantial shear thinning for all PEIs and the general viscosity 

trend followed that CaSA > ZnSA > NaSA > aniline.  
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Figure 4.11. The low-shear viscosity trend followed that aniline < NaSA < ZnSA < CaSA in all 

cases except for the linear PEI where ZnSA was higher than CaSA.  

 

 

Figure 4.12. An increase in branching from 0.0 ï 3.0 mol % increased the low-shear viscosity for 

ionic PEIs, while it decreased the viscosity for the aniline functionalized PEI.  
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4.5 Conclusions  

 TADE triamine facilitated the synthesis of LCB-PEIs with branching concentrations of 

0.0%, 0.1%, 1.0%, 3.0%, and 5.0%. Zinc-, calcium-, sodium-, and phenyl-terminated PEIs 

provided analysis of the effect of ionic interactions on branched, high temperature thermoplastics. 

High levels of branching caused a decrease in Tg for the aniline-endcapped PEI series, while the 

ionic PEIs maintained high Tgs. Unfortunately, the 3.0% and 5.0% LCB-PEIs were too brittle for 

tensile and DMA. The ZnSA-endcapped PEIs had far more consistent strain-at-break values than 

the other specimens. The ZnSA LCB-PEIs also demonstrated unique rheological properties 

including better processing viscosities and increased low-shear viscosities compared to the phenyl-

terminated PEIs.  
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5.1 Introduction 

 Polyurethanes and polyureas find frequent use in consumer products since their discovery 

in the 1930s and 1940s.1ï3 Although there are extensive applications for these polymers, the 

dangers associated with the starting reagents are cause for concern. Alternative synthetic pathways 

allow scientists to achieve sustainability and avoid using these hazardous reagents. These pathways 

are a result of a relatively new focus on green and sustainable chemistry within the past few 

decades. Herein, we focus on the commercial sustainability of polyureas and polyurethanes, and 

the synthetic strategies currently in the literature.  

5.1.1 Isocyanates. The discovery of isocyanates occurred sometime in the late 1800s, but their 

potential was not realized until the 1940s during the surge in polymer chemistry.4 Saunders and 

Slocombe wrote a seminal review on the early developments of isocyanate chemistries ranging 

from synthesis of isocyanates from phosgene and the Curtius rearrangement, to their use in early 

polymerization techniques.4 Isocyanates exhibit high reactivity leading to concerns based on 

relative toxicity and serious health hazards. Occupational Safety and Health Administration 

(OSHA) classifies isocyanates as carcinogenic, mutagenic, and reprotoxic (CMR) substances. A 

major industrial application for polyurethanes is within the biomedical field, which certainly 
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cannot afford to have residual isocyanate contamination.5 A detailed discussion of the toxicity 

element of isocyanates appears later in the review.  

5.1.2 Polyurethanes. The first recorded synthesis of a polyurethane utilized a polyester diol and a 

diisocyanate.1,6 The following market growth for polyurethanes lead to incorporation of 

isocyanates as simple and effective building blocks.1 Polyurethanes entered the commercial market 

in the 1950s, and it wasnôt until 1969 that polyurethane parts came from reaction injection molding 

(RIM).6 RIM opened the door to high performance applications while some of the more common 

polyurethane applications included foams, seals, coatings, biomedical products, and adhesives.3,6ï

11 Polyurethanes are currently the sixth most used polymer on the market due to their durability, 

elasticity, and overall toughness,7,12 which stem from the significant hydrogen bonding and phase 

separation characteristics.1,9,13  

5.1.3 Polyureas. In response to DuPontôs polyamide patents, IG Farben introduced polyureas to 

the market, and polyurea synthesis largely utilized the reactivity between diisocyanates and 

diamines.14 However, high levels of hydrogen bonding complicated industrial usefulness since the 

post-polymerization processing became challenging.14 The urea linkages elicit strong hydrogen 

bonding and the flow temperatures of many polyureas are at or above their degradation 

temperatures.14 Nevertheless, polyureas found industrial applications including healable floor 

coatings, abrasion-resistant liners, structural supports, and truck bed liners.15ï17 One of the first 

significant uses for polyurea chemistry was as a copolymer with polyurethane to form spandex, or 

Lycra®.18  

5.1.4 Sustainability. Green chemistry, or sustainable chemistry, stemmed from a push to 

emphasize environmental health and responsibility. Anastas and Warner wrote a book in 2000 

which depicted the beginnings of sustainable chemistry.19,20 An article by Tang et al. in 2005 
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concisely brought together all of the paramount principles that ñgreen/sustainable chemistryò 

symbolizes.19 The condensed principles of green chemistry include: 1) preventing waste, 2) 

omitting derivatization steps, 3) producing degradable chemical products, 4) using in-process 

monitoring and few auxiliary substances, 5) maximizing feed in products, 6) containing low 

toxicity, 7) improving overall safety, as well as 8) utilizing renewable materials, 9) safe synthetic 

methods, 10) catalytic reagents, and 11) ambient temperature/pressure.19ï21 Anastasô 2010 article, 

Green Chemistry: Principles and Practice, provides an in-depth look into what each of the 

principles look like in practice.21  

5.2 Isocyanates 

Isocyanates are reactive electrophiles and well known for their ability to react with 

hydroxyl functionalities to form a urethane bond. Hentschel et al. discovered the most prominent 

method to generate isocyanates.4 His method to synthesize isocyanates required reacting phosgene 

with a primary amine salt.4 Two popular methods that produce diisocyanates include Lossen 

rearrangement and phosgenation, Scheme 1 and 2 respectively.4,22,23 

 

Scheme 1. Lossen rearrangement provides one method of isocyanate synthesis. 

 

Scheme 2. A primary amine reacts with phosgene to yield an isocyanate.  
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Isocyanates readily react with water to yield an amine and carbon dioxide, Scheme 3.17,24 

Consumption of the isocyanates means less isocyanate functional groups are available to 

participate in a polymerization, which effectively offsets the stoichiometry for the reaction.17,24 

The specific magnitude of an isocyanateôs reactivity comes from the ñpositiveò character of the 

carbon atom.1,6 Scheme 4 illustrates the resonance contributors with the positive charge on carbon. 

Nucleophiles attack the carbon, and electrophiles are susceptible to the nitrogen or oxygen atoms.6 

This happens because the nitrogen and oxygen atoms hold a more electron rich character.6 

Addition of electron-withdrawing groups near the ïNCO group increase the reactivity of the 

carbon, since the electron-withdrawing group pulls electron density away from the carbon.1 Of 

course, steric interactions play a role in the overall reactivity, but there is still some 

disagreement/debate regarding those interactions.1  

 

Scheme 3. An isocyanate group reacting with water.  

 

Scheme 4. Resonance contributors within isocyanate groups include electron density on oxygen 

and nitrogen.  

The use of isocyanates in consumer products raises health concerns because of a tendency 

for unreacted monomer to linger in materials, as well as numerous dangers associated with using 
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isocyanates on the industrial scale.25ï27 One of the deadliest industrial disasters involved an 

isocyanate that is popular in pesticide production, methyl isocyanate. A chemical eruption 

occurred during the Bhopal disaster, where over 40 tons of deadly methyl isocyanate released into 

the air on December 3, 1984 in Bhopal, India.28 Over 3,800 people lost their lives within 24 h and 

closer to 20,000-30,000 experienced premature deaths within the following two decades.28 There 

was widespread exposure to the gas, effecting around half of a million people.28 Those who did 

not pass away, experienced health problems affecting their eyes, respiratory systems, 

gastrointestinal systems, reproductive systems, and their neurological behavior.28 Phosgene is a 

common feedstock for copious organic reactions, Scheme 5.29 Its high reactivity and density made 

is a target as a chemical warfare agent in WWI. It is toxic to humans and animals, plus it is 

dangerous for the environment. However, it remains the most common industrial feedstock for 

isocyanate production.  

