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Novel Monomer Design for Nex&eneration Steferowth Polymers

JoshDavid Wolfgang
ABSTRACT

Facile monomer synthesis provided routes towards netegigrowth polymers for
emerging applications. Adjustment of reaction conditions enabled green synthetic stratefies
promising scalabilitystudiesoffered impetus for industrial fundingngineering thermoplastics,
such as linear polyetherimides (PElIsad 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 lineathi gh per for mance -®i&Ed sbhisghénddp r i si ng
diarhydride (bisDA) and m-phenylene diaminenfPD) 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 rheal@yaperties for high
glass transition temperature polyimides for engineering applications. The selection of the
dianhydride regioisomer influenced the weight loss profile, entanglement molecular weight (M
glass transition temperaturegfTtensile stin-at-break, zereshear melt viscosity, average hole
size free volume (M, and the plateau modulus prior to viscous flow during dynamic mechanical
analysis( D MA) . JPEIecomPasiBon interestingly exhibited a ~20 °C highgthan the
correspondingt , -BE analog. Moreover, melt rheological analysis revealed ddildancrease
in Mef o r -PEI, whiéh pointed to the origin of the differences in mechanical and rheological
properties as a function of PEI backbone geometry. The frequently stidid@E exhibied
exceptional t her mal , me ¢ h ani c aPElregiaisocher ladide o | o0 g i
significant stwudy in the industrial and acaderl

mechanical properties.



Introduction dé long-chain branching (LCB) into PEIs provided a unique comparison
between a commercially relevant PEI (Ulfe&000) and a regioisomer infrequently foundhie
literature.Thermal stability remained consistent for each regioispared T,s f or -ande 3, 3¢
4 , -UCB-PEIs agreed well with prior literature. Rheological analysis demonstrated typical shear
thinning and lowshear viscosity trends for LCB systems. The targeted molecular weights for the
3 , -BCGB-PEIs were well below thglec ut of f f oul &hi géi gobt 6 and f or
rheological properties demonstrated inconsistent treRdsther study of PEIs led to the
incorporation ofenicendgroups. These provided physical crosslinks, which enhanced mechanical
and rheological properties of @mched PEIs compared to their Aonic analogs. The g6
decreased with an increase in branching concentration for the ghemyhated PEI, while it
remained unchanged for the ionicaflydcapped PEIs. The divalent salts demonstrated higher
mechanical sength and melt viscosities compared to the monovalent salt and thenoREIs.
Interestingly, the zinendcapped PEI series exhibited decreaseddhglar viscosities compared
to the other PEIs, lending to promising industrial applications for theeridcapped branched

and linear PEls for high temperature applications.

Additional engineering thermoplastics in the form wb-based polyureasexhibited
mechanical propertiesmilar to those of noio-based polyuread he isocyanatéree synthetic
route incorporated aessentialrea degradation mechanism at elevated temperatures to produce
isocyanic acid, which then reacted with amines to produce linear polyurea thermoplastcs.
provided a sustainable and Hroendly reagent for high molecular weight, isocyarfete
polyureas.Poly(propylene glycol) triamine enabled the lecigain branching of thermoplastic
polyureas. Differential scanning calorimetry (DSC) showed no changg fior the series

however, meltingpeaks 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 significar@rdiftes 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 petble isocyanatéree routes lé t o t he use o f
carbonyldiimidazole (CDI) to generate polyureas and polyureth@idsknown in the literature
for its use in amidation and functionalization reactions, enabled the production-ofefiedid and
stable polyurethane monomers. The fummdlization of butanediol with CDI yielded an
electrophilic biscarbamate monomer, -b&bonylimidazolide (BCI), suitable for further step
growth polymerization in the presence of amines. The reaction of this novel monomer with
aliphatic diamines producékermoplastic 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 variougnpgic
backbones witbut the use of toxic isocyanatentaining strategies. Additionally, ndsocyanate
polyurethane (NIPU) foams were produced from BCI monomers without the need of blowing
agents, catalysts, or solvents. These materials offered anatiterrio existing foaming
technology, which typically empl@yg isocyanates. Polyurethanes were foamed through a2 CO
thermal decomposition mechanism involving the BCl monomers. We investigated two series of
polyurethane foams with a tunablg range from ~0°C to ~110 °C. We found that the
incorporation of aromatic amines vastly altered the foam thermomechanical properdidbe

resulting foams were closextll in nature.
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GENERAL AUDIENCEABSTRACT

Stepgrowth polymers play a significant role in commercial amdustrial applications
Ongoing work in this field focuses on sustainability, biodegradabilapd improved
processability. This dissertation encompasses the irapremt and innovation of current and
novel engineering thermoplastics and foams. Tdrefal purification and stegrowth synthetic
strategiesherein, afforded targeted molecular weights for analysislioéar andlong-chain
branched (LCB)polyetherimides REIs) Further analysis of LCBEIs, with monovalent and
divalent ionic endgroups, provided an opportunity to study the effect of ionic interactions and
physical crosslinks at high temperatures (>3@). The long branches improved the melt
processabilitycompared to linear analogues at equivalent molecular weighéschallenge to
investigate polyurethanes using Asncyanate methodologies offered an opportunity to apply
fundamental smalinolecule, organic synthesis to macromolecularescice. - 1, 16
Carboryldiimidazole (CDI)provided a platform to generate polymeric chains from industrially
relevantmonomers Additional testing serendipitously discovered the generation of {@OnN
thermal degradation dfie novelmonomers. Harnessing the release ob,@0ring the gelation of
polyurethanes, provided an isocyanateatalyst, and solvenfree synthetic route towards

polyurethane foams that boasts scalability and industrial relevance.
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Chapter lintroduction
1.1 Dissertation Overview

Engineering thermoplastics, such as polyetherimides, and comruséifylastics, such as
polyurethanes and polyureas, offer a wide range of physical properties to meet demanding
applications. Polyetherimides occupy the sphere of -tagiperature, chemicsll resistant
materials for use in aerospace, automotive, biomedical, and structural applications. An important
aspect of polyetherimides is their processability at elevated temperatures. éwetineore
progressindield of polymer science, sustainability always a foremost concern. A few methods
to realize better sustainability were investigated, including-hvan branching, kinked isomers,
molecular weight control, and reversible, physical crosslinking in the form of ionic endgroups,

which dissociatat elevated temperatures.

The thermomechanical and rheological properties of polyetherimides were analyzed upon
the introduction of ki nKk-leisphemo@-gianbydrele The issneri n t h
effected the glass transition temperature,tift@lv and tensile properties, as well as the free
volume. Careful control of molecular weight provided ard@pth analysis of the influence of
backbone rigidity on entanglements and thermal properties. In order to develop a more extensive
understanding fothe structureproperty relationships of polyetherimides, the introduction of
branching, and the subsequent variance of branching concentrations, provideldiorigranches
where the branch length waspproximatelythe entanglement molecular weight feach
regioisomer. Finally, ionic endgroups in the form of sulfonate salts (sodium, calcium, and zinc
cations) were added to lomdpain branched polyetherimides in an attempt to dekighly
processablemechanically robust materials. The ionic endgrougsewcompared to phenyl
terminated branched polyetherimigdesnd 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 foam
Two of the reasons for their broad range of applications is their chemical structurenarent
customizability. Polyurethanes typically consist of a diol reacting with a diisocyanate to generate
a urethane linkage. The chemical composition of theadid/or diisocyanate determine the final
material properties. Polyureas are made in the same manner, except diamines are used instead of
diols. Isocyanatdéree polyurethanes and polyureas are of current infesiest the industry is
constantly looking for more commercially viable routestistainablehemistries. Our research
group has demonstrated the synthesis of high molecular weight polyureas using urea as a
monomer. Although the reaction is specific to podas, this facile synthesis is unique because of
its solvent, catalyst, and isocyanatéee nature. Another method to generate polyurethanes or
polyureas without the use of isocyanates, catalysts, or solvents involves diol functionalization with
1 , -dabonyldiimidazole. We have established the synthesis of high molecular weight,
t hermopl asti c p o-taybanyldiimithaaole.eas well asotme generdtidan of>CO
through a thermal degradation pathway. The, @@neration also led to polyurethane rfoa
synthesisand 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 tedies!
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2.1 Abstract

The design of Ilinear, hi gh per f oraman-cde 4o |
bisphenolA dianhydride (bisDA) and m-phenylene diaminémPD) provided aropportunity to
elucidatethe influence ofdianhydride regiochemistry onthermomechanical 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.
Stepgrowth polycondensation enabled the production of high moleculaghtvé?Els for
subsequent thermal and mechanical analysis. Monofunctional phthalic anhydride as an endcapper
and monomeric stoichiometric imbalances enabled predictable nawege molecular weights
ranging from 3,600 35,400 g mot, as confirmed withize 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

entanglement molecular weight Vi glass transition temperatureg);Ttensile strairat-break,

zeroshear melt viscosity, average haiee free volume (M, and the plateau modulus prior to
viscous flow during dynamiPEl conmpasition nnteesingly anal \y
exhibitel a ~20 AC higher gl ass transi tPEloanalog.e mper ;
Moreover, melt rheological analysis revealed afald increase in Mf o r -PEI, whiéh pointed

to the origin of the differences in mechanical and rheological piepess 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 higérformanceengineering
polymers which have historically impacted technologies ranging from aerospace to electronics
PElsoffer complementarthermomechanicaroperties tdully aromaticpolyimides such as high
glass transition temperature, high modukes;ellentthermal stability, and optical clarity, while
further providing melt processabilityThis enhanceanelt processability stems frothe inclusion
of flexible units in the main chain, i.e., taddition ofether and isopropylidene linkagé34 , -4 6
polyetherimide,such asUltem 1 0 0 Oderjved ifram4 , -disphenolA dianhydride (bisDA)
andm-phenylene diaminémPD),andoffersa Ty of 217 °Cfor high molecular weight polymerg
This engineering thermoplastis used in automotive, medical, and erggnng fieldsdue 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 differebeeveen poly(ethylene oxide){¥ -66 °C) and

poly(vinyl alcohol) (Tg= 80 °C) illustrates their potential impact. Losigal.investigated the effect
4



of kinked biphenyl monomeric isomers in liquid crystal polyesters and found that monomer
compositiorcontrolled crystallinity’ An additional benefit of isomeric polymers is the oppatiun

to form compatible blends compared to fisomeric pair$'® Ding et al.in 2007 revieved the

field of isomeric polyimides, whicimcluded polyimides derived from symmetric and asymmetric
analogs This review summarized effects og, Thermal stability, solubility, and melt viscosity,
and all properties typically decreased upon the inclusfokiniked or asymmetric monomeric

units.

Our prior reports described the effect of lestzpin branching (LCB) on the melt
rheol ogi cal behavi or-PESst’A meitgrocessable, branthgd PElewitle v a n t
branch molecular weights above the critical molecular weighehtanglement, 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 branchiregent. Furthermore, a collaboration with Chenhgl.offered
a computational tool to predictsd for comparison to experimental data, ultimately directing
polymer desigrt! Chenget al.reported gas diffusion coefficients through polyimides more closely
aligned with @&perimental T data compared to previous densugrsustemperature model
predictions. Their model predicted thg@within 10-20 °C of the experimentally determined values
for - 8&8n 8 6-REls,4based on BBA and mPD. This manuscript now describes an

unprecedented structuper oper t y a-derivedBHIss of 3, 30

Previousl i t er at ur e d e mo-irosnérexibigel a highen {tt h at nh et h3e, 340, <4
isomer however, theseresearchergeported brittle films with presumablylow molecular
weights?>12Eastmon et al.also reported a tendency for oligomerization and the inability to attain

high mol ecul ar wei gisomerpEastnyonuet al.obsewied aljof 1B ¥C, 3, 3 6

5



which was not representative of high moleculaigive polymers due to unfavorable reaction
conditions. Takekostetal.r e p o r t e-BEI isomer with a §od 236 °C when implementing

a high temperature, solution polymerization process with subsequent thermal imidization, which
agrees well with the sailts discussed hereiriThe research herein details the ideal reaction
conditions and monomer purification strategies that are necessary to akigkveolecular
weight 3 , -3ad1 d -rdgjadomerc compositions Thus, high molecular weight products now
enable reliable measements of theéhermal mechanical, and rheologicploperties,and the
significant differences are attributed to the difference in entanglement molecular .weight
Interestinglythe kinkedn at ur e asbmetpriovededa lovBebmelt viscosityat compaable

absolute molecular weights

2.3 Experimental/Methods

2.3.1Instruments. 'H and *C nuclear magnetic resonance (NMR) spectroscapployeda
Varian Unity 400 spectrometer operating at 399.87 MHz and 2841Gtion concentrations of 10

15 mgmL™). A Waters e2695 size exclusion chromatograph determined the molecular weight of
isolated polymersDissolution of PEI samples in chloroform at 1 mgtyielded a dn d¢ of
0.2173. The column set include®&bhodexK-G guardcolumn 5 & rhQ mnyandgdwoxShodex
KF-806Mcolumns 1 0 & mmm.Bhe column@eperature was set to 35a@1 a flow rate

of 1 mL min! separated the polymerd WYATT TREOS Il light scattering detector provided
absolute méecular weight determination, while Waters 2414 RI detector operated as the
concentration detecto’™ TA Instruments TGA Q80 facilitated thermogravimetric analysis
(TGA) by utilizing a heating rate of 10 °@in"* from room temperature 800 °Cwith a steady

nitrogenpurge.Duplication of TGA resus provided standard deviations of thgsek and char
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yields, or the weight remaining after reaching 800 ACTA Instruments DSC Q2000 with
heat/cool/leat cycles of 10 °C mih 100 °Cmin?, and 10 °Cmin?, respectively provided
differential scanningalorimetry data where the sample was under a nitrogen environment during
the experiment. DSC provided thgffom the midpoint of the endotherm in th¥ Reat, and each
sample underwent triplicate testing to provide standard deviatiGnompression moldg
facilitated thin films by compressing PEI powdéetween Kaptohsheetsat 315 °Con a PHI
hydrauic press. Rexco Part&IPOWER Glossy Liquid Mold Release, a silicdmesed mold
release agent, ensured easy removal of the PEI films. A TA Instruments @800 with a
temperature ramp of 3 °C mirfrom 25 °C to 300 °C at 1 Hz provided gtéken 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 stresgrain curvest ambientemperatug, and provided the straatbreak for tensile

bars cut with al$ASTM D-638V dog bone punchRheological experimdgs employed a TA
Instruments Discovery HR rheometer with disposable,8 mm aluminum parallgblate
geometriesStrain-sweep experimentst 340 °C verified that -B% oscillatory strain was within

the linear viscoelastic region allowing for further analysis (Figure S5). Time sweep experiments
investigated melstability at 340 °C under 1.0% strain and 1 Hz for 60 min (Figure S6). The
modulus cossovers occurring ~50 minutes at elevated temperatures are indicative of thermal
crosslinking (Figure S6A frequency sweep experiment at T #7130 °C with 3% strain ranging

from 0.3 to 300 rad % facilitated the determination of the entanglement mdlr 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??Na asa positron sourcE'® Sample thikness of 1 mm with a 1 cm



diameter enabled reproducible analysis. Room temperature scans with 7 cycles at 1 hour each
collected 18 annihilation eventger cycle. The resolution of the PATF8B program offered the

time resolution, where spectra decompoaiprovided three discrete lifetimes. Thés pickoff
annihilation originates from the longest lifetime. This lifetime, terrheadnabled the calculation

of the mean radiu®, of the local volumeVh, using the following equation:
T mp — —OEH Equation (1)

where¥Y 'Y 'Y 1 ¢ U ¢. The prefactor 0.5 ns in EqJ] is equal to the Ps annihilation
rate.RandY'Y are respectively the radius of the hole and an empirical parameter that describes the
thickness of the electron layer according to the-Ekivup model.The valueof Y'Y is 1.656A

whenfit to the positron lifetime values of systems with known keies.As o-Ps lifetime is
expected to show a distributi ers iln fpdHsgmikedr s ,0 r\

Afaverage h®R e radiuso for

2.3.2Materials.3 , -3 @ d -bdsphdndlA d i a n h y darnidd-bisOABandngphenylene
diamine (nPD) wereprovided by SABIC, IncSublimation ofmPD under reduced presswaned
elevated temperaturedforded a white, pursolid that was stored in a desiccator under vacuum.
3,-3ah d -blsDA tnonomer preparation included a cyclodehydration at 20Qri@er a
nitrogen atmosphere, followed by storage in a desiccator under vatRimthalic anhydride
(099 %, ACS odichlagobemzengo-CB)dvere purchased from Sigma Aldrich and

used as receivedMethanol, 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 Slitraggema99.099% DHAg Hgs HPL C



purchased from Praxair Distribution. All deuterated solvents were purcrasedCambrdge

Isotope Laboratories, Inc.

Synthesi s odnd ipghgddgeth,e3d mi de wi th -pmdh-al, i4d
PEI).? 3 , -Bi®DA (8.000 g, 30.74 mmol) anphthalic anhydride (0.124 g, 0.84 mmol) were
dissolved at 150 °C io-DCB (10 mL) under a NatmospheremPD (1.691 g, 31.28 mmol) was
dissolved i-DCB (5 mL) in a threanecked, 506nL roundbottomed flask outfitted with a glass

stir rod and Teflofi blade, a septa with a nitrogen inlet, and a D8tark apparatus. The Dean

Stark apparatus was wrapped with heat tape, at 100 °C, and then connected tejackedéet
condenser. The condenser was attached to a bubbler to prevent oxygen and moisturatzackfill

the reaction. The overhead stirrer was set to ~40 rpm, amdRBewas stirred under azlpurge

for 15 min before being placed into an oil bath at 100 °C. The anhydride solution was then added
to the threenecked reaction flask, and remaining corgemére 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 ofeaction time, water was quantitatively collected in the Eiank
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 teredwedflask

situated in a dry ice/acetone mixture. The 4wezked flask was attached to a bubbler, and the
setup was purged withoMor ~10 min before lowering the apparatus into a hot metal bath at 380

°C for 0.5 h. After devolatilization and imidization, thesulting 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 atHg%md 220 °C for

2 h, followed by 150 °C fol6 h. In order to target various molecular weights, the ratio of phthalic



anhydride to monomer was adjusted in accordance to -Bimgkmayer Theory. Molecular

weights ranging from 3.6 35.4 kg mof* were synthesized for each regioisomer (Table 1 and

Figure S).
M, (kg m M,(kg mT,(AC) DM (Char Yi Ty s6AC
3.7 4.5 208 40.5 N 482 N
5.0 5.9 216 42.8 N 487 N
6. 3 8.6 221 429 N 482 N
4 9.3 11.6 224 45.1 N 480 N
3.8 21. 6 38. 3 234 | 242 49.8 N 492 N
23.5 48.0 237 49.0 N 490 N
31.0 55. 2 238 |/ 2 49.2 N 489 N
35. 4 64.7 238 |/ 4 47.1 N 482 N
3.6 4.8 188 42.4 N 507 N
5.1 7.2 197 43.9 N 511 N
6. 8 10. 8 204 45.0 N 514 N
10.0 14.9 208 46.6. N 520 N
P 12.0 16.5 211 47.6 @ 523 §
; 14. 2 28. 4 215 |/ 4 49.8 N 523 N
*19. 7 *36. 8 *217 | *48. 4 N *520 |
18. 8 38.0 217 | 4 48.5 N 520 N
23. 4 53.1 219 [/ 4 48.6 N 526 K
32.9 60.0 219 / 4 53.0 N 5251 K
Tablel Summary of mol ecul ar weight and ther mal

industrial standard.
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2.4 Results/Discussion

o o)
; :
0 0
o o o
4,4'-bisphenol-A-dianhydride (4,4'-bis-DA) H,N NH, ©:lé
+ + o)
; o
o o)
0 o o}
O%OO\&O m-phenylenediamine (mPD)  phthalic anhydride (PA)

3,3'-bisphenol-A-dianhydride (3,3'-bis-DA)

1. o-DCB, N,, 180 °C, 18 h
H,0 2. N, 380°C,0.5h

SNy UUN » g ¥ g5
sslely igee @@%

¢} O 0o

2 O
n N
0%
3,3'-PEI 4 4-PEI

Scheme 1 Polycondensation reaction between an aromatic dianhydrideaararyl amine,
utilizing phthalic anhydride as the endcapper.

A two-step polycondensation reaction facilitated the synthesis of isomeric PEIs (Scheme
1).217.18 Typical polyetherimide synthetic protocol begins with the dissolution of the amine
containing monomer(s) followed by addition of thehgdrides’ The reaction mixture became
heterogeneous/aggregaftetiowing addition of the anhydrides and remained heterogeneous until
reaching ~140C. Increasing the reaction temperature to i8(urther decreased the solution
viscosity and allowed for facile removal of the water byproduct. Heating the reacti@g t€ 3
for 0.5 h under a vigorous nitrogen purge enabled quantitative thermal imidization and complete
solvent removaf:}”!° Following imidization, the PEI dissolved slowly in chloroform and
precipitated readily in an acetone/metblsolution. The precipitated polymer provided a high

isolated yield (> 90%), anéH NMR spectroscopy confirmed the intended chemical structure
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(Figures S2S53. Compression molding at 318C produced robust PEI films. All analysis

techniques utilized comessionmolded 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 ees) (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 concentrationgrbapsd,
which presumably released volatile byproducts more readily upon scission near the polymer chain
end?® Coupling these T@ results with a higher melt viscosity, the higher molecular weight
samples formed a nerolatile carbonaceoushar at higher yields than the lower molecular weight

samples that began releasing volatile degradation products before appreciable charnformatio

occurecf%2!
100 + . e e
: CQ@Q C
% T 4,4'-PEI Av J ;( :
r y g ° Linear-4,4'-PEI
Td,5°/o = 519 + 7 OC
g o1 foge!
=t 3,3'-PEI Avg OQ\O’ ‘.O%O
£ [ Tys0 =485+ 7°C { ~ IS
£ 70t @“@ @&@
§ i 2 Linear-3,3'-PEI °
[~ L AR
2 60 \
© i
50 — TT
40 +
30 4 b
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure21l. T GA -ah d 3 RBE & aried molecular weight and averagge«dreported for
each isomer, where higher molecular weights produce higher char yields for both systems.
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DSC provided glassransition 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 thgHigure S4and Table 1). As represented by the FBox

equation?? Tgs relate proportionally to molecular weight:
K .
T T v Equation (2)

Where K is related to the polymer free volume andisvthe numbegaverage molecular weight.