 

Scheme 5. The resourcefulness of phosgene in organic and inorganic synthesis as compiled by 

Babad and Zeiler.29  
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5.3 Non-isocyanate polyurethane and polyurea  

Scientists are working on more economically feasible alternative pathways to synthesize 

polyurethanes and polyureas. One alternative method to using isocyanates utilizes carbamates and 

diamines. This method requires metal catalysts, which pose their own list of concerns. Tang et al. 

used the organic superbase guanidine 1,5,7-triazabicyclododecene, TBD, to circumvent using 

metal catalysts, Scheme 6.30 Generating isocyanates in-situ also garnered some attention in years 

past; however, poor solubility stifled much of that progress.22 The regenerated isocyanates led to 

crosslinking when the polymer solution reached the temperatures required for polymerization.31  

 

Scheme 6. Polyurea synthesized using a dicarbamate and catalyst instead of a diisocyanate.30 

*Copied from Tang et al. 

 

5.3.1 Carbonates as isocyanate replacement. Cyclic carbonate/carbamate monomers afford non-

isocyanate polyurethanes and polyureas.32 Webster wrote a detailed review on the topic in 2003, 

and recent reviews elaborate on the current progress.33,34 Diamines react with difunctional cyclic 
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carbonates to yield linear thermoplastic polyurethanes, while thermoset polyurethanes require 

multifunctional amines and cyclic carbonates. Scheme 7 shows an example of a cyclic carbonate 

reacting to form two types of polyurethane.24 Endo et al. described this method of attaining 

sustainable polyurethanes as one of the ñmost common and economically feasibleò in the early 

1990s.33,35 Organic catalysts are another strong research consideration for sustainable 

polyurethanes.36 Scheme 8 demonstrates how the catalyst, TBD as an example, mediates the 

synthesis of carbamates.17,37 TBD first reacted with a carbonate to form a bifunctional complex 

where both nitrogen atoms coordinated to the carbonate, B.17 The primary amine attacked and a 

methanol molecule evolved from the reaction. Finally, the carbamate released from complex C 

and the catalyst was regenerated.17,38 

 

Scheme 7. Synthesis of hydroxyurethanes, starting from a cyclic carbonate.24 
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Scheme 8. Mechanism of the organocatalyst TBD forming a carbamate.17,38 

 5.3.2 Polyurethane. There are four significant methods to synthesize polyurethanes without the 

use of isocyanates. The first pathway includes bicyclic carbonates reacting with diamines to form 

polyurethane, Scheme 9.A.24,39,40 Unfortunately, the specialized nature of the carbonate monomer 

causes high production costs. The second method demonstrates using linear dicarbonates instead 

of a cyclic dicarbonate, Scheme 9.B.39 The linear dicarbonates have a poor reactivity compared to 

the cyclic analogs, but are able undergo the desired reaction with elevated temperatures and 

catalysts. Linear carbamates react with diols to form non-isocyanate polyurethanes, Scheme 9.C.39 

This system struggles with poor reactivity since diols are weaker nucleophiles than amines used 

in A and B. Finally, the fourth method to obtain poly(hydroxyurethanes)s utilizes cationic ring-

opening polymerization of a cyclic carbamate, Scheme 9.D.39 Catalysis are required for this 

reaction to proceed because of the high stability of the cyclic carbamate, causing poor 

polymerization control.  
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Scheme 9. The most common forms of non-isocyanate polyurethane synthesis are depicted.39 

 

Zhang and Long et al. recently demonstrated the synthesis of nonsegmented and segmented 

poly(amidehydroxyurethane)s through a novel synthetic platform, with sustainable starting 

materials.33 Plant based methyl 9-decenoate afforded a cyclic carbonate-methyl ester monomer 

through epoxidation and carbonation, Scheme 10. The monomer reacted with diaminododecane 

to form a semicrystalline, nonsegmented poly(amidehydroxyurethane) with a Tg just below room 

temperature, Scheme 11. Addition of a polyether diamine yielded a flexible, segmented 

poly(amide-hydroxy-urethane). Greater incorporations of diaminododecane led to higher 

crystallinity that provoked stronger mechanical properties. The tensile strength decreased while 

the thermal stability remained comparable to previously reported poly(amidehydroxyurethane)s.  

Scheme 10. Synthesis of cyclic carbonate-methyl ester.33 

 



 
 

76 
 

Scheme 11. Synthesis of the nonsegmented poly(amide-hydroxy-urethane) copolymer.33 

One of the most impactful areas of polyurethane chemistry is in the foam industry. 

Polyurethane foams maintain high heat resistance and provide structural integrity/protection. 

Common applications include: spray insulation, seat cushioning, padding, energy absorption 

materials, hot tub construction, and spray sealants.41,42 Conventional spray foams usually come as 

one-part or two-part components, although the two-part sprays are considerably more common.41 

One part contains the reactive isocyanate groups and the other part contains nucleophilic 

reagents.41 The nucleophilic portion consist of polyols (usually diols or triols), polyamines, and/or 

water. The water is generally necessary for foaming products because the reaction between 

isocyanate and water yields CO2 as a byproduct and blowing agent. The gaseous CO2 is responsible 

for the foaming process since it creates small air pockets throughout the crosslinked network.42 

Water is considered a chemical blowing agent as it undergoes a reaction to generate CO2, 

poly(methylhydrogenosiloxane) is another example in the literature. Physical blowing agents, such 

as n-pentane, are non-reactive compounds that generate bubbles themselves to produce the 

foaming effect.  

One major concern about isocyanate polyurethane foams is that the high levels of free 

isocyanate in the pre-foam mixture can volatilize when reacting. This causes the potential for 

accidental inhalation of the airborne reagents. Another concern is that poor reaction conversion 

leads to residual isocyanates in the foam.41 Alternatives in the literature include controlled pre-
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polymerization,41,43 use of non-isocyanate polyurethanes,36,41,44ï46 and blocking the isocyanate 

groups with a functional group.41 The primary interest of this review is on non-isocyanate 

polyurethane substitutes.  

Non-isocyanate polyurethane (NIPU) foams are becoming increasingly popular. Cornille 

et al. was one of the first to synthesize NIPU foams at room temperature, Figure 1 and Table 1.44 

Their system used poly(methylhydrogenosiloxane), MH 15, as the blowing agent and 

trimethylolpropane tris-carbonate, TMPTC, as the crosslinking agent. They varied the 

concentrations of polypropylene oxide bis-carbonate, PPOBC, and an aliphatic amine, EDR-148, 

to test composition-property relationships for the foams, see Table 1. Foams with 5% MH 15 were 

less homogeneous than the foams with 2% blowing agent and collapsed during foaming since H2 

release was too excessive. They found that the more TMPTC that was in the system, the higher 

the foam density and smaller the pore size. To the best of the authorôs knowledge, this was the first 

NIPU foam synthesized at room temperature. The thermal stability of the system was lower than 

classic polyurethane foams, but Cornille proposed that a chemical modification of the carbonate 

soft segments would improve these thermal and mechanical properties. To that end, this system 

proves a valuable route to sustainable NIPU foams.44 
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Figure 5.1. Non-isocyanate polyurethane foams, synthesized at room temperature, are 

homogeneous with interpenetrated cells.44 *Copied from Cornille et al. 

 

Table 1. Composition of the foams in Figure 1 are in the table above.44 *Copied from Cornille et 

al. 

 

5.3.3 Polyurea. Polyureas can disperse high levels of energy due to their phase transitions.16,47,48 

One popular application comes in the form of military helmet construction, since it requires high 

levels of protection and blast-mitigation.16 Grujicic et al. ran computational studies comparing 

segmented, thermoplastic elastomeric polyurea helmet inserts with commercial ethylene-vinyl-

acetate (EVA) inserts.16 They found that the polyurea did a better job mitigating high blast peak-

pressures, while the EVA standard did a better job with lower pressures because of its ability to 

MH 15  

TMPTC 
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compress. Outfitting combat helmets with isocyanate-free polyurea remains a feasible option 

because of the high cost margin. Shock absorbing materials are an important class of polyureas, 

leading to a number of applications.  