The Ty trend follows that the lowest molecular weight for each isomer hadraffwas 335 °C

lower than the high molecular weight samples. The high molecular weight (18,000 g mot)

samples for each isomer approached a maximgimfalysis of the FloryFox plot provided the
Tgfor a polymer of infinite molecular weight, dgp( Fi g ur e -PElhad & lovemokeculdro

weight (M, = 3,600 g mol) T;of 188 °Candagoof 223 AC, -PEIhhadadowt he 3,
molecular weight (M= 3,700 g mot) Tgof 208 °C and a dp of 241 °C. This strikingly higher

Tqf or t-PMEI 3w89 attributed to the mor-BEI’RMP nder ed

520 .
o i e 3,3'-PEI-PA
o _: @,
o 510 7 i S = 4,4'-PEI-PA
S o e
® 500 + ¢
8_ - o e ..
£ 490 e ...
[ C T e
c 480 + B Ty .
._8 S e y =-12.654x + 514.15
0 T e R? = 0.9831
c 470 —+ e
5 S e
g S e .
o 460 - y =-13.04x + 496.48
S r RZ = 0.9869
D 450 [ L I I L } L L } 1 | | 1 } 1 I
0.0 0.5 1.0 1.5 2.0 2.5 3.0

10000/M, (g mol-t)

Figure 2.2. Flory-Fox plot provides a theoretical, Tor infinite molecular weight PEIs
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DMA provided the onset temperature for viscous flamd provided complementary
confirmation of s. The plateau region prior to the onset of viscous flow was more extended for
4 ,-BB I compa&d {(&i guBé 3) . -PElInvisoeus dosvitempegaturg , t he
(storage moduli < 1 MPa) changed dicaly from ~250 °C to ~300 °C with an increase in
mol ecul ar wei ght. Conversely, the ons®El tempe
ranged from ~265 °C to ~275 °A.he temperature dependence on the relaxation times between

the two isomers guires further analysis.

g b

© 1000 + 1
[a 1
< 4,4'-PEIs ---
M 100 + Zﬁltgénlﬂozﬁ 3,3'-PEIs —
mn E ’ —
3 [ 38kg/mol PEI 38 kg/mol PEI i ¥
= [ 53 kg/mol PEI 55 kg/mol PEI + 100 &4
© 10t 60kg/mol PEI 65 kg/mol PEI :
= = S 10
&
o <3 1
2
7y) L 0.1
0.01

50 75 100 125 150 175 200 225 250 275 300
Temperature (°C)

Figure 2.3. DMA provides Tgs for film-forming PEIs and demonstrates a longer plateau prior to
viscous f-PBIlw dompadPEd t o 3, 30

There are a number of rheological methods for determination of entanglerokecular
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 zsiear viscosity for each poher?2* The Rouse model

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

reptation model predicts the viscosity for entangtesdts, or M > M, where— x 0 . However,
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linear polymers more accurately follow the power law 0 8, whenM > M.2¥26 Another
method, commonly termed the v&@urp Palman method, 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 eqtfafon:

"2 4

Equation (3)

Completing a frequency sweep experiment at a temperature ~30 °C abovgplovided a
minimum in the tan delta, or the ratio of the loss moduli to storage moduli (Figt/r&#hportant

to note Liu et al. found that using similar estimation techniques yields up to a 15% margin of error
for polydisperse samplég Assuming timetemperature superposition (TTS) remains valid, the
phase angle or tan delta plotted against the storage modulus provided a plateau modihus,
rheological measurements revealed'thefor the 53 kg mot My 4 , -BE and 65 kg moi My

3 ,-BH as 1.69 and 0.71 MPa, respectively. The corresponding entanglement molecular weights
were ~3,100 g mdiand ~7,500 g mdifor each polymer, respectivels described above, DMA

s h o w e 4PEI @ith @ €hortened plateau prior to viscous flavd #is observation was attributed

to a decreased number of c-RH Fetterseetal estabdjshedithe nt s
role of packing length in apparent entanglement molecular weight based on experimental and
modeling dat&°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 PEIsThe higher M demands higher weiglatverage molecular weights to achieve
similar chain entangl e me fisomerdAesimple frequercy sovaeemp ar e C
experiment at a relevant processing temperature, i.e., 340 °C, provided a representation of melt

behaviorfor the two regioisomers (Figure 53s expected, higher molecular weight resulted in
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hi gher viscosit-i ®emehoevelielbi t ¢ dhea 3, @dsemer mel t
at equivalent molecular weights. A lowagsparentweightaverage molacl ar wei ght f or
PEI produced complex viscosities at 50 radtisat were 1.5 ol d | o weREl Ealiemn 4, 4
|l iterature statawvethge] amédheghl §gwewghght pol .y
average molecular weight of approximattgy times the M2®Wh i | e PEé& A h#agh [ wei
average] mol ecul ar Mg i ¢ hhtisomai ghidaches 75 kg @olkisy mo |
presents some synthetballenges because high performance thermoplastic polyetherimides do

not commonly reach these values due in part to kinetics and limited monomer purity. The highest
weightaver age mol ecul ar wehbisdA in owa laborateriesawad 65 kgs i n g
mol*Mw. Previ ous | it ediaahydideéonrers ferm tottyslize ahasigherdate3 6
however, high temperature thermal imidization induces transimidization, negating much of the

possible cyclization

10000 —e—65 kg/mol 3,3-PEL 0.6
= 260 °C
a —=—53 kg/mol 4,4'-PEI: L 0.5
= 1000 250 °C ’
S
O L 0.4
w 100
5 —
S m=) [ 035
o
o) 10 o
= - 0.2
% IR R L Eh -0 "32".".‘.'.
g ' R B s SRR e - 0.1
KA G|

0.1 +——ruuy S s A |
0.1 1 10 100 1000

Angular Frequency (rad s1)

Figure 2.4. The plateau nodulus (G%) originatesfrom the minimum in the tan deltaf the
frequency sweepxperiment at ~30C above T.
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100000 —38 kg/mol 4,4'-PEI —38 kg/mol 3,3'-PEI
——53 kg/mol 4,4'-PEI ——55 kg/mol 3,3'-PEI
—=-60 kg/mol 4,4'-PEI —=-65 kg/mol 3,3'-PEI

10000

Complex Viscosity, *n (Paes)

1000 T T

Angular Frequency, w (rad s?)

Figure 2.5. Melt viscositiedor selectedB , -a & d -RElsat équivalent M, where T = 340C.

Tensile analysis providedoungdés modul i upon ana-$tgisi s of
curve at the initial, l i near p o-PElaveraged~#400t he d
MP a | e s s-PEl htasimilardmoldc@lar weights. The observed difference was reproducible

over five replicate experiments (Figure 6 and Table 2). Weightage molecular weights below
55kgmoftand28kgmotdi d not yield films withameapdoddci
PEI, respectively. As expected, the straiibreak for eaclsample showed that higher molecular

weight provided higher ultimate percent strain. The 38 kg'nwl 4 , -RE sample displayed

similar strairat-break to the 65 kg mdéIMy 3 , -BE sample, which was consistent with the claim

that high molecular weightrpperties are achieved as the weighérage molecular weight

approached tetimes M: range?®
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Figure 2.6. Strairatbreak for high M, 3 , -BEs approaches straatbreak forlower My 4 , -4 6
PEI

PALS commonly reveals three lifetime components with the longest lived corresponding
to o-PS pickoff lifetime § ). Table 2 (andrigure ST presents the role of structural differences
and the effect of molecular weight on the obserareerage holsize free volume (M. TheVh
measured by PALS elucidates network structure by probing the unoccupied space with a positron
with a 1A radius. This unoccupied space (or free volume) is inherent to all polymers. There was
no apparent dependencem molecular weight; rather the dependence was on the structural
differences figure S7). Segmental motionswe | e s s r e s dsomergthus ldadingio t h e
an increased value ofhVT h e -i8om& demonstrated improved chain packing as theag
significantly lower in comparison. This was confirmed with the highef D r t-isemer3, 3 0

confirming a higher order of chain packing. In all case@ntensity of 6PS) was found to be low

£

(~2%), which was attributed to a large dispersity of{sole e s wi t hin t he-networ

i somer yielded more hol eElisomet?h a | arger si ze
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Mw (kg mol 1) o o Youngo6s Strain-at- E * Free Volume,

Tg (°C)" | Tasw (°C) (MPa) Break (%) | ( Pa®A{ Vi (A%

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

o

m‘ 55.2 238 489 2,610 + 80 6+3 3,600 6.5

g 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 and Ty taken from DSC measurements.

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

2.5Conclusions

Pol ycondensaantd -bsDAcindmBD,yiglded PEIs of varied and controlled
molecular weights. Stoichiometric imbalances and monofunctional endcapping reagents provided
a route to targeted molecular weights for each regioisomeric homopolymer. SE8 BiMR
spectroscopy enabled structuraldaabsolute molecular weight determination, while TGA and
DSC provided thermal characterization for the PEI series. Backbone configuration significantly
affected the thermal, mechani cal -isomermgroduceéde ol o0 g
a higher Ty, lower Tys0%, lower melt viscosity, higher Mlower strainat-break, and reduced free
vol ume when c o ngomer a dquitalent moleeulardveight The kinked structure
of t hbésDAac®unted for these differences, and this strectastricted chain mobility,
which increased thermal relaxation temperatures. The decreased chain mobility also inhibited
chai n ent an g-iseereeguired cdndiderabB highér molecular weights to achieve
similar physically crosslinked networiffects. When nearing tdimes the polymer W 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.

2.6 Acknowledgements

The authors would like to thank SABIC for financial support (Grant 458369) and insightful
discussions. The authors also thank Zack Anderson (SABIC)RBghavendraMaddikeri
(SABIC), and Dr. Michael Bortner (Virginia Tech) for their insight and experimental expertise in

rheological analysis.

2.7 References

(1) Hergenrother, P. M. The Use, Design, Synthesis, and PropertiestoPEliftprmance/High

Temperature Polymers: An Overviedigh Perform. Polym2003 15 (1), 3 45.

(2) Takekoshi, T.; Kochanowski, J. E.; Manello, J. S.; Webber, M. J. Polyetherimides. H. High

Temperature Solution Polymerizatioh.Polym. Sci. Polym. Syn986 74 (1), 93 108.

(3) Takekoshi, T.; Kochanowski, J. E.; Manello, J. S.; Webber, M. J. Polyetherimides. |I.
Preparation of Dianhydrides Containing Aromatic Ether Grodp$olym. Sci. Polym.

Chem. Ed1985 23 (6), 1759 1769.

(4) Takekoshi, T.;Kochanowski, J. E. Method for Making Polyetherimides and Products

Produced Thereby. Google Patents September 16, 1975.

(5) Heifferon, K. V; Mondschein, R. J.; Talley, S. J.; Moore, R. B.; Turner, S. R.; Long, T. E.
Tailoring the Glassy Mesophase Range @hermotropic Polyesters through

Copol ymer i zBibenzoata and Kinketl Jsdm@olymer2019 163 125 133.

20



(6) Odian, G.Principles of Polymerizatignlohn Wiley & Sons, 2004.

(7) Sperling, L. H.; Taylor, D. W.; Kirkpatrick, M. L.; George, H. Bardman, D. R. Glass
Rubber Transition Behavior and Compatibility of Polymer Pairs: Poly(Ethyl Acrylate) and

Poly(Methyl Methacrylate). Appl. Polym. SciLl97Q 14 (1), 73 78.

(8) Bohn, L. Incompatibility and Phase Formation in Solid Polymer MixureksGraft and

Block CopolymersRubber Chem. Techndl968 41 (2), 495 513.

(9) Ding, M. Isomeric Polyimide€?rog. Polym. Sci2007, 32 (6), 623 668.

(10) Dennis, J. M.; Mondschein, R. J.; Wolfgang, J. D.; Hegde, M.; Odle, R.; Long, T. E.
Synthesis and Raracterization of Long€hain Branched Poly(Ether Imide)s with A3

ComonomersACS Appl. Polym. Mate202Q 2 (2), 958 965.

(11) Wen, C.; Liu, B.; Wolfgang, J.; Long, T. E.; Odle, R.; Cheng, S. Determination of Glass
Transition Temperature of Polyimidesofn Atomistic Molecular Dynamics Simulations

and Machind_earning AlgorithmsJ. Polym. Sci202Q 1i 14.

(12) Eastmond, G. C.; Paprotny, J.; Pethrick, R. A.; SantarMeiadia, F. A Comparison of
Poly(Ether Imide)s with Fhthalimide and -hthalimide Uni s : Synt hes

Characterization, and Physical Propertdacromolecule2006 39 (22), 7534 7548.

(13) Olson, B. G.; Lin, J.; Nazarenko, S.; Jamieson, A. M. Positron Annihilation Lifetime
Spectroscopy of Poly(Ethylene Terephthalate): Contributions frigid and Mobile

Amorphous FractiongVlacromolecule2003 36 (20), 7618 7623.

(14) Meyers, K. P.; Decker, J. J.; Olson, B. G.; Lin, J.; Jamieson, A. M.; Nazarenko, S. Probing

the Confining Effect of Clay Particles on an Amorphous Intercalated Dendritic Polyester.

21



(15)

(16)

(17)

(18)

(19)

(20)

(21)

Polymer2017 112, 76 86.

Jackson, M.; Kaushik, M.; Nazarenko, S.;M/&5.; Maskell, R.; Wiggins, J. Effect of Free
Volume HoleSize on Fluid Ingress of Glassy Epoxy NetworRselymer2011 52 (20),

4528 4535.

Kwisnek, L.; Kaushik, M.; Hoyle, C. E.; Nazarenko, S. Free Volume, Transport, and
Physical Properties of PA| k y | Derivatized ThiolTEne

Macromolecule201Q 43 (8), 3859 3867.

Ghosh, A.; Sen, S. K.; Banerjee, S.; Voit, B. Solubility Improvements in Aromatic

Polyimides by Macromolecular Engineerif®RSC Adv2012 2 (14), 59005926.

WolinskaGrabczyk, A.; SchaiBalcerzak, E.; Grabiec, E.; Jankowski, A.; Matlengiewicz,
M.; Szeluga, U.; Kubica, P. Structure and Properties of New Highly Soluble Aromatic

Poly(Etherimide)s Containing Isopropylidene Groupaelym. J2013 45(12), 1202 1209.

Sroog, C. E.; Endrey, A. L.; Abramo, S. V, Berr, C. E.; Edwards, W. M.; Olivier, K. L.
Aromatic Polypyromellitimides from Aromatic Polyamic Acids.Polym. Sci. Part A Gen.

Pap.1965 3 (4), 1373 1390.

Carroccio, S.; Puglisi, C.; Montaudo, G. Thermal Degradation Mechanisms of
Polyetherimide Investigated by Direct Pyrolysis Mass Spectromitagromol. Chem.

Phys.1999 200(10), 2345 2355.

Rimdusit, S.; Mongkhonsi, T.; Kamonchaivanich, P.; Sujirte Thiptipakorn, S. Effects
of Polyol Molecular Weight on Properties of Benzoxadirethane Polymer Alloys.

Polym. Eng. ScR008 48 (11), 22382246.

22

Net



(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Fox, T. G. ; FI or vy, P. J. Second Order Tran

Polystyrene. I. Influence of Molecular Weight.Appl. Phys195Q 21 (6), 581 591.

Colby, R. H.; Fetters, L. J.; Graessley, W. W. The Melt Viscddityecular Weight

Relationship for Linear Polymerslacromoleculed987 20 (9), 2226 2237.

Rubinstein, M.; Colby, R. H?olymer PhysigsOxford university press New York, 2003;

Vol. 23.

Fox, T. G.; Flory, P. J. Further Studies on the Melt Viscosity ofifabutyleneJ. Phys.

Chem.1951, 55 (2), 221 234.

Fox, T. G.; Flory, P. J. ViscosidyMolecular Weight and Viscosify Temperature
Relationships for Polystyrene and Polyisobutylene 1,2m. Chem. S0d.948 70 (7),

2384 2395.

Van Gurp, M.; Pimen, J. TimeTemperature Superposition for Polymeric BlerRReol.

Bull. 1998 67 (1), 5i 8.

Trinkle, S.; Friedrich, C. Van GuPalmenPlot: A Way to Characterize Polydispersity of

Linear PolymersRheol. Act2001, 40 (4), 322 328.

Liu, C.;He, J.; Ruymbeke, E. van; Keunings, R.; Bailly, C. Evaluation of Different Methods
for the Determination of the Plateau Modulus and the Entanglement Molecular Weight.

Polymer2006 47 (13), 44614479.

Fetters, L. J.; Lohse, D. J.; Graessley, W. Wai@IDimensions and Entanglement Spacings
in Dense Macromolecular SystendsPolym. Sci. Part B Polym. Phy€99 37(10), 1023

1033.

23



(31) Fetters, L. J.; Lohse, D. J.; Richter, D.; Witten, T. A.; Zirkel, A. Connection between
Polymer Molecular Weight, Density, Chain Dimensions, and Melt Viscoelastic Properties.

Macromoleculed4994 27 (17), 46394647.

(32) Wang, X:Y . ; i n o0t V¥ lFeemanP B. D.J Sanchek, U. C. A Molecular
Simulation Study of Cavity Size Distributions and Diffusion in Para and Meta Isomers.

Polymer2005 46 (21), 91559161.

24



2.8 Supporting Information

1 = 1000000
: 100000 §
0.8 - @
i F 0O
) - 10000 £
.-%‘ . - 1000 g
S 04 - - =)
= j - 100 =)
— ] C G
0.2 - i
] . 10 =
] g 3
i - o
0 - L1 =
13 15 17 19 21 23

Time (min)

= == 3,3'-PEI-PA LS trace 3,3'-PEI-PARI trace = = 4,4'-PEI-PALS trace

= 4,4'-PEI-PA RI trace * 3,3'-PEI-PA MW * 4,4'-PEI-PA MW

Figure S2.1. SelectSEC traces fo8 , -BE-PA (38,20 g/mol My) a n 4PEIRA (83400
g/mol My)

25



3
e
P
O@O 5 h O%O
) 1 [¢] b N % g nN o
o ¢ @ o
a d
3
eb,f
h,cg

N J
U
8.0 75 7.0 6.5 6.0 55 50 45 4.0 35 3.0 25 20 15

ppm
Figure S2.2. 'H NMR of 38,30 g moi*My, 3 , -BH.
d e ]
o o
BeseSendecvly
h o] nN 3
1 2 o] b N b 3 o
o) C a
h, e
g
g f
c
a, b

2l 1 \ N Jk )
8.0 75 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15

ppm

Figure S2.3. 'H NMR of 38000 g mot* My 4,46PEI.

26



Heat Flow (W g1)

0.1

125 150 175 200 225 250 275 300

Temperature (°C)

Figure S2.4. Raw DSC tracesf the 2%heatf o r - a3n d3 4| irtbiue anded, respectively.
Please note that we shifted the DSC traces vertically for ease of viewing.
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Chapter 3:Thermomechanical and Rheological Modifications in Lonechain
Branched Pol yet h-earnidmiBid-édsithydldidei ng 3, 30
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Arizona State University, School of Molecular Sciences, Biodesign Center for Sustainable
Macromolecular Materials and Manufacturing, Tempe, AZ 85281
2Macromokcules Innovation Institute, Department of Chemistry, Virginia Tech, Blacksburg, VA
24061

3.1 Abstract

Engineering thermoplastics such as polyetherimides are prevailing materials in the
industrial sect or . -PEleshibifsexceglienal thérmay, mechanichlj add 4, 4
rheol ogi cal p r o-PE regioisenser lacks esignifidart studyd in $dustry and
academia due to its oinferiord properties, na
and stepgrowth synthetic tsategies afforded targeted molecular weights for analysis. Thermal
stability remained consistent for each regioisomer agd Tf o r -a rhde -REls &deed well
with prior literature. Rheological analysis demonstrated typical shear thinning arshdaw
viscosity trendsforlong hai n branched systems. The-PElar get ec
were wel |l bel ow the entangl ement mol ecul ar we
this reason the rheological properties demonstrated irstens trends. Although not directly
anal yzed herein, b I &@md sRE|gpfodide & reutelta hegimy B @igh 3, 3 0

flow thermoplastics.

3.2Introduction

Polyetherimides (PEIs) are valuable engineering thermoplastics used in demanding

applcations such as electronics, biomedical, automotive, and aerospace. They boast high glass
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transition temperatures 43), impressive thermal stability, and are melt processable, unlike their
polyimide cousins.The main difference between polyimides &flsoriginates in the chemical
structure, whilePEls contain flexible moieties such as ethand isopropylidene linkages,
polyimides are rigid and often lackS*“ It is well-known that longchain 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.

8 Most of the implementation of loaghain branching in the literature is in regards to polyolefin
chemistry>®919 ong et al. has shown improved melt processability in PEIs when inctingpra
low mol % of branching agent, < 2 mol %Previous reports detail the synthesis of trifunctional
aromatic amines and the subsequentbisghenbldA mer i z a
dianhydride (4,4Bis-DA).1! This chapter applies this technology to the-Bj3-DA regioisome,

which was already known to have improved melt processabifity.

Industrial and academic interest in undinsling the effect of the 3;Bis-DA regioisomer
on the properties of PEIs spurred the comprehensive analysis of lineavitPBlaried molecular
weight!2 The thermal and rheological properties changed significantly when compared to-the 4,4
PEI, commercially sold as Ultéi000, at equivalent molecular weight. We initially determined
the entanglement molecular weight dMor each system and then #lyaesized linear polymers
with molecular weights ranging from 1 xed 10 x Me. There was a ~20 °C difference in glass
transition temperature between the regioisomers and theBl3iad a melt viscosity ~ 30% of
4,4'PEIl at the same molecular weight. wAsver, when comparing melt viscosities where
molecular weight = 10 x M the difference in viscosity was nominal. The progress made herein
demonstrates that branched R&Is follow the same trends as branched-RES, namely, an

increase in lowshear relt 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 lorchain branches and thermal properties for branched PEls
are comparable throughout the 0.8.0% branching range, althoughsTbegin to decrease at the

higher branching concentrations.

3.3Experimental/Methods

3.3.1 Instruments. A Waters e2695 size exclusion chromatogrdfiEC) determined the
molecular weight of isolated PEIs. Dissolution of PEI samples in chloroform at 1 mgieited

a dn dct of 0.2173. The column set includedshodexK-G guardcolumn 5 emMpmmM,. 6 X
and two Shodex KBO6Mcolumns 1 0 & mmm. 8he golur@nOtédmperature was set to 35

°C, and a flow rate of 1 mL mihseparated the polymers. A WYATT TREOS Il light scattering
detector provided absolute molecular weight determination, while a Waters 2414 RI detector
operated as the concentration deteddl A Instruments TGA Q500 facilitated thermogravimetric
analysis (TGA) by utilizing a heating rate of 10 °C rhirom room temperature to 800 "®ith

a steady nitrogen purge. A TA Instruments DSC Q2000 with heat/cool/heat cycles of 10 °C min
1100 °Cmin?, and 10 °C min, respectively, provided differential scanning calorimetry data
where the sample was under a nitrogen environment during the experiment. DSC provided the T
from the midpoint of the endotherm in th¥ Beat, and each sample underiveuplicate testing

to provide an average value. Compression molding facilitated thin films by compressing PEI
powders between Kapt8sheets at 315 °C on a PHI hydraulic press. Rexco PFaRGWER
Glossy Liquid Mold Release, a silicahased mold releasgent, ensured easy removal of the PEI
films. A TA Instruments DMA Q800 with a temperature ramp of 3 °Cfiiam 25 °C to 300 °C

at 1 Hz provided a gltaken from the peak in the tan delta. Rheological experiments employed a
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TA Instruments Discovery HR rheometer with disposable, 8 mm aluminum pargdlate
geometries. Straisweep experiments at 340 °C verified th&8% 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 0.628%28.3 rad s at 1.0% strainvhere temperatures ranged

from 3501 250 °C facilitated the time temperatwgperposition (TTS) analysis.

3.3.2 Materials. 3a8d -bilsphdndlA di anhydraindde -MdgD#),62,4,4*
triaminodiphenylether (TADE), anai-phenylene diaminenfPD) were provided by SABIC, Inc.
Sublimation oimPD under reduced pressure and elevated temperatures afforded a white, pure solid
t hat was stored i n a-adheds-bieDAaonomer puepatdagon included u u m.
a cyclodehydration at 200 °@nder a nitrogen atmosphere, followed by storage in a desiccator
under vacuum. Pht hal i ¢ an b-giahlorobdneeneptDCBY Were A CS
purchased from Sigma Aldrich and used as received. Methanol was purchased from Pharmco
Aaper (ACS/USPRgrade) and used as received. Chloroform for polymer dissolution and SEC
analysis was purchased from Millipore Sigma

UHP-T) was purchased from Praxair Distribution.