Three recent advances within the field of non-isocyanate polyureas include smart fertilizer, 

reactive extrusion, and carbon dioxide sequestering. Dennis and Long et al. recently published a 

paper discussing non-isocyanate polyureas as a nitrogen source for plants and/or as a 

biodegradable high-performance thermoplastic.49 The enzyme, urease, degraded the polyurea 

backbone and released ammonia at a steady rate over the course of a few weeks.49,50 This presented 

polyureas as potential controlled-release fertilizer as well as a biodegradable thermoplastic.49ï51 

Ritter et al. synthesized a non-isocyanate poly(amide-urea), using reactive extrusion.14 This 

process was impactful because the polymerization and melt processing occurred in one step.14,52,53 

This minimized the overall reaction/processing time and the chemicals required, it also provided 

additional safety to personnel. Another environmentally relevant application is CO2 

sequestering.40,54,55 Studies indicate that there are high levels of CO2 in the environment, oceans, 

and atmosphere.56ï58 Since CO2 absorbs more energy than O2 or N2, it is slowly raising the 

temperature of the planet. If we use CO2 as a cheap feedstock for plastic products, it can help cut 

down on total emissions.10,13,59 Zhao et al. has multiple publications dealing with synthesizing 

polyureas from CO2.
54,55,60  

The most common synthetic methods to produce polyureas are found in Scheme 12 where 

each reaction has different starting materials and conditions, but all react with a diamine (blue). 

Scheme 12.A is the traditional isocyanate approach to polyureas, reacting diisocyanates with 

diamines. Fischer discovered the CO2 method shown in Scheme 12.B back in 1913, but it required 

harsh conditions.14,61 This reaction has gained attention in recent years. In Scheme 12.C, carbonyl 
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sulfide replaces CO2 and it undergoes a similar reaction as in B.14 A polycondensation reaction 

with carbonates yields a polyurea, as shown in Scheme 12.D.5,14,22,24 Scheme 12.E utilizes 

phosgene and is another traditional method of polyurea synthesis. It also forms isocyanates in-situ, 

which can remain in the final product. Scheme 12.F provides a sustainable synthetic route in which 

a urea reacts with a diamine to form an aminoalkylurea intermediate, then thermal polymerization 

yields a polyurea.14 This thermal polycondensation reaction produces ammonia. Finally, Scheme 

12.G illustrates the usefulness of carbamates by showing that they can react with a diamine to form 

a polyurea.  

Scheme 12. Synthetic routes to thermoplastic polyurea. The synthetic routes B, D, and F are green 

and do not require toxic reagents.14 

 

Chen et al. developed the method shown in Scheme 13. The scheme shows the synthesis 

of a polyurea with, and without, isocyanate chemistry.62 4,4ô-DP-MDC and 4,4ô-DM-MDC (from 

Scheme 13) reacted with diamines to produce polyureas. They could not achieve high molecular 

weight when using 4,4ô-DM-MDC in the isocyanate-free route, while the 4,4ô-DP-MDC precursor 

reached high molecular weight in dimethyl sulfoxide or tetramethylene sulfone without the need 

of a catalyst.  
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Scheme 13. A simple route to non-isocyanate polyurea through trans-ureation and/or phosgene-

free polyurethane through pyrolysis.62 *Adapted from Chen et al. 

 

5.4 Conclusions  

Although isocyanate-free polyurethanes are well known in the literature, they see minimal 

application on the commercial scene due to issues of high cost monomers and less-effective 

reactions compared to the current market standards. Advances in non-isocyanate polyurethane 

foams are among the most promising avenues for greater incorporation of sustainable chemistry 
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in commercial applications (see Chapter 9). Researchers are beginning to discover novel methods 

to produce isocyanate-free polyureas with high molecular weight, substantial mechanical 

properties, and without the use of catalysts. With the combination of a sustainable approach to the 

synthesis and a biodegradable product, sustainable polyureas are likely to grow in importance over 

the next decade.  

 

5.5 References 

(1)  Delebecq, E.; Pascault, J.; Boutevin, B.; Ganachaud, F. On the Versatility of Urethane/Urea 

Bonds : Reversibility, Blocked Isocyanate, and Non-Isocyanate Polyurethane. Chem. Rev 

2013, 113, 80ï118. 

(2)  Yi, J.; Boyce, M. C.; Lee, G. F.; Balizer, E. Large Deformation Rate-Dependent Stress-

Strain Behavior of Polyurea and Polyurethanes. Polymer 2006, 47 (1), 319ï329. 

(3)  Rokicki, G.; Piotrowska, A. A New Route to Polyurethanes from Ethylene Carbonate, 

Diamines and Diols. Polymer 2002, 43 (10), 2927ï2935. 

(4)  Saunders, J. H.; Slocombe, R. J. The Chemistry of the Organic Isocyanates. Chem. Rev. 

1948, 43 (2), 203ï218. 

(5)  Calle, M.; Lligadas, G.; Ronda, J. C.; Galia, M.; Cadiz, V. Non-Isocyanate Route to 

Biobased Polyurethanes and Polyureas via AB-Type Self-Polycondensation. Eur. Polym. J. 

2016, 84, 837ï848. 

(6)  Sharmin, E.; Zafar, F. Polyurethane: An Introduction. In Polyurethane; InTech, 2012. 

(7)  Rokicki, G.; Parzuchowski, P. G.; Mazurek, M. Non-Isocyanate Polyurethanes: Synthesis, 



 
 

83 
 

Properties, and Applications. Polym. Adv. Technol. 2015, 26 (7), 707ï761. 

(8)  Martin, A.; Lecamp, L.; Labib, H.; Aloui, F.; Kébir, N.; Burel, F. Synthesis and Properties 

of Allyl Terminated Renewable Non-Isocyanate Polyurethanes (NIPUs) and Polyureas 

(NIPUreas) and Study of Their Photo-Crosslinking. Eur. Polym. J. 2016, 84, 828ï836. 

(9)  Nelson, A. M.; Long, T. E. Synthesis, Properties, and Applications of Ion Containing 

Polyurethane Segmented Copolymers. Macromol. Chem. Phys. 2014, 215 (22), 2161ï2174. 

(10)  Pechar, T. W.; Sohn, S.; Wilkes, G. L.; Ghosh, S.; Frazier, C. E.; Fornof, A.; Long, T. E. 

Characterization and Comparison of Polyurethane Networks Prepared Using Soybean

based Polyols with Varying Hydroxyl Content and Their Blends with Petroleum based 

Polyols. J. Appl. Polym. Sci. 2006, 101 (3), 1432ï1443. 

(11)  Dolci, E.; Michaud, G.; Simon, F.; Boutevin, B.; Fouquay, S.; Caillol, S. Remendable 

Thermosetting Polymers for Isocyanate-Free Adhesives: A Preliminary Study. Polym. 

Chem. 2015, 6 (45), 7851ï7861. 

(12)  Unal, S.; Yilgor, I.; Yilgor, E.; Sheth, J. P.; Wilkes, G. L.; Long, T. E. A New Generation 

of Highly Branched Polymers: Hyperbranched, Segmented Poly(Urethane Urea) 

Elastomers. Macromolecules 2004, 37 (19), 7081ï7084. 

(13)  Wang, P.; Ma, X.; Li, Q.; Yang, B.; Shang, J.; Deng, Y. Green Synthesis of Polyureas from 

CO2 and Diamines with a Functional Ionic Liquid as the Catalyst. RSC Adv. 2016, 6 (59), 

54013ï54019. 

(14)  Ritter, B. S.; Mülhaupt, R. Isocyanate- and Solvent-Free Route to Thermoplastic 

Poly(Amide-Urea) Derived from Renewable Resources. Macromol. Mater. Eng. 2017, 302 



 
 

84 
 

(3), 1ï9. 

(15)  Holzworth, K.; Jia, Z.; Amirkhizi, A. V.; Qiao, J.; Nemat-Nasser, S. Effect of Isocyanate 

Content on Thermal and Mechanical Properties of Polyurea. Polym. (United Kingdom) 

2013, 54 (12), 3079ï3085. 

(16)  Grujicic, M.; Bell, W. C.; Pandurangan, B.; He, T. Blast-Wave Impact-Mitigation 

Capability of Polyurea When Used as Helmet Suspension-Pad Material. Mater. Des. 2010, 

31 (9), 4050ï4065. 

(17)  Ma, S.; Liu, C.; Sablong, R. J.; Noordover, B. A. J.; Hensen, E. J. M.; van Benthem, R. A. 

T. M.; Koning, C. E. Catalysts for Isocyanate-Free Polyurea Synthesis: Mechanism and 

Application. ACS Catal. 2016, 6 (10), 6883ï6891. 

(18)  Shivers, J. J. C. Segmented Copolyetherester Elastomers. Google Patents February 27, 

1962. 

(19)  Tang, S. L. Y.; Smith, R. L.; Poliakoff, M. Principles of Green Chemistry: 

PRODUCTIVELY. Green Chem. 2005, 7 (11), 761. 