Synt hesi s ofanthd ,aghéclhyeedt h3e r3iéomi de wi t h -grhd kA, 4 &
LCB-PEI). Synthesis follows from Wolfgang and Long et%B , -Bi®DA (12.000 g, 23.06

mmol) and phthalic anhydride (0.169 g, 1.14 mmol) were dissolved at 15002D@B (20 mL)

under a N atmosphere. TADE (0.034 g, 0.16 mmol) am&@D (2.527 g, 23.37 mmol) was
dissolved ino-DCB (10 mL) in a thremecked, 504nL roundbottomed flask outfitted with a

glass stir rod and Tefl6hblade, a septa with a nitrogen inlet, and a D8tk gparatus. The
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DeanStark apparatus was wrapped with heat tape, at 100 °C, and then connected te a water
jacketed condenser. The condenser was attached to a bubbler to prevent oxygen and moisture
backfill into the reaction. The overhead stirrer was seétbrpm, and thenPD was stirred under

a N\ purge for 10 min before being placed into an oil bath at 100 °C. The anhydride solution was
then added to the thremcked reaction flask, and remaining contents were transferred with an
additional 13 mLo-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
DeansStark apparatus and the reaction was removed from the oil bath. Two of the@atsealed

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. Thewweiked flask was attached to a bubbler,

and the setup was purged with fidr ~10 min bedre 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
methanola nonsolvent, and dried in a vacuum oven at ~281g 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 0.8.0% TADE PEls. The synthetic procedwras

duplicat edCB-PEIS. t he 4, 40

3.4Results/Discussion

The facile synthesis of LGBEIs frombis-DA, mPD, PA, and TADE monomers provided
polymers with branching concentrations ranging fromi@30. 0 mol % ( Sciiseme 1) .
DA isomer actedsaa control and is comparable to previous works from Long'éfah e -I8s; 3 6

DA monomer enabled further analysis of the effect of dianhydride regiochemistry on the
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thermomechanical and rheological properties of PET$ie polycondensation reaction proceed
through a twestep procedure where the reagents combined to &graty(amic acid) ino-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 oridatjradation 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 345 generated creasable, optically clear PEI films. All further

analysis techniques utilized compressinalded films.

les¥sasVeol
4, 4 -bisphenol-A- dlanhydrlde (4,4'-Bis- DA;) O \©\ D/ ©:‘<‘<

PO

1. o-DCB, N,, 180 °C, 18 h
3,3"-bisphenol-A-dianhydride (3,3'-Bis-DA) H,0 2.N,,380°C,0.5h

Scheme 1 Synthesis of LCE° E | with phthalic anhydride endca
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) prowd char yields and weight loss profiles for the
branched PEls. The char yields remained consistent across the series of branched PEIs for both
isomers (Figure 1 and Table 1). Thesd, or temperature where 5% of the original mass was lost,
was unchanged ithin each branching series; however, it wasl1l® AC | owe+PEIf or t h
seri es c o mRE®.(Meigdifféremce 4vas4ansistent with prior literatd@arbonaceous
char between 50 and 60% was in agreement for PEls with simijanepobackbones. Differential
scanning calorimetry (DSC) analysis elucidated glass transition temperatyge$o(Tthe PEIs
(Figure 2 and-PHEsnalntainedd that Wehed5 230, 34C hi g#PElIs. t han
A slight Ty depression became obwus for higher branching concentrations (Figure 3). After
plotting the s against the polymer branching concentration, the general trend became apparent
that higher levels of branchingducedhe Tg. This effect was reported in previditsrature, such
that as branching ncr eased, the amplified concentratio

presented a plasticization effect on the polymer as a whole.
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Figure 3.3. Tgs plotted against branching concentration demonstrated the relative decregse in T
with an increase in branching.

Dynamic mechanical analysis (DMA) ugidated Fs and flow temperatures for the
branched PEls in the series (Figuiie%). Ty values from DMA agreed wittihe DSC resultéTable
1) . I nterestingly, t h-BEldelies nematned wiphe ~5°C tramesach f o r
other, while the 4 4P&Is 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% >>03086 >
0.0%. The significant difference between 0.1 and 0.0% TADE was attributed to the higioer M

36



the 0.1% TADE PEI. The remaining trend agreed well with prior literature, such th2o®
branching typically elicits more pronounced entanglemenbresspin mechanical and rheological
analysist! SEC coupled with light scattering elucidated the disperBify( the PEIs as a function

of branching concentration (Figure 6). PEIs with less than 1 mol % TADE showed negligible
differences irb, but samples with-3% branching had significantly highBrvalues. 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 ¢hains.
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Figure 3.4. Storage moduli and tan delta for the complete seltigminated the significant
difference in T 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 b4#EHnNnching concertation
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Figure 3.6. SEC shows that an increase in branching concentration causes an increase in PDI or
b. *Differential refractive index trace shown.
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3,3"-PEI 4,4'-PEI

C‘E;%ﬁ‘;')x M, (g/mol) T, (°C) DSC/DMA Tysy (°C) M, (g/mol) T, (°C) DSC/DMA T, (°C)
0.0 24,800 234/ 234 501 22,600 219/ 216 509
0.1 26,500 235/ 233 505 33,700 217/ 216 523
0.5 24,700 234/ 233 509 27,600 217 / 212 523
1.0 20,000 233/ 231 507 20,000 217 / 214 525
2.0 20,900 232/ 230 510 26,000 218 / 216 519
3.0 23,100 230/ 230 509 20,700 214 /212 518

Table L Summary of molecular weigftom light scattering SEC analysasd thermal
characterizatiofrom DSC, DMA, and TGA

The introduction of lag-chain branching to these PHEiaused an improvement in shear
thinning and variations in lowhear viscosities. Typically, branched polymers exhibit decreased
low-shear viscosity due to a decrease in theoan coil size:® However, longchain branching is
known toincreasethe low shear viscosity due to the increase in chain entanglements and chain
chain coupling that occur$:! The benefit of longchain branching is that when the polymer
undergoes high shear rates, such as those seen in an injection molding process, the polymers
display improved shear tming over linear polymers of similar molecular weights. TTS
measurements provided confirmation of the aforementioned effect ofchaig branching on
PEls (Figure7) . With the exceptio#EOT t-UCR-PEBserke® br an
showed a deemase in lowshear viscosity with an increase in branching concentration. This
observation was attributed to a high entanglement molecular weight (M o-PEIs¥ The &k
for -PEI3was over -PBEyindcatingthatthe Mb 6 r 4EI4n&sd be roughly
t wi ce t ha-PEI forfcompdrable prgpettiégs (melt viscosity, number of entanglements,
tensile properties, etc.). Herein, the molecular weights were equivalent for each series. Branching
t he -PEI36serienlatcubainl wei ;mht 6 meant that bran

entanglements and viscosities decreased with increased branching {HigOrethe contrary,
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4 , -BH had a high enough molecular weight, with respect to the entanglement molecular weight,
for the branches to undergo entanglements. This invoked an increaseshdawwiscosity for

low incorporations of branchingcifca 0.1 7 1.0 mol %). Finally, time sweep experiments
demonstrated moderate melt stability for the branched PEIls (FByurdl of the rheologically
analyzed PEIs exhibited melt stability;, alack of a sbrage and loss moduli crossovir, >45

min at 340 °CRadical and/or oxidative stabilizers, suchreg2,4di-tert-butylphenyl)phosphite

allow for further improved PEI medttability.
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Figure 3.7. TTS demonstrated a decrease in-kivear viscosity with an increase in branching for

t h e -PElséiés, but0.l1. 0 mol % T APH resulbed in higher vistqgsides 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.

3.5Conclusions

Long-chain branching of high performance engineering polymers enabled improved
processing conditions for two commercial regiomgrs. The thermal stability remained
unchanged with the morphological alteration, while theldpression became evident for higher
branching concentrations. Rheological analysis indicated an increase-shdawviscosity with
an increase in branching tilnreaching 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-dbaop branching in PEIs for
impr oved melt processability. Unf or t-REIs avdule | vy ,
provide a more accurate analysis of the effect of branching on the regioisomer. Future works
include a study of a molecular weight of 10 xMo r  t -IRE for Ziheebd comparison to the

4 , -BE system.
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Chapter 4:Sulfonate Salt Endgroyps Provide Enhanced Continuous Service
Temperatures for Long-chain Branched Polyetherimides

(Unpublished work)

Josh D. Wolfgangand Timothy E. Lon

Arizona 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

4.1 Abstract

lonic endgroups provided physical crosslinks that enhanced mechaniceiewnidgical
properties of branched polyetherimides (PEIs). Branching concentrations ranged fiosn094
for PEIs endcapped with sulfonate salts or aiooic, phenyl moiety. The g6 decreased with an
increase in branching concentration for the phéesyhinated PEI, while it remained unchanged
for the ionicallyendcapped PEls. The PEIs with divalent salts demonstrated higher mechanical
strength and melt viscosities compared to the monovalent salt and tier@REI. Interestingly,
the zineendcappedPEl series exhibited decreased hgjiear viscosities compared to the other
PEls, lending to promising industrial applications for the -Bndcapped PEIls for high

temperature applications.

4.2 Introduction

PElsare high performance thermoplastics oftenployed in aerospace, automotive, and
biomedical applicationsOne of the key aspects ehgineering thermoplastics is the ability to

undergo processing after the initial synthesis of the polymer. A typicast®ypopolycondensation
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reaction produces PEls through an initial high temperature solution polymerization followed by a
thermal imidizéion at temperatures above 300 *€The resulting PEls are maitocessable
through a myriad of molding techniques and additive manufacturing. A recent drive towards
improving the processabilitpf 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?”19 The addition of phyisal crosslinks in the form of ionic interactions is another
unique approach to altering the processability and mechanical properties ot BRsevious
literature described the introduction of sulfonate salts in stain, oligomeric PEIS: Cao et al.

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

sodium, calcium, and zinc saliate salt endgroups.

Herein, we investigated the combirgftect of introducing longhain branching and ionic
salt endgroups to PEI thermoplastics. The thermomechanical and rheological properties were
analyzed for LCBPEIs with branching concentrations ranging from 0.8.0%, and weight
average molecular weightanging from 41 51 kg mot*. In agreement with prior literature, the
zinc endcapped LCIBPEIs demonstrated improved rheological properties compared to the non
ionic and the sodium/calcium PEIs. The ionic PEls also maintained fggté&spite the braniciy,
in contrast to the nemnic PEI that showed a depression igWith an increase in branching

concentration.

4.3 Experimental/Methods

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

weight of isolatednon+ionic PEIs. Dissolution of PEI samples in chloroform at 1 mghyielded
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a dn dct of 0.2173. The column set includedshodexK-G guardcolumn 5 emMpmmd,. 6
and two Shodex KBO6Mcolumns 1 0 & mmm. 8he golur@nOtédmperature was set to 35
°C, and a flow rate of 1 mL mitseparated the PEI& WYATT TREOS Il light scattering detector
provided absolutenolecular weight determinaticanda Waters 2414 RI detector operated as the
concentration detector. A TA Instruments TGA Q500 facilitateelrhogravimetric analysis
(TGA) by utilizing a heating rate of 10 °C mifrom room temperature to 800 °C witltanstant
nitrogen purge. A TA Instruments DSC Q2000 with heat/cool/heat cycles of 10 *€ 10ip °C
mint, and 10 °C min, respectively, mvided differential scanning calorimetry data where the
sample was under a nitrogen environntenbughouthe experiment. DSC provided theg ffom

the midpoint of the endotherm in th&®heat, and each sample underweiglicate testing to
provide an agrage valuavith a standard deviatiol@ompression molding facilitated thin films by
compressing PEI powders between Kafitsheets at 315 °C on a PHI hydraulic press. Rexco
Partal® POWER Glossy Liquid Mold Release, a silicdmesed mold release agentsered easy
removal of the PEI films. A TA Instruments DMA Q800 with a temperature ramp of 3 °€ min
from 25 °C to 300 °C at 1 Hz provided g feken from the peak in the tan delta. Rheological
experiments employed a TA Instruments Discovery-HRheometemwith disposable, 8 mm
aluminum paralleplate geometries. Strasweep experiments at 340 °C verified tha®%d
oscillatory strain was within the linear viscoelastic region allowing for further analysis. Time
sweep experiments investigated rsstibility at 340 °C undet.0% strain and 1 Hz for 60 miA
frequency sweep experiment from 0.628%28.3 rad $ at 1.0% straipwhere temperatures ranged
from 35071 250 °C facilitated the time temperature superposition (TTS) analysisinstron

5500R with a preload force <M and an extension rate of 5 mmin™ generated stresstrain
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curvesat roomtemperaturé~23 °C). The Instronprovideda strainatbreakand yield pointfor

tensile bars cut with an ASTM-B38V dog bone punch.

4.3.2 Materials. 4BjspghénolA dianhydride 4 , -BiDA), 2,4,4‘triaminodiphenylether

(TADE), andm-phenylene diaminenfPD) were provided by SABIC, Inc. Sublimation mPD

under reduced pressure and elevated temperatures afforded a white, pure sudéid shated in a
desiccator under vacuur., -Bi®DA monomer preparation included a cyclodehydration at 200

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

( 0%%), sulfanilic aci d (099. 0%), fyaeite uNaSAHQI 7f%dn,i | at e
dichlorobenzeneotDCB), and calcium carbonate (Cag&@ 9 9 . We#é)purchased from Sigma

Aldrich. NaSA-H wasdried at 100 °Qinder reduced pressureremove the hydratevater before

beingusal to generate sodium sulfonate (NaSA)iline was distilled and stored under nitrogen.

Zinc oxide ©9 9. 0 %) was pFisherc Stianifie Methanol (AGS/USP gradepnd

acetone (ACS/USP grade) wegrerchased from Pharmco Aaper and used as recdixddthyl-
2-pyrrolidone(NMP, >99%) ancch | or of or m ( O9 9. 8fébpolyHerdisluton a b i | i
and SEC analysis werpurchased from Millipore Sigma. Nitrogen (99.999% UHPwas

purchased from Praxair Distribution.

Synthesis of sulfonate salts endgroupSynthesis follows from Cao et &lThecalcium and zinc
sulfonate saltswere synthesized byeacting sulfanilic acid with CaCQ and zinc oxide
respectivelyThe synthesis dfinc sulbnate ZnSA) follows as an exampl&ulfanilic acid (3.464
g, 20.00mmol), ZnO(0.977 g, 12.0 mmol), and DI water (100 mL) were addedatwo-necled,
100 mLroundbottormed flask with a stibar andrefluxed for 1 h. The @duct was then isolated
through filtration, followed by rotary evaporatiof white powder was collected and drigadder

reduced pressumd 100 °C.The calcium sulfonate (CaSA) was synthedim the same manner.

47



Synt hesi s o f-polyetherimidehde, ddCH-PE1) 6Synthesis follows from Wolfgang
and Long et aland the 1.0% branched PEI follows as an exafmple-Bi$DA (70.000 g,132.92
mmol) wasdissolved at 150 °C io-DCB (150mL) under a Matmosphere. TADE (092 g, 089
mmol) andmPD (13.895g, 128.49 mmol) werelissolved ino-DCB (70mL) in athreenecked,
500 mL roundbottomed flask outfitted with a glass stir rod and Tefltwade, a septa with a
nitrogen inlet, and a Ded#tark apparatus. The De&tark apparatus was wrappedhwiteat tape,

at 10 °C, and then connected to a wgtamketed condenseo collect water, and solvent
evaporation, from the reactiomhe condensevas attached to a bubbler. The overhead stirrer was
set to ~40 rpm, and thePD was stirred under azlgurge for 10 min before baj placed into an
oil bath at 1P °C. Thebis-DA solution was then added to tteaction flask, and an additional ~30
mL o-DCB were addedbringing the reactiorroncentrationto 20 wt % solids. The&eaction
temperature was immediately increased to 180 °C with a steaflpand te stir rate was
increased to 80 rpmo ensure complete mixing. After 18the reactio was removeftom the oil
bath andwo of thethreeports were sealed with sepfBhe emaining port was connected to a
simple distillation arm leadingta tweneckedflask situated in a dry @acetone mixture. The
two-neckedflask was attached to a bubbler, andgb®ip was purged withoNor ~10 min before
placing he apparatus into a hot metal bath at 380 °C for 0.5 h. After devolatilivétioeao-DCB
and imidizatiorof the PE]J the resulting yellow and clear polymer was dissolved in chloroform at
10 wt %solids. The solution was precipitated iat&0:50 mixture of methanol/acetone and dried
in a vacuum oven at reduced pressand 220 °C fo2 h, followed by 150 °C for an additional 18
h. In order to target various branching concentrations, the ratidDETamines tanPD amines

was adjusted to provide 0i(6.0% TADE PEls
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Synthesis of sulfonate and phenyktterminated PEIls. The sulfonate salts (NaSA, CaSA, and
ZnSA)weredriedat14Cunder reduced pressurlL€B-PEIpowder t o us
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 Q)
and NMP (38 mL) were added to a thieecked, 100 mL round bottomed flagiutfitted with a

glass stir rod and Teflénblade, a septa with a nitrogen inlet, and a D8tark apparatus. The
DeanStark apparatus was wrapped twheat tape, at T2°C, and was connected to a water
jacketed condenser with a bubbl€he overhead stirrer wagt to ~40 rpmand 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 aC180 6 h with a steady N

flow. The reaction was thememoved from the heat and connected to a simple distillation arm
connected to awo-necked flask in a dry ice/acetone mixture. The-tvecaked flask was attached

to a bubbler, and the setup was purged witfio~10 min befordneating the solution to 80°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 18Dfor 16 h. This was repeated to genethteNaSA, CaSA, and ZnSA

endcapped PEls.

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 3iyroSitdp
polycondensation of PEIs facilitated leobain branching of engineering thermoplastics. TADE

triamine provided a route towards high thermal stability PEIs withi 8.0% branching. A four
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step reaction enabled the synthesis of branched ionic PEls (Sé)eite first step included a
high-temperature solution polymerizationarDCB to yield a poly(amic acid) and the second step
involved the imidization of master batch L&EEIs without endgroups (FigureAland 1B,
respectively). Isolation of the masteatch 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 LCHPEIs with ionic and noionic endgroups. Dissolution of each part in NMP,
followed by theaddition of the endgroup (aniline, NaSA, CaSA, or ZnSA) and-clogure at
elevated temperatures, completed the reaction (Fig@e Compression molding of the final

dried product yielded thin films for additional characterization (FiguB®.1The daker color of

the endcapped PEls comes from slight degradation of the NMP solvent at elevated temperatures
and is consistent with previous findings. Dissolution of the andmécapped LCHPEIs in
chloroform, followed by analysis through SEC with lighttsei@ng, 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 a&tter the molecular weight of the samples, it is assumed that
the ionic PEIs maintain similar molecular weights to the-iomic/aniline endcapped analég®
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 safution
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H2N—©—'s'-0H + CaCO3 or ZnO

1. DI H,0, 100 °C, 1 h
2. Filtered and dried in vacuo at 100 °C

O §o oo §-m
o 2 0§D

Scheme 1Synthesis of calcium and zinc sulfonate salts.

NH;
¢© QL @ © jepel
HoN NH
44-Bis-DA 2,4,4'-Triaminodiphenylether

(TADE)

Na* 1. 0-DCB, N, 180 °C, 18 h

- or 0,
HzN_@ HzNOsos X 2. Ny, 380 °C, 0.5 h )
or 3. NMP, N,, 180 °C, 6 h, aniline, NaSA,
Zn?* CaSA, or ZnSA

4. Ny, 300 °C, 0.5 h

LG DX

or
or

Zn?*

Scheme 2Polycondensation of bidianhydride withmPD and TADE triamine (0.0 5.0 mol %)
with an initial imidization without endcapper followed by ppslymerization functionalization

using aniline, sodium sulfonate, calcium sulfonate, or zinc sulfonate.
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Figure 4.1. A) Poly(amic acid) solution at 18%C in 0-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) prowd thermal weight loss profiles for the complete
series of PEIls with varied branching concentrations and endgroups. The series, including an
Ulten?® 1000 commercial standard, demonstrated consistent char yields (Figure 2). The
temperature at 5 wt % lossd(s) for each sample showed a trend where the higher branching
concentrations elicited lower$d s ( F iT § and ®Bable 13. Higher endgroup concentrations
causedlowerdssd s due to easier chain scissioroaupevents
compared to the backbofe?’ Higher endgroup conceaations lead to lower dlsud s . The ion
endgroups had no effect on thes#, 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 fromi030mol % TADE incorporating aniline,
NaSA, CaSA, and ZnSA endgroups.

TADE Concentration (mol%)

Figure 4.3. Summarized TGA results demonstrated a minor decreasgdwith an increase in
branching concentration.
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Conc. TADE | M,/ M, o Low-Shear o Strain-at-break
(mol%) | (kg/mol) | EMI@PPEr | Tasw (°C) | yigconity (Pass) [ Ta (°C) DSC/ DMA (%)
Aniline 519 2.58e6 218 /216 25+7
NaSA 505 3.97e6 219 / 216 39+5
0.0 3057498 CaSA 519 1.01e7 219 / 216 29+9
ZnSA 510 2.20e7 219 /217 32£6
Aniline 531 = 218 / 217 38=+5
NaSA 519 = 218 / 216 24 £ 11
0.1 28.2/51.1 CasA 534 = 217 / 216 19+1
ZnSA 521 = 218/ 217 42 +4
Aniline 535 2.76e6 216 / 216 21+7
NaSA 511 5.37e6 218/ 218 8+3
1.0 21.6/45.0 CasA 525 2.07¢7 217 [ 217 21+5
ZnSA 514 1.30e7 217 / 216 36=+8
Aniline 529 9.35e5 212 / 212 =
NaSA 503 1.04e7 216 / 216 =
3.0 23.6/44.7 CaSA 522 4.42e7 217 / 218 =
ZnSA 499 2.26e7 216 / 214 =
Aniline 518 = 210/ - =
NaSA 489 = 216 / - =
5.0 16.3/40.9 CaSA 504 = 215/ - =
ZnSA 482 = 218/ - =

Table 1 Table of TGA, DSC, DMA, tensile, and viscositgsults for LCBPEIs with ionic
endgroups.