(20)  Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and Practice; Oxford university 

press, 2000. 

(21)  Anastas, P.; Eghbali, N. Green Chemistry: Principles and Practice. Chem. Soc. Rev. 2010, 

39 (1), 301ï312. 

(22)  Kreye, O.; Mutlu, H.; Meier, M. A. R. Sustainable Routes to Polyurethane Precursors. 

Green Chem. 2013, 15 (6), 1431ï1455. 

(23)  Franklin, E. C. The Hofmann-Beckmann-Curtius-Lossen Rearrangements. Chem. Rev. 



 
 

85 
 

1934, 14 (2), 219ï250. 

(24)  Kathalewar, M. S.; Joshi, P. B.; Sabnis, A. S.; Malshe, V. C. Non-Isocyanate Polyurethanes: 

From Chemistry to Applications. RSC Adv. 2013, 3 (13), 4110. 

(25)  Cole, K. C.; Gheluwe, P. Van; Hébrard, M. J.; Leroux, J. Flexible Polyurethane Foam. I. 

FTIR Analysis of Residual Isocyanate. J. Appl. Polym. Sci. 1987, 34 (1), 395ï407. 

(26)  Damant, A. P.; Jickells, S. M.; Castle, L. Liquid Chromatographic Determination of 

Residual Isocyanate Monomers in Plastics Intended for Food Contact Use. J. AOAC Int. 

1995, 78 (3), 711ð719. 

(27)  Bauriedel, H. Process for Polyurethane Prepolymers Containing Terminal Isocyanate 

Groups and Having a Reduced Residual Monomer Content. Google Patents December 11, 

1984. 

(28)  Broughton, E. The Bhopal Disaster and Its Aftermath: A Review. Environ. Heal. 2005, 4, 

6. 

(29)  Babad, H.; Zeiler, A. G. Chemistry of Phosgene. Chem. Rev. 1973, 73 (1), 75ï91. 

(30)  Tang, D.; Mulder, D.-J.; Noordover, B. A. J.; Koning, C. E. Well-Defined Biobased 

Segmented Polyureas Synthesis via a TBD-Catalyzed Isocyanate-Free Route. Macromol. 

Rapid Commun. 2011, 32 (17), 1379ï1385. 

(31)  Deepa, P.; Jayakannan, M. Solvent free and Nonisocyanate Melt Transurethane Reaction 

for Aliphatic Polyurethanes and Mechanistic Aspects; 2008; Vol. 46. 

(32)  Figovsky, O.; Shapovalov, L.; Leykin, A.; Birukova, O.; Potashnikova, R. Recent Advances 

in the Development of Non-Isocyanate Polyurethanes Based on Cyclic Carbonates. PU 



 
 

86 
 

Mag. Int. 2013, 10 (4), 1ï9. 

(33)  Zhang, K.; Nelson, A. M.; Talley, S. J.; Chen, M.; Margaretta, E.; Hudson, A. G.; Moore, 

R. B.; Long, T. E. Non-Isocyanate Poly(Amide-Hydroxyurethane)s from Sustainable 

Resources. Green Chem. 2016, 18 (17), 4667ï4681. 

(34)  Webster, D. C. Cyclic Carbonate Functional Polymers and Their Applications. Prog. Org. 

Coatings 2003, 47 (1), 77ï86. 

(35)  Kihara, N.; Endo, T. Synthesis and Properties of Poly(Hydroxyurethane)S. J. Polym. Sci. 

Part A Polym. Chem. 1993, 31 (11), 2765ï2773. 

(36)  Unverferth, M.; Kreye, O.; Prohammer, A.; Meier, M. A. R. Renewable Non Isocyanate 

Based Thermoplastic Polyurethanes via Polycondensation of Dimethyl Carbamate 

Monomers with Diols. Macromol. Rapid Commun. 2013, 34 (19), 1569ï1574. 

(37)  Tang, D.; Noordover, B. A. J.; Sablong, R. J.; Koning, C. E. Metal-Free Synthesis of Novel 

Biobased Dihydroxyl-Terminated Aliphatic Polyesters as Building Blocks for 

Thermoplastic Polyurethanes. J. Polym. Sci. Part A Polym. Chem. 2011, 49 (13), 2959ï

2968. 

(38)  Pratt, R. C.; Lohmeijer, B. G. G.; Long, D. A.; Waymouth, R. M.; Hedrick, J. L. 

Triazabicyclodecene: A Simple Bifunctional Organocatalyst for Acyl Transfer and Ring-

Opening Polymerization of Cyclic Esters. J. Am. Chem. Soc. 2006, 128 (14), 4556ï4557. 

(39)  Sardon, H.; Pascual, A.; Mecerreyes, D.; Taton, D.; Cramail, H.; Hedrick, J. L. Synthesis 

of Polyurethanes Using Organocatalysis: A Perspective. Macromolecules 2015, 48 (10), 

3153ï3165. 



 
 

87 
 

(40)  Camara, F.; Benyahya, S.; Besse, V.; Boutevin, G.; Auvergne, R.; Boutevin, B.; Caillol, S. 

Reactivity of Secondary Amines for the Synthesis of Non-Isocyanate Polyurethanes. Eur. 

Polym. J. 2014, 55 (Supplement C), 17ï26. 

(41)  Olang, F. N. Non-Isocyanate Spray Foam. Google Patents December 10, 2013. 

(42)  Lauth, M.; Mülhaupt, R.; Blattmann, H. Non Isocyanate Polyurethane Foams. Google 

Patents August 3, 2017. 

(43)  Paik, I. H.; Goo, N. S.; Jung, Y. C.; Cho, J. W. Development and Application of Conducting 

Shape Memory Polyurethane Actuators. Smart Mater. Struct. 2006, 15 (5), 1476. 

(44)  Cornille, A.; Guillet, C.; Benyahya, S.; Negrell, C.; Boutevin, B.; Caillol, S. Room 

Temperature Flexible Isocyanate-Free Polyurethane Foams. Eur. Polym. J. 2016, 84, 873ï

888. 

(45)  Cornille, A.; Dworakowska, S.; Bogdal, D.; Boutevin, B.; Caillol, S. A New Way of 

Creating Cellular Polyurethane Materials: NIPU Foams. Eur. Polym. J. 2015, 66 

(Supplement C), 129ï138. 

(46)  Grignard, B.; Thomassin, J.-M.; Gennen, S.; Poussard, L.; Bonnaud, L.; Raquez, J.-M.; 

Dubois, P.; Tran, M.-P.; Park, C. B.; Jérôme, C.; Detrembleur, C. CO2-Blown Microcellular 

Non-Isocyanate Polyurethane (NIPU) Foams: From Bio- and CO2-Sourced Monomers to 

Potentially Thermal Insulating Materials. Green Chem. 2016, 18 (7), 2206ï2215. 

(47)  Bahei-El-Din, Y. A.; Dvorak, G. J.; Fredricksen, O. J. A Blast-Tolerant Sandwich Plate 

Design with a Polyurea Interlayer. Int. J. Solids Struct. 2006, 43 (25), 7644ï7658. 

(48)  Tekalur, S. A.; Shukla, A.; Shivakumar, K. Blast Resistance of Polyurea Based Layered 



 
 

88 
 

Composite Materials. Compos. Struct. 2008, 84 (3), 271ï281. 

(49)  Dennis, J. M.; Steinberg, L. I.; Pekkanen, A. M.; Maiz, J.; Hegde, M.; Müller, A. J.; Long, 

T. E. Synthesis and Characterization of Isocyanate-Free Polyureas. Green Chem. 2018, 20 

(1), 243ï249. 

(50)  Markusch, P. H.; Cline, R. L. Process for the Production of Polyurea Encapsulated Fertilizer 

Particles and the Encapsulated Fertilizer Particles Produced by This Process. Google Patents 

December 22, 1998. 

(51)  Rahman, M. H.; Das, B. K.; Miah, M. A. J.; Ahmad, H. Fixation of Urea to Polyacrylic 

Acid and Nitrogen Release Behavior of the Product (Polyurea)-A Comparison with Urea 

and Control (Without Nitrogen Fertilizer). Asian J. Crop Sci. 2009, 1 (1), 6ï14. 