Differential scanning calorimetry (DSC) determined glass transition temperatysgofT
the LCB-PEls from the endothermic transitions in thétat (Figure 4). The anilirendcapped,
non-ionic LCB-PEIs demostrated the expected trend, such that an increase in branching
concentration depressed the polymer (Figure 5)?> The lower molecular weight branches
effectively plasticized the polymer and therefore decreasedgthat&restingly, the ionic LCB
PEls showed a differetriend. The strong ionic associations from the NaSA, CaSA, and the ZnSA
endcapped PEls caused a restriction in backbone mabitity>1/18The restricted motion caused
an increase ingiwith an increase in ionic group concentration, that is, higher levels of branching.
The 5.0% branched PElIs with ionic endgroupd t@amparable & 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 decreasegifofranilineendcapped PEls compared
to ionic PEls.
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Figure 45. Summarized DS@esults revealed that PEIs with ionic endgroups maintained higher
Tgs than aniline functionalized PElIs at elevated branching concentrations. Standard deviations
based on duplicate experiments.
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Thermal characterization through dynamic mechanical angdsi#\) confirmed the s
from the DSC results (Figuresi67). The higher branching concentration PEIs had lower flow
temperatures, or temperatures where the storage modulus dropped below 1 MPa, partially due to
the lower Es. The endgroup composition cadsninimal differences ingland 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 bargzhes (
>3.0%), butthe lower molecular weight and decreased entanglements in the 5.09pPEIGB
caused a decrease in the mechanical strength. An Instron was used in testing the mechanical
properties of the LCBPEIls that were mechanically strong enough for the Instron claffngps ¢
8). The 0.0%, 0.1%, and 1.0% branched PEls elicited sttdireak values ranging from 8% to
48% based on branching concentration and endgroup composition. The 3.0% and 5:0%I£CB
were too brittle to make tensile dog bones, regardless of enmgpawposition. The straiat-break
for the linear PEIs was ~30% for all of the samples (Table 1 and Figure 8). The 0.1RHIEB
demonstrated no apparent trend in stegibreak values, while the 1.0% LGBEIs showed
significant elongation in the ZnSA sahe compared to the other samples. Looking more closely
at each endgroup, the aniline and NaSA samples have the lowestasteaks for the 1.0%
LCB-PEls (Figure 9). The CaSA sample had lower stagioreak for the 0.1% and 1.0% branched
samples compad to the linear analog. Interestingly, the ZnSA series had far more consistent
strainat-break values across the branching concentrations when compared to the aniline, NaSA,
and CaSA endcapped PEIs. The stronger associations present in the ZnSA cpdgteidah
crosslinked network that improved the mechanical strength. Cao et al. found similar results in
linear oligomer PEIls with low molecular weightsCalcium and sodiurvbased ionic interactions

had a different impact on the mechanical properties because of a weaker ionic interaction compared
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to zinc?! The ionic associations disrupt tlie * interactions in the PEls, causing weaker

materials?!
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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-PEIls with various endgroups ajlevalent molecular weights.
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Figure 4.8. Tensile analysis indicated that the ZnSA functionalized PEI had a significantly higher
strainat-break at 1.0 mol % TADE. Higher TADE concentrations {330 mol %) experienced
embrittlement and were unable to form tensile dog bones.
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Figure 4.9. ZnSA PEls experienced consistent straitoreak values across the range of branching
concentrations (0.0 1.0 mol %), while the other systems demonstrated decrease mechanical
properties due to the branching.

Melt rheological analysis included time syweand TTS experiments. The time sweep
analysis indicated melt stability for >60 min at 340 for all of the PEls tested. The TTS
experiments provided a chance to investigate the processability as a function of branching
concentration and endgroup functadity. All of the PEIs exhibited shear thinning (Figure 10).
The lowshear viscosities related to final part properties, while the-$tiglar viscosities related
to processability:> The typical lowshear viscosity trend followed that CaSA > ZnSA > NaSA >
aniline (Figures 101 11). This indicated that divalent ionic interactions increased the
intermolecular adhesion compared to monovalent andioroa endgroups. Intriguingly, the
ZnSA PEls had the lowest higdhear viscosities in 0.0%, 1.0%, and 3.0% branched PElIs,

indicating improved pocessability for zinc functionalized PEIs (Figure 11). The CaSA endcapped
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PEls had large higkhear viscosities, indicating poor processability. This finding aligned with
previous reports of calcium functionalized high temperature thermopl&stiche most
interesting finding from melt rheology was that the 3.0% branched riglggreater lovshear
viscosities than the 0.0% and 1.0% branched PEls 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%, increasesl ldw-shear viscosity, but beyond 1.0% branching,

the branches functioned as plasticizers and lowered the vistosity.
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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 lowshear viscosity trend followed that aniline < NaSA < ZnSA < CaSA in all
cases except for the linear PEI where ZnSA was higher than CaSA.
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Figure 4.12. An increase in branching from 0.8.0 mol % increased the leghear viscositydr
ionic PEIls, while it decreased the viscosity for the aniline functionalized PEI.
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4 5Conclusions

TADE triamine facilitated the synthesis of L&EEIs with branching concentrations of
0.0%, 0.1%, 1.0%, 3.0%, and 5.0%. Zincalcium, sodium, and phewl-terminated PEls
provided analysis of the effect of ionic interactions on branched, high temperature thermoplastics.
High levels of branching caused a decreaseyifoilthe anilineendcapped PEI series, while the
ionic PEIs maintained highg$. Unforturately, the 3.0% and 5.0% LCGBEIs were too brittle for
tensile and DMA. The ZnS£&ndcapped PEIs had far more consistent salmeak values than
the other specimens. The ZnSA LEHEIs also demonstrated unique rheological properties
including better proessing viscosities and increased4shear viscosities compared to the phenyl

terminated PEls.
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Chapter 5Recent Advances in Isocyanatéree Polyureas and Polyurethanes

(UnpublishedReview)

Josh D. Wolfgangand Timothy E. Lon

Arizona State University, School of Molecular Sciences, Biodesign Center for Sustainable
Macromolecular Materials and Manufacturing, Tempe, AZ 85281
2Macromolecules Innovation Institute, Departmen€bemistry, Virginia Tech, Blacksburg, VA
24061

5.1 Introduction

Polyurethanes and polyureas find frequent use in consumer products since their discovery
in the 1930s and 1948<. 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 reageeatsaifivesys
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 IsocyanatesThe discovery of isocyanates occurred sometime in the late 1800s, but their
potential was not realized until the 1940s during the surge in polymer chehfistuynders and
Slocombe wrote a seminal review on the early developments of isocyanate chemistries ranging
from synthes of isocyanates from phosgene and the Curtius rearrangement, to their use in early
polymerization techniquéeslsocyanates exhibit high reactivity leading to concerns based on
relative toxicity and serious health hazards. Occupational Safety and Health Administration
(OSHA) classifies isocysates 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 contaminat®mletailed 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
diisocyanaté:® The following market growth for polyurethanes lead to incorporation of
isocyanates as simple and effective building blddkslyurethanes entered the commercial market

in the 1950s, and it wasndét until 1969 that pc
(RIM).® RIM opened the door to high performance applications while some of the more common
polyurethane applications included foams, seals, coatings, biomedical products, and atifiesives.

11 polyurethanes are currently the sixth most ysalgimer on the market due to their durability,

elasticity, and overall toughne&&which stem from the significant hydrogen bonding and phase

separation characteristit§!3

5.1.3 Polyureasl n response to DuPont 0 sntrqugucédypelymmeadt® pat e
the market, and polyurea synthesis largely utilized the reactivity between diisocyanates and
diaminest* However, high levels of hydrogen bonding complicated industrial usefulnesstsince
postpolymerization processing became challendithhe urea linkages elicit strong hydrogen

bonding and the flow temperatures of many polyureas are at or above their degradation
temperature$® Nevertheless, polyureas found industrial applications including healable floor
coatings, abrasieresistant liners, structural supports, and truck bed IiRersOne of the first

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

Lycra®.1®

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 deeyn'®?° An article by Tang et al. in 2005
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concisely brought together all of the paramount principlesiihgtr een/ sust ai nabl e

symbolizest® The condensed principles of green chemistry include: 1) preventing waste, 2)
omitting derivatization steps, 3) giucing degradable chemical products, 4) usingrotess
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
methals, 10) catalytic reagents, and 11) ambient temperature/prédstren ast as 6 2010
Green Chemistry: Principles and Practjcprovides an idepth look into what each of the

principles look like in practicé
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 isocyanatédis method to synthesize isocyarsatequired reacting phosgene
with a primary amine saft.Two popular methods that produce diisocyanates include Lossen

rearrangement and phosgenati®oheme 1 and 2espectively:?42

Joo0 2o R L
R N~ R N/O\S —_— R—=N=C=0
H Base H O//\b

Scheme 1Lossen rearrangement provides one method of isocyanate synthesis.

COCl,
R-NH, ——» R-N=C=0 + 2HCI

Scheme 2A primary amine reacts with phosgene to yield an isocyanate.
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Isocyanates readily react with water to yield an amine and carbon diGxideme 3724
Consumption of the isocyanates means less isocyanate functional groups are available to
participate in a polymerization, which effectively offsets the stoichiometry for the reattibn.
Thespeci fic magnitude of an isocyanateds react
carbon atont:° Scheme 4llustrates the resonance contributors with the positive charge on carbon.
Nucleophiles attack the carbon, and electrophiles are susceptible to the nitrogen or oxygén atoms.
This happens because the nitrogen and oxygen atoms hold a more electron rich éharacter.
Addition of electroawithdrawing groups near theNCO group increase the reactivity of the
carbon, since the electramithdrawing group pulls electron density away from the carfoOh.
course, steric interactions play a role in the overall reactivity, but there is still some

disagreement/debate regarding those interactions.

ZT
ZT

H20 R'—N=C=0
R—-N=C=0 — > CO, * R=NH,

Scheme 3An isocyanate group reacting with water.

~ ® 0O
R-N=C=0 <€&——> R-N=C-O

Or

—N=C= - O ©®
R=e=0 R=N-C=0

Scheme 4Resonance 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 numerogsrdaassociated with using
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isocyanates on the industrial sc&lé’ One of the deadliest industrial disasters involved an
isocyanate that is popular in pesticide productiorethyl 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, Indi@ver 3,800 people lost their lives within 24 h and
closer to 20,000,000 experienced premature deaths within the following two deéh@iesre

was widespread exposure to the,gdfecting around half of a million peopt2 Those who did

not pass away, experienced health problems affecting thess, esespiratory systems,
gastrointestinal systems, reproductive systems, and their neurological béh&iosgene is a
common feedstock for copious organic reacti@wheme F° Its high reactivity and density made

is a target as a chemaicwarfare 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.

)
PR
Ry— O-R

\TJ\O/ 1 i R1—O)]\CI

T O

0O

Cl
@)

R—N=C=0 =— o

—C=N

AR asH
Scheme 5The resourcefulness ghosgene in organic and inorganic synthesis as compiled by

Babad and Zeilet®
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5.3 Nonisocyanate polyurethane and polyurea

Scientigs 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 listagfrne. Tang et al.
used the organic superbase guanidine 4rtgZabicyclododecene, TBD, to circumvent using
metal catalystsScheme 6° Generating isocyanat@s-situ also garnered some attention in years
past; however, poor solubility stifled much of that progfé3she regenerated isocyanates led to

crosslinking when the polymeolution reached the temperatures required for polymerizition.

Nco—{_-Nco

Isocyanate-based route

H,N—C—NH, {HJ\H_O_HJLHD%

Isocyanate-free route

Catalyst: TBD

Scheme 6.Polyurea synthesized using a dicarbamate and catalyst instead of a diisotyanate.
*Copied from Tang et al.

5.3.1 Carbmates as isocyanate replacemer@yclic carbonate/carbamate monomers afford non
isocyanate polyurethanes and polyur&as/ebster wrote a detailed review on the topic i020

and recent reviews elaborate on the current progtééBiamines react with difunctional cyclic
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carbonates to yield lineahérmoplastic polyurethanes, while thermoset polyurethanes require
multifunctional amines and cyclic carbonat8sheme 7shows an example of a cyclic carbonate

reacting to form two types of polyurethatfeEndo et al. described this method of attaining
sustainabl e polyurethanes as onasobl edei Mmmbke
1990s*3° Organic catalysts are another strong research consideration for sustainable
polyurethanes® Scheme 8demonstrates how the catalyst, TBD as an example, mediates the
synthesis of carbamat&s®’ TBD first reacted with a carbonate to form a bifunctional complex

where both nitrogen atoms coordinated to the carbongteTBe primary amine attacked and a
methanol molecule evolved from the reaction. Finally, the carbamate released from complex C

and the catalyst was regeneratétf.

o _N. _N__O
HO™ N~ Y ORY ~~"oH
o) o)
NH, R
HN=F, Ho”~\~C" HO™ 2OH
H H

Scheme 7Synthesis of hydroxyurethasiestarting from a cyclic carbongte.
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Scheme 8Mechanism of the organocatalyst TBD forming a carbarfate.