(52)  Cao, K.; Li, Y.; Lu, Z.; Wu, S.; Chen, Z.; Yao, Z.; Huang, Z. Preparation and 

Characterization of High Melt Strength Polypropylene with Long Chain Branched Structure 

by the Reactive Extrusion Process. J. Appl. Polym. Sci. 2011, 121 (6), 3384ï3392. 

(53)  Macosko, C. W.; Charbonneaux, T. G.; Mikkelsen, K. J. Process of and Apparatus for 

Extruding a Reactive Polymer Mixture. Google Patents February 5, 1991. 

(54)  Ying, Z.; Zhao, L.; Zhang, C.; Yu, Y.; Liu, T.; Cheng, H.; Zhao, F. Utilization of Carbon 

Dioxide to Build a Basic Block for Polymeric Materials: An Isocyanate-Free Route to 

Synthesize a Soluble Oligourea. RSC Adv. 2015, 5 (52), 42095ï42100. 

(55)  Ying, Z.; Wu, C.; Jiang, S.; Shi, R.; Zhang, B.; Zhang, C.; Zhao, F. Synthesis of 

Polyurethane-Urea from Double CO 2-Route Oligomers. Green Chem. 2016, 18 (12), 3614ï

3619. 



 
 

89 
 

(56)  Pearson, P. N.; Palmer, M. R. Atmospheric Carbon Dioxide Concentrations over the Past 

60 Million Years. Nature 2000, 406 (6797), 695ï699. 

(57)  Kleypas, J. A.; Buddemeier, R. W.; Archer, D.; Gattuso, J.-P.; Langdon, C.; Opdyke, B. N. 

Geochemical Consequences of Increased Atmospheric Carbon Dioxide on Coral Reefs. 

Science (80-. ). 1999, 284 (5411), 118ï120. 

(58)  Riebesell, U.; Zondervan, I.; Rost, B.; Tortell, P. D.; Zeebe, R. E.; Morel, F. M. M. Reduced 

Calcification of Marine Plankton in Response to Increased Atmospheric CO2. Nature 2000, 

407 (6802), 364ï367. 

(59)  Tamami, B.; Sohn, S.; Wilkes, G. L. Incorporation of Carbon Dioxide into Soybean Oil and 

Subsequent Preparation and Studies of Nonisocyanate Polyurethane Networks. J. Appl. 

Polym. Sci. 2004, 92 (2), 883ï891. 

(60)  Wu, C.; Wang, J.; Chang, P.; Cheng, H.; Yu, Y.; Wu, Z.; Dong, D.; Zhao, F. Polyureas from 

Diamines and Carbon Dioxide: Synthesis, Structures and Properties. Phys. Chem. Chem. 

Phys. 2012, 14 (2), 464ï468. 

(61)  Dunstan, B. G.; Hunter, R. N. Manufacture of Polymeric Ureas. US2550767, May 1, 1951. 

(62)  Chen, H. Y.; Pan, W. C.; Lin, C. H.; Huang, C. Y.; Dai, S. A. Synthesis and Trans-Ureation 

of N,Nô-Diphenyl-4,4ô- Methylenediphenylene Biscarbamate with Diamines: A Non-

Isocyanate Route (NIR) to Polyureas. J. Polym. Res. 2012, 19 (2). 

  



 
 

90 
 

Chapter 6: Evaluating the Melt-Processability of Sustainable, Long-Chain 

Branched Polyureas through an Isocyanate-Free Route 

 
(Unpublished Work) 

 
Josh D. Wolfgang2 and Timothy E. Long1 

 
1Arizona State University, School of Molecular Sciences, Biodesign Center for Sustainable 

Macromolecular Materials and Manufacturing, Tempe, AZ  85281 
2Macromolecules Innovation Institute, Department of Chemistry, Virginia Tech, Blacksburg, VA  

24061 

 

 

6.1 Abstract  

 Urea provided a sustainable and bio-friendly reagent for high molecular weight, 

isocyanate-free polyureas. Polyureas with 0.0 ï 4.3 mol % of a poly(propylene glycol) triamine 

enabled the long-chain branching of thermoplastic polyureas. Compression molding into thin films 

facilitated further characterization for the series of branched polymers. Thermogravimetric 

analysis (TGA) indicated no significant differences in weight loss between the branched polyureas. 

Differential scanning calorimetry (DSC) showed no change in glass transition temperature; 

however, melting peaks decreased in intensity as the branching concentration increased, indicating 

a reduction in crystallinity. Dynamic mechanical analysis (DMA) exhibited similar glass transition 

temperatures to DSC findings and, although typical for branched systems, there was no evidence 

of elongation prior to flow. Tensile testing showed decreased ultimate stress values for higher 

branching concentrations, while melt rheology revealed significant differences in melt viscosities. 

Viscosities increased markedly with an increase in branching concentration, signifying greater 

entanglement and stronger physical crosslinks for the branched polyureas.  
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6.2 Introduction    

 Polyureas are a valuable platform for demanding applications because of their high levels 

of hydrogen bonding and semicrystallinity.1ï10 They maintain stronger intermolecular interactions 

compared to polyurethanes, lending to better mechanical properties, solvent stability, and 

degradative stability. Isocyanate chemistry provides the typical building block for both 

polyurethanes and polyureas because of the high conversion, atom economic process, and ease of 

use; however, these benefits also come with the high toxicity of the isocyanate group.1,2,11ï16 

Isocyanate-free polyureas and polyurethanes are a growing field of study because of the wide range 

of industrial applications available to this family of polymers. Numerous recent reviews discuss 

the present trends in synthetic strategies as well as the pros and cons of each.9,13,17,18 One of the 

more promising routes includes the reaction of cyclic carbonates with amines to produce 

poly(hydroxy urethane)s, but the increased hydrophilicity decreases their longevity.2,17ï21 

Wolfgang et al. produced polyurethanes from carbonyldiimidazole-derived bis-

carbonylimidazolide monomers, which provides a clear pathway towards polyureas by using 

amines instead of diols (See chapters 8-9).21 Dennis et al. synthesized high molecular weight, linear 

polyureas from urea and diamines.1,2 Urea is an inexpensive, biological feedstock that produces 

isocyanic acid upon heating.1,8,22 Isocyanic acid is highly reactive towards amines, which permits 

a successful polycondensation reaction with ammonia as a byproduct.  

 Branching is known to have significant effects on the processing of polymers. Long-chain 

branching improves the strength of polymers while reducing the viscosity during processing, 

imparting better processability compared to linear analogs.23ï30 The effect stems from the 

improved shear thinning that is present in long-chain branched polymers. During molding 
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processing, high frequencies take advantage of this improved shear thinning, which reduces the 

overall energy costs for processing.  

 This work leverages the innate reactivity of urea, or more specifically isocyanic acid, with 

diamines to produce polyurea without the use of solvents, catalysts, or isocyanates. A melt reaction 

facilitated the facile polyurea formation at high conversion. Thermomechanical and rheological 

characterization of the products indicated high-performance material properties and improved 

processability with the implementation of long-chain branching.  

 

6.3 Experimental/Methods 

6.3.1 Instruments.  A TA Instruments Q500 facilitated thermogravimetric analysis (TGA) and 

provided the Td,5%, or temperature where 5% of the original sample mass is lost, by utilizing a 

heating rate of 10 °C min-1 from 25 ï 600 °C with a steady nitrogen purge. A TA Instruments DSC 

Q2000 with heat/cool/heat cycles of 20 °C min-1, 10 °C min-1, and 20 °C min-1, respectively, 

provided differential scanning calorimetry data where the sample was under a nitrogen 

environment throughout the experiment. DSC provided the glass transition temperatures (Tgs) 

from the midpoint of the endothermic transition in the 2nd heat. Compression molding facilitated 

thin films by melting polyurea flakes between Kapton® sheets at 180 °C on a PHI hydraulic press. 

Rexco Partall® POWER Glossy Liquid Mold Release, a silicone-based mold release agent, ensured 

easy removal of the polyurea films. A TA Instruments DMA Q800 with a temperature ramp of 3 

°C min-1 from -80 °C ï 150 °C at 1 Hz provided a Tg taken from the peak in the tan delta. Liquid 

nitrogen cooling permitted the cryogenic temperatures required to observe the thermal transitions 

in the films. An Instron 5500R with a preload force < 1 N and an extension rate of 5 mm min-1 
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generated stress-strain curves at ambient temperature, and provided the strain-at-break for tensile 

bars cut with an ASTM D-638-V dog bone punch. Rheological experiments employed a TA 

Instruments Discovery HR-3 rheometer with disposable, 8 mm aluminum parallel-plate 

geometries. Time sweep experiments investigated melt-stability at 180 °C under 1.0% strain and 

6.283 rad s-1 for 60 min. Temperature sweep experiments from 120-200 °C with 1.0% strain and 

6.283 rad s-1 enabled the analysis of melt-viscosity at relevant processing temperatures. Frequency 

sweep experiments from 1-100 rad s-1 at temperatures from 200 to 100 °C and 1.0% strain 

generated time temperature superposition (TTS) plots for access to higher frequency ranges.  

6.3.2 Materials.  Urea (> 99.5%) and 2,2ô(ethylenedioxy)bis-ethylamine (EDOEA) (98%) were 

purchased from Sigma Aldrich. Jeffamine® T-403 polyetheramine was provided by Huntsman and 

had an average molecular weight of 440 g mol-1. All reagents were dried at 60 °C under reduced 

pressure prior to use. Isopropanol (ACS grade) was purchased from Fisher Scientific and used as 

received.  Nitrogen gas (99.999% UHP-T) and liquid nitrogen (LC240 22 PSI) were purchased 

from Praxair Distribution.  

Synthesis of polyurea. Synthesis adapted from Dennis et al. and the linear polyurea analog, 0.00 

mol % T-403, follows as an example (Scheme 1).31 All glassware was oven dried at 150 °C 

overnight prior to use. Urea (0.110 mol, 6.61 g) and EDOEA (0.165 mol, 24.45 g) were added to 

a single-necked, 100 mL round bottomed flask with a metal stir rod. A glass T-neck adapter and 

stir rod adapter were added to the setup along with a distillation arm and a nitrogen line attached 

to respective portions of the T-neck adapter. The distillation arm was connected to a single-necked, 

50 mL round bottomed flask and placed in a dewar with dry ice and isopropanol in order to collect 

the ammonia condensate and volatilized EDOEA monomer. Vacuum grease was applied to all 

ground-glass joints to ensure an air-tight seal of the reaction vessel. An overhead mechanical 
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stirrer, at 80 rpm, enabled complete mixing during the reaction. Three subsequent vacuum and 

nitrogen purge cycleôs guaranteed complete removal of dissolved gases and moisture from the 

reaction vessel. The reaction was heated to 170 °C under a steady nitrogen purge for one hour 

where the reaction remained clear and colorless, with light bubbling during the initial ~10 min. 

The reaction was heated to 200 °C for 30 min and the increased to 220 °C for an additional hour. 

The reaction was then slowly subjected to reduced pressure and left under high-vacuum for two h 

with the reaction temperature at 250 °C. The polyurea melt became viscous and wrapped the stir 

rod during the final step of the reaction. Upon cooling, the polyurea became opaque and hard. The 

product was removed from the stir rod by freezing in liquid nitrogen and shattering with a hammer. 

It was then dried under reduced pressure at 80 °C for 18 h prior to compression molding (Figure 

1).  

 

6.4 Results/Discussion 

 

Scheme 1. Polyurea condensation reaction from EDEOA and 0.0 ï 4.3 mol % T-403 under melt 

conditions.  
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Urea reacted with amines to form polyurea without the need for isocyanates (Scheme 1).1,2 

The solvent-free reaction proceeded by decomposing urea into isocyanic acid and ammonia. The 

acid reacted with an amine to produce an alkyl urea. Maintaining a reaction temperature above 170 

°C ensured the further elimination of ammonia, yielding 1,1-dialkyl urea and finally, linear 

polyureas.22 Incrementally increasing the temperature during the reaction ensured high molecular 

weight by decreasing the melt viscosity as the polyurea chains grew in length. A high excess of 

EDOEA allowed conversion to high molecular weight due to volatilization and loss of monomer 

during the reaction. The incorporation of 0.0 ï 4.3 mol % of PPG triamine T-403, or 0.0 ï 11.8 wt 

% based on mass of EDOEA, enabled long-chain branching and a decreased concentration of urea 

linkages in the backbone. The product was an opaque solid that readily flowed at 180 °C under 

~10 tons of pressure (Figure 1). The thin films from compression molding were used for all 

analytical techniques unless otherwise noted.   

 

Figure 6.1. Left) Polyurea chunk compression molded into thin films for further characterization. 

Right) Dogbone from polyurea film used for tensile testing.  
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 Thermogravimetric analysis provided Td,5% values for all of the polyurea samples (Figure 

2). The Td,5%ôs were all above 290 ÁC which agreed well with prior literature for similar backbone 

structures (Table 1).1 There was no apparent trend with higher incorporations of T-403. DSC 

analysis afforded Tgs for each polyurea film. The film drying and annealing occurred at 60 °C for 

18 h prior to testing. Each experiment consisted of heat/cool/heat cycles to remove the thermal 

history for each sample and the 2nd heat cycle provided the Tg (Figure 3). An endothermic transition 

at ~20 °C represented the Tg for each sample and the 0.00, 0.15 and 1.50 mol % T-403 polyureas 

exhibited a Tm at ~135 °C. The decrease in intensity was consistent with the decrease in 

crystallinity with higher levels of PPG triamine.  

 

Figure 6.2. TGA of polyurea series demonstrated high Td,5% values for all of the samples.  
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Figure 6.3. DSC showed consistent Tgs and the disappearance of the Tm peak with higher 

incorporations of T-403 triamine. *Second heat shown. 

 

 Dynamic mechanical analysis of polyurea films provided flow temperatures and Tgs that 

agreed with DSC results. The high level of hydrogen bonding in polyureas, coupled with the 

generally hydrophilic backbone, lends towards significant water uptake. This plasticization effect 

created significant changes in thermal properties, which was evident in DMA (Figure 4). Prior to 

drying, the polyurea films demonstrated a 40 °C depression in Tg. The 0.00 mol % T-403 sample 

was representative of the series (Figure 4). The Tgs undoubtedly agree with DSC results after the 

samples were dried at 60 °C for 18 h (Figure 5 and Table 1). Flow temperatures, or temperatures 

where the storage moduli dropped below 1 MPa, remained at ~120 °C regardless of T-403 

concentration. The low-temperature storage moduli values were above 3 GPa for all of the films 

tested.  

 



 
 

98 
 

 

Figure 6.4. The effect of water plasticization was evident in DMA where there was a 40 °C 

depression in Tg when the sample was not dried prior to analysis. *0.00 mol % T-403 sample used 

as an example. 

 

 

 

Figure 6.5. DMA exhibited flow temperatures around 120 °C for all samples and Tgs readily 

agreed with DSC analysis.  
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 Instron tensile analysis provided helpful information regarding the mechanical properties 

of the polyurea films. Strain-at-break, or ultimate strain/strength, and ultimate stress, or yield 

strength, were valuable data points available from the stress/strain curve (Figure 6). Triplicate 

experiments enabled standard deviations for each measurement (Table 1). The strain-at-break 

values for each sample remained unaffected from the change in concentration of T-403. The 

ultimate stress decreased from ~21 MPa to ~13 MPa with increased PPG content due to decreased 

urea linkage concentration and subsequent hydrogen bonding. During plastic deformation, the 

polyurea samples underwent strain-induced hardening, which is common for polyurea 

thermoplastics.1 

 

Figure 6.6. Tensile testing showed distinct ultimate stress and strain-at-break values ~250% strain 

for all samples tested.  
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Table 1. Polyurea table of properties with tensile analysis, TGA, DSC, and DMA.  

 

Melt rheological analysis probed the processability of the sustainable, branched polyureas. 

Time sweep experiments established the melt-stability of dried polyureas prior to further analysis 

(Figure 7). A temperature of 180 °C ensured a free-flowing sample and represented relevant 

processing conditions. On average, higher concentrations of T-403 yielded higher complex 

viscosities. It is important to note that these high temperatures effectively removed the influence 

of hydrogen bonding. Consistent viscosities throughout the experiment indicated that the polyureas 

maintained moderate thermal stability at 180 °C, which validated further analysis techniques. 

Temperature sweep experiments from 120 °C to 200 °C showed the respective viscosities over a 

range of temperatures (Figure 8). Viscosity decreased with an increase in temperature in all of the 

samples tested. The polyurea viscosity trend followed that increasing the branching concentration 

increased the complex viscosity. A representative modulus vs temperature plot for the 0.00 mol % 

T-403 polyurea sample showed the storage modulus nearing a crossover with the loss modulus 

around 200 °C (Figure 9). Time temperature superposition (TTS) provided information regarding 

the high-frequency region, which characterized processing conditions in systems such as injection 

molding.30,32,33 The viscosities from TTS followed the same trends from the time and temperature 

sweep plots. Higher branching concentration resulted in higher viscosities across the range of 
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frequencies (Figure 10). All of the samples exhibited shear thinning and reached comparable 

viscosities at high frequencies. The low frequency range was indicative of final part properties (i.e. 

creep, fatigue, physical aging, etc.), while the high frequency range gave insight into processing 

and performance (i.e. molding, extrusion, impact properties, etc.).30,32,33 This meant that the 

branched polyureas had better final part properties, while maintaining equivalent processing 

conditions.  

 

Figure 6.7. Time sweep experiments at 180 °C demonstrated melt-stability of polyureas for 

processing.  
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Figure 6.8. Temperature sweep experiments from 120-200 °C provided the complex viscosity for 

each polyurea sample.  

 

 

 

Figure 6.9. Temperature sweep of 0.00 mol % T-403 PU showed a representative moduli trace 

over the temperature range 120-200 °C.  
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Figure 6.10. TTS of polyurea samples showed shear thinning behavior and an increase in complex 

viscosity with an increase in branching.  

 

6.5 Conclusions   

 Urea-based, isocyanate-free polyureas provided a promising, sustainable route to an 

advantageous polymer platform. The polyureas maintained Tgs near room temperature despite the 

incorporation of T-403 as a branching agent. The rheological properties showed significant 

changes where higher levels of branching led to higher viscosities. However, TTS demonstrated 

that at elevated/processing frequencies, the branched polyureas were markedly similar to the linear 

samples. Polyureas are useful in high performance applications and are often difficult to produce 

and process because of solubility issues. This chapter provides a green alternative to the current 

technology.  
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7.1  Introduction  

Imidazole is an aromatic heterocycle that has found numerous applications since its 

discovery in the mid-1800s. It is prevalent in many biological systems, most notably as a side-

chain of the amino acid, histidine. In the late 1950s, Heinz Staab discovered that imidazole reacts 

with phosgene to produce 1,1ô-carbonyldiimidazole, CDI (Scheme 1).1,2 He reported that CDI had 

ñextraordinary reactivityò and that it hydrolyzed in ñonly a few secondsò when exposed to water 

at room temperature. He demonstrated that the molecule readily reacted with alcohols and amines 

to produce carbonate esters and urea derivatives, respectively. Shortly thereafter, Anderson et al. 
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generated peptides through a simple coupling reaction where carboxylic acids reacted with CDI to 

produce imidazole carboxylic esters. The products were highly selective to react with amines to 

form a host of peptide derivatives.3,4 More recently, CDI found application in polymeric systems 

including cellulose5ï11, polycarbonate12ï20, cyclodextrin21,22, polycaprolactone23,24, and 

polyurethane/polyurea systems.25ï33 In this review, we discuss the role of CDI in chemical 

functionalization and synthetic techniques. The main focus of this review is on CDI in polymeric 

systems, which have been rapidly gaining attention in the past decade. Finally, we provide a 

promising outlook on the future directions of CDI in polymer chemistry.  

 

Scheme 1. Synthesis of CDI from phosgene and imidazole.2 

 

7.2  CDI: An Organic Coupling Reagent  

7.2.1 Polysaccharides. Cellulose-based materials hold significant promise in the realm of 

sustainable, bio-friendly polymers. Unfortunately, they exhibit significant solubility challenges, 

and many of the early functionalization processes resulted in a high level of side reactions.8,34 One 

method to esterify cellulose with carboxylic acids utilized 1,3-dicyclohexylcarbodiimide (DCC)/4-

pyrollidinopyridine and p-toluenesulfonyl chloride; however, polymer degradation and toxic 

reagents plagued this process.8,9,35ï38 Heinze et al. implemented CDI as an activating agent due to 

the mild reaction conditions, non-toxic byproducts, limited side-reactions, and commercial 

availability.5,8,9,37 They first reacted CDI with various carboxylic acids to produce imidazolide 

intermediates (Scheme 2). Finally, the imidazolide intermediate reacted with the exposed 
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hydroxyls within the cellulose backbone, leaving imidazole and CO2 as the only byproducts in the 

reaction. Liebert and Heinze et al. discovered a method to selectively esterify cellulose derivatives 

with an adjustable degree of substitution using their previously reported CDI process.38 The novel, 

tailored polysaccharide derivatives have the potential to act as selective membranes in the 

biotechnology industry.9 Recent work by Heinze et al. investigated lauric acid-activated starch 

thermoplastics.10 They compared multiple activating agents from the literature, including CDI, and 

found that the substitution pattern changed significantly depending on the activating agent used. 

For example, CDI promoted a lower degree of substitution than DCC, but a higher degree than p-

toluenesulfonyl chloride.10 

 

Scheme 2. Reaction scheme for cellulose esterification with carboxylic acids, applying in-situ 

activation with CDI in tetrabutyl ammonium fluoride (TBAF) and dimethylsulfoxide (DMSO).8  

 

Beyond biomedical applications, cellulose also operates as adsorption membranes for 

organic and inorganic pollutants.6,7,39,40 Surface modification of the cellulose fibers enables 

tailoring of adsorption affinity for various pollutants in water.6,7 As seen in the earlier work by 

Heinze, CDI offered an easy route toward activated cellulose fibers. Boufi et al. took a slightly 

different approach; instead of esterifying cellulose, they reacted CDI directly with the hydroxy 
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cellulose to form carbamate functionality (Scheme 3).6,7,11 The carbonylimidazolide endgroups 

demonstrated reactivity towards amines, and an additional step included the reaction of the free 

amine to another CDI molecule.6,7 Finally, the new carbonylimidazolide endgroups reacted with a 

host of amines to provide a wide range of adsorption properties for the membranes. An added 

benefit was that the urethane and urea linkages improved the membrane hydrophilicity compared 

to other functional groups. Their additional work took another approach by activating a porphyrin 

with CDI, and then grafting it onto cellulose thin films.11 The mild reaction conditions avoided 

film alteration, a common problem in grafting onto cellulose ultrathin films.    

 

Scheme 3. The chemical reaction of CDI-activated cellulose fibers with aliphatic amines.6,7 

 

Starch thermoplastics are considered to be cheap and readily available alternatives to 

petroleum-based plastics.23,41 One of their downsides is their innate hydrophilicity, which causes 

a decrease in mechanical properties in moderate-high humidity environments.23 In order to 

circumvent this issue, polymers are often grafted onto starch. Najemi et al. investigated the use of 

polycaprolactone as a graft copolymer on cellulose because of its strong mechanical properties, 

relative hydrophobicity, biodegradability, and commercial availability.23 They utilized CDI as a 

coupling agent for the grafting process by first activating polycaprolactone, and then reacting the 

resulting molecule with cellulose. The hydroxy-terminated polycaprolactone reacted with CDI at 

room temperature in DMSO. Mono- and difunctional carbonylimidazolide molecules were 
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generated with varied molecular weight, and then reacted with starch hydroxyls using N-methyl-

imidazole as a catalyst (Figure 1).23 A number of other research publications also described CDI 

functionalization of starches and sugars because of the advantageous properties compared to other 

coupling techniques.24,42ï44 

 

Figure 7.1. Scanning electron microscopy showed the surface modification of a) starch granules 

with b) grafted polycaprolactone.23 

  

Water pollution from industrial and municipal streams is a growing concern from an 

ecological standpoint. Active pharmaceutical ingredients, typically with limited biodegradability, 

often elude the current purification processes.21,45 Hemine et al. used cyclodextrins to build 

crosslinked ónanospongesô that were capable of removing complex drugs from water streams.21 

They utilized the CDI-based condensation polymerization, which Trotta et al. patented in 2005, 

for designing crosslinked cyclodextrins to remove contaminates from water.21,22 They looked 

specifically at Pimavanserin (PMV), an antipsychotic drug for Parkinsonôs psychosis, which only 

degraded up to 37% post-biological wastewater treatment.21 They suggest that PMV is an example 

of a drug that will cause serious environmental concerns in the near future due to its longevity. 
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The cyclodextrin nanosponges proved to be extremely well suited for the task, removing the PMV 

from water streams with quantitative yields.  

7.2.2 Polycarbonates. Since the late-1800s, polycarbonates have been an essential step-growth 

polymer because of their impressive mechanical properties. For example, one of the most prevalent 

polycarbonates, 2,2-bis(4-hydroxy-phenyl)-propane (BPA) polycarbonate, boasts high 

transparency, toughness, heat resistance, and dimensional stability.46 Unfortunately, phosgene is 

typically employed in the synthesis of BPA-polycarbonate and other similar polycarbonates. One 

route to mitigate phosgene exposure was discovered by Fréchet et al.12,13 They found that CDI 

functionalized diols, or bis(carbonylimidazolide) (BCI) molecules, functioned as stable, yet 

reactive intermediates for polycarbonate synthesis (Scheme 4). They reacted the BCI monomers 

with various diols to form polycarbonates, and also discovered that the molecules undergo a 

thermolysis reaction that produced CO2 (Scheme 5). This thermal reaction provided a handle for 

controlled depolymerization of polycarbonates.12,13 

 

 Scheme 4. Synthesis of BCI molecules for polycarbonate polymerizations.12 
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Scheme 5. Top) Thermolysis of BCI monomers results in CO2 generation; Bottom) Synthesis of 

polycarbonates from BCI molecules.12 

  

Rannard et al. further described the reactivity of CDI through reactions with alcohols and 

amines.16,47 They produced carboxylic esters and carbamates with a high level of selectivity. 

Interestingly, carbonylimidazolide monomers, carboxylic acid functionalized with CDI, were 

selective towards primary amines over secondary amines (Scheme 6). Wooley et al. established 

that CDI provides an easy method for protection/deprotection in the synthesis of high molecular 

weight polycarbonates and hyperbranched polycarbonates.18,19 Rannard et al. advanced their work 

by designing a strategy to produce convergent, dendritic polycarbonates by first reacting CDI with 

a monofunctional alcohol to generate a carbonylimidazolide monomer.48 Reacting this molecule 

with a trifunctional alcohol, where two alcohols were primary and one was secondary/tertiary, 

resulted in the first generation wedge. One of the many uses for dendritic and hyperbranched 

polycarbonates is as porogens in polymer matrices.14,49 Here, BCI molecules functioned as A2 

monomers, and trifunctional alcohols, such as triethanolamine, functioned as B3 monomers.14 The 

resulting hyperbranched polycarbonates exhibited complete thermal decomposition at 200 °C, 

making it a promising template for nanoporous polymeric materials.  

 

 

Scheme 6. Carbonylimidazolide monomers show selective reactivity towards primary amines.16 

 Aliphatic polycarbonates are potential drug carriers and tissue-engineering scaffolds 

because of their advantageous properties, including low Tgs and low susceptibility to 
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degradation.15,17,50 Recent publications from Malkoch et al. described the issues with traditional 

synthetic strategies for aliphatic polycarbonates.15,17 They explained that using BCI monomers for 

aliphatic polycarbonates remains to be an obviously advantageous pathway because of the readily 

available, and safer, reagents, as well as the low toxicity of the condensate, imidazole, compared 

to the condensate when using phosgene, HCl. Malkoch et al. implemented cesium fluoride and 

diazabicycloundecene catalysts to promote polycarbonate formation from diols and BCI 

monomers (Figure 2). The products demonstrated the breadth of this methodology, and the sugar-

based polycarbonates provided a unique opportunity for additional biomedical applications.15,17 

 

Figure 7.2. The two-step synthetic strategy for aliphatic polycarbonates using a cesium fluoride 

catalyst. *Reproduced from Malkoch et al. with permission from the Royal Society of Chemistry.15 

 

7.2.3 Polyurethanes/Polyureas. Polyurethanes are used in applications ranging from protective 

coatings to foams; however, their commercial synthesis utilizes toxic isocyanates. The nature of 

the reaction often leaves residual isocyanates in the final products.51ï55 Isocyanate-free reactions 

have gained momentum over the past few decades as concern for sustainability and health has 

increased. One such method to circumvent using isocyanates in polyurethanes includes CDI. 

Interestingly, Köster discovered that CDI reacts with amines to produce a carbamate, but then 

distillation of this molecule yields an isocyanate and imidazole byproduct (Scheme 7).51,56 This 
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approach to ñblocked isocyanatesò has some viability for improving the handling and 

transportation concerns for isocyanates. Unfortunately, the distillation process not only adds a step 

to the overall polyurethane synthesis, but also adds considerable danger due to the elevated 

temperatures that are required.56  

 

Scheme 7. Carbamates, from primary amines and CDI, function as blocked isocyanates that 

become exposed upon distillation and removal of the imidazole.56 

  

Rannard et al. continued their earlier polycarbonate work by implementing similar 

synthetic strategies to dendritic26,32 and hyperbranched27 polyurethanes (Scheme 8). Their 2003 

publication described the first convergent aliphatic polyurethane from an isocyanate-free route.26 

In an analogous way to their polycarbonate process, primary amines of the 1-[N,N-bis(2-

aminoethyl)-amino]-2-propanol preferentially react with the carbonylimidazolide functionalized 

1st generation dendron, leaving the secondary hydroxyl group available for further 

functionalization with CDI (Scheme 8). Additional work by Kim et al. utilized CDI to produce 

divergent and convergent polyamides with urethane linkages.30 They implemented a comparable 

procedure to Rannard where they functionalized an alcohol with CDI, followed by a reaction of a 

triamine with the carbonylimidazolide product. They took advantage of the preferential reactivity 

of the imidazolide functionality with primary amines over secondary amines. The end products 

demonstrated self-assembly, ideal for supramolecular nanomaterials.30  

Incorporating polyurethanes in nanocomposite systems imbues advantageous properties to 

inorganic nanoparticles.28,57,58 Guo et al. investigated an interesting approach to polyurethane-zinc 
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oxide nanoparticles where they used CDI and a silane coupling agent to improve dispersibility.28,29 

They reacted the zinc oxide nanoparticle with the silane coupling agent, and used CDI to 

functionalize stearic acid. The stearic acid molecule then reacted readily with the amine 

functionalized nanoparticle.  

 

Scheme 8. Dendritic isocyanate-free polyurethanes through a CDI functionalization.26 

 

Recently, CDI has been used for functionalization of polyurethane foams25,59 and 

thermoplastics31 for biomedical applications. Matsuoka et al. investigated methods to separate 

hematopoietic stem cells from peripheral blood cells.25 They explained that membrane filtration 

has a number of benefits over other blood separation techniques, including simple usage, 

inexpensiveness, and sterility.25 Their process for designing better filtration membranes involved 

epoxidation of polyurethane foam membranes followed by amination. They functionalized a 

Pluronic with CDI before reacting it with their amine-functionalized polyurethane foam. 

Immersing the foams in a 30 wt % Pluronic solution for 24 h enabled the coating of the foam 
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surface with the polyether, and scanning electron microscopy provided a visual confirmation of 

the thicker membrane surfaces (Figure 3). They found that the coated foam had better 

separation/selectivity than the non-coated foams.25 Likewise, Gong et al. investigated isocyanate-

based polyurethane thermoplastics and their role in blood-contacting materials.31 Two of the main 

issues with polyurethanes in this field are surface fouling and poor cytocompatibility. In order to 

circumvent this challenge, Gong et al. surface functionalized their polyurethane with hyaluronan. 

They added carboxylic acids to their polyurethane backbone and reacted them with CDI to yield 

carbonylimidazolide groups.31 The carbonylimidazolide groups reacted with an aliphatic diamine, 

and eventually added to the activated hyaluronan to produce hyaluronan-coated polyurethane 

films. They found that cells adhered better to the hyaluronan-functionalized films because of the 

higher surface roughness, ionic charge, and because hyaluronan is naturally an extracellular matrix 

component (Figure 4).  

 

 

Figure 7.3. Scanning electron microscopy of polyurethane foams; A) without and B) with a 

Pluronic functionalization.25 

 