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
polyurethaneScheme 9.443%40Unfortunately, the specialized nature of the carbonate monomer
causes high production costs. The second method demonstrates using linear dicarbonates instead
of a cyclic dicarbonat&scheme 9.B° The linear dicarbonates have a poor reactivity compared to
the cyclic analogs, butr@ able undergo the desired reaction with elevated temperatures and
catalysts. Linear carbamates react with diols to formisocyanate polyurethanedcheme 9.C°

This system struggles with poor reactivity since diols are weaker nucleophiles than amines used
in A andB. Finally, the fourth method to obtain poly(hydroxyurethanes)s utilizes cationie ring
opening polymerization of a cyclic carbamaSgheme 9.3° 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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R’\n’“x’\"/\R+ HO” “OH \—Q\n
0 0

Scheme 9The most common forms of nésocyanate polyurethane synthesis are depiéted.

Zhang and Long et al. recently demonstrated the synthesis of nonsegmented and segmented
poly(amidehydroxyurethane)s through a novel synthetic platform, witkaisable starting
materials®® Plant based methyl-@ecenoate afforded a cyclic carboratethyl ester monomer
through epoxidation and carbonati@cheme 10The monomer reacted withaminododecane
to form a semicrystalline, nonsegmented poly(amidehydroxyurethane) witlust Below room
temperature,Scheme 11 Addition of a polyether diamine yielded a flexible, segmented
poly(amidehydroxy-urethane). Greater incorporations of diaododecane 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.

]

cl _OH
1 \©)‘\o
3 eq.
* CO,, 80 °C 0

A~~~ > > 1K
z ° CH,Cl, o=(o o

NMP, LiBr 5 mol %

Scheme 10Synthesis of cyclic carbonateethyl estef?
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HO.
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S H 10 H x H 10H OH o 10 Y

Scheme 11Synthesis of theonsegmented poly(amideg/droxy-urethanexopolymers®

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 seafdrtt<onventional spray foams usually come as
onepart or twepart components, although the tpart sprays are considerably more comrfion.

One part contains the reactive isocyanate groupb tha other part contains nucleophilic
reagents?! The nucleophilic portion consist of polydissually diols or triols), polyamines, and/or
water. The water is generally necessary for foaming products because the reaction between
isocyanate and watgirelds CQ as a byproduct and blowing agent. The gaseoussI®sponsible

for the foaming processince it creates small air pockets throughout the crosslinked netvork.
Water is considered a chemical blowingeat as it undergoes a reaction to generate, CO
poly(methylhydrogenosiloxane) is another example in the literature. Physical blowing agents, such
as npentane, are nereactive 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 pram mixture can volatilize when reacting. This causes the potential for
accidental inhalation of the airborne reagents. Another concern is thatgaotion conversion

leads to residual isocyanates in the fdamlternatives in the literaturenclude controlled pre
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polymerizatiorf;:*® use of norisocyanate polyurethands?444¢ and blocking the isocyanate
groups with a functional group. The primary interest of this review is on risocyanate

polyurethane substitutes.

Nonisocyanate polyethane (NIPU) foams are becoming increasingly popular. Cornille
et al. was one of the first to synthesize NIPU foams at room tempefigues 1 andTable 14
Their system used poly(methylhydrogenosiloxane), MH 15, as the blowing agent and
trimethylolpropane tricarbonate, TMPTC, as the crosslinking agent. They varied the
concentrations of polyppylene oxide bisarbonate, PPOBC, and an aliphatic amine, B4R,
to test compositiomroperty relationships for the foams, Jedle 1. Foams with 5% MH 15 were
less homogeneous than the foams with 2% blowing agent and collapsed during foaming since H
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. T
NIPU foam synthesized at room temperature. The thermalitstaid 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 saistable NIPU foam$?
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100 %

90 %

B .
70%m
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2%
Figure 5.1. Norrisocyanate polyurethane foamsynthesized at room temperature, are
homogeneous with interpenetrated c&isCopied from Coriile et al.

F-1 F-2 F-3 F-4 F-5 F-6 E-7 F-8 F-9 F-10 F-11
PPOBC3 80 = = 0.3 0.2 o1 = = = = = =
PPOBCG40 - - - - - 0.3 03 0.2 0.2 01 01
TMPTC 1 1 0.7 0.8 09 0.7 0.7 0.8 0.8 09 09
EDR-148 1.05 1.02 1.02 1.02 1.02 1.05 1.02 1.05 1.02 1.05 102
Thiourea* 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
MH 15" 0.05 0.02 0.02 0.02 0.02 0.05 0.02 0.05 0.02 0.05 0.02

Table 1.Composition of the foams iRigure 1 are in the table abové*Copied from Cornille et
al.

5.3.3 Polyurea Polyureas can disperse high levels of energy due to their phase trart§itidfis.
One popilar application comes in the form of military helmet construction, since it requires high
levels of protection and blastitigation® Grujicic et al. ran computational studies comparing
segmented, thermoplastic elastomeric polyurea helmet inserts with commercial etiyyé&ne
acetate (EVA) insert® They found that the polyurea did a better job mitigating high blast peak

pressures, while the EVétandard did a better job with lower pressures because of its ability to
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compress. Outfitting combat helmets with isocyafiege polyurea remains a feasible option
because of the high cost margin. Shock absorbing materials are an important classredgolyu

leading to a number of applications.

Three recent advances within the field of iocyanate polyureas include smart fertilizer,
reactive extrusion, and carbon dioxide sequestering. Dennis and Long et al. recently published a
paper discussing neisocyanate polyureas as a nitrogen source for plants and/or as a
biodegradable higperformance thermoplasti®.The enzyme, urease, degraded théyrea
backbone and released ammonia at a steady rate over the course of a fet¥W&hlspresented
polyureas as potential controlleelease fertilizer as well as a biodegradable thermopfstic.

Ritter et al. synthesized a ndsocyanate poly(amiderea), using reactive extrusiéhThis
process waimpactful because the polymerization and melt processing occurred in otfe$tép.

This minimized the overall reaction/processing time and the chemicals required, it also provided
additional safety to personnel. Another environtaly relevant application is GO
sequesterind?>*>>Studies indicate that there are high levels ot @Qhe environment, oceans,

and atmospher¥ ®® Since CQ absorbs more energy tham Or Ny, it is slowly raising the
temperature ofite planet. If we use GQs a cheap feedstock for plastic products, it can help cut
down on total emission8:1**°Zhao et al. has multiple publications dealing with synthesizing

polyureas from Cg>*55:60

The most common synthetic methods to produce polyureas are foBodéme 12vhere
each reaction has different starting materiald eonditions, but all react with a diamine (blue).
Scheme 12.Ais the traditional isocyanate approach to polyureas, reacting diisocyanates with
diamines. Fischer discovered the £fethod shown iScheme 12.Back in 1913, but it required

harsh condition$*® This reaction has gained attention in recent yeaiScreme 12.Ccarbonyl
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sulfide replaces Cfand it undergoes a similar reaction as it B. polycondensation reaction

with carbonates yields a polyurea, as showrSameme 12.03142224 Scheme 12.Eutilizes
phosgene and is another traditional method of polyurea synthesis. It also fayas&esn-situ,

which can remain in the final produicheme 12.fprovides a sustainable synthetic route in which

a urea reacts with a diamine to form an aminoalkylurea intermediate, then thermal polymerization
yields a polyurea? This thermal polycondensation reaction produces ammonia. FiBalgme
12.Gillustrates the usefulness of carbamates by showing that they can react with a diamine to form

a polyurea.

0
0=C=0 $=C=0 RgAng R
y c /:)
N”C”O A (0] (0]
R~ —_— _R.
) \N)L ’R\NJLN/ H,N NH,
_c=N H H H

o R Ry AR
H NN Cl)LCI
Scheme 12Synthetic routes to thermoplastic polyurea. The synthetic routes B, D, and F are green

and do not require toxic reagents.

Chen et al. developed the method show8éheme 13The scheme shows the synthesis
of a polyurea with, and without, isocyanate chemi&tdy., -BFBMD C  a n -OM-MD& (fiom
Scheme 13reacted with diamines to produce polyureas. They could not achieve high molecular
wei ght wh eDM-MDCiintthg isotyarat® r ee r out e-DP-MDCipleairsar he 4, .

reached high molecular weight in dimethyl sulfoxide or te&thylene sulfone without the need

of a catalyst.
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CQLOOLD OO
Y
SOOI, OO

H H H H n v
high molecular weight

non-isocyanate route
to polyurea

non-isocyanate route
to polyurea

isocyanate route to low molecular weight

polyurea or polyurethane

Scheme 13A simple route to notisocyanate polyurea through tramsation and/or phosgene
free polyurethane through pyroly$fstAdapted from Chen et al.
5.4 Conclusions

Although isocyanatéree polyurethanes are well known in the literature, they see minimal
application on the commercial scene due taassof high cost monomers and le$fective
reactions compared to the current market standards. Advances-isooganate polyurethane

foams are among the most promising avenues for greater incorporation of sustainable chemistry

81



in commercial applicatian(see Chapter 9). Researchers are beginning to discover novel methods

to produce isocyanateee polyureas with high molecular weight, substantial mechanical

properties, and without the use of catalysts. With the combination of a sustainable apprhoach to t

synthesis and a biodegradable product, sustainable polyureas are likely to grow in importance over

the next decade.
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Chapter 6:Evaluating the Melt-Processability of Sustainable, LongChain
Branched Polyureas through an Isocyanatéree Route

(Unpublished Work)

Josh D. Wolfgangand Timothy E. Lony

Arizona State University, School of Molecular Sciences, Biodesign Cengudtinable
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 -biendly reagent for highmolecular weight,
isocyanateree polyureas. Polyureas with Q.01.3 mol % of a poly(propylene glycol) triamine
enabled the longhain branching of thermoplastic polyureas. Compression molding into thin films
facilitated further characterization for theres 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 peakdecreased in intensity as the branching concentration increased, indicating
a reduction in crystallinity. Dynamic mechanical analysis (DMA) exhibited similar glass transition
temperatures to DSC findings amdthough typical for branched systems, th&es 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 irase 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 bondig and semicrystallinity.'° 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 econogss,@nd ease of
use; however, these benefits also come with the high toxicity of the isocyanate"gtbtip.
Isocyanateree 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 Bynthetic strategies as well as the pros and cons offé&thtOne 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 lorfgévity.
Wolfgang et al. produced polyurethanes from carbonyldiimidadetered bis-
carbonylimidaolide monomers, which provides a clear pathway towards polyureas by using
amines instead of diols (See chapte® 8 Dennis et al. synthesized high molecular weight, linear
polyureas from urea and diaminesUrea is an inexpensive, biological feedstock that presgu
isocyanic acid upon heatit§:*?Isocyanic acid is highly reactive towards amines, which permits

a successful polycondensation reaction with ammonia as a byproduct.

Branching is known thave significant effects on the processing of polymers. iabrain
branching improves the strength of polymers while reducing the viscosity during processing,
imparting better processability compared to linear and®d#sThe effect stems from the

improved shear thinning that is present in kahgin branched polymers. During molding
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processing, high frequencies ¢éalidvantage 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 solventyst, or isocyanates. A melt reaction
facilitated the facile polyurea formation at high conversion. Thermomechanical and rheological
characterization of the products indicated Riginfformance material properties and improved

processability with the impmentation of longhain branching.

6.3 Experimental/Methods

6.3.1Instruments. A TA Instruments Q500 facilitated thermogravimetric analysis (T@GaJ
provided he Tg50% Or temperature where 5% of the original sampbess is lostby utilizing a
heating rate of 10 °C mithfrom 251 600°C with a steady nitrogen purg& TA Instruments DSC
Q2000 with heat/cool/heat cycles of 20 °C thil0 °C mint, and 20 °C min, respectively,
provided differential scanning calorimetry data wehehe sample was under a nitrogen
environment throughout the experiment. DSC providedgthss transition temperaturesgg)
from the midpoint of the endothermic transition in tfiéHeat.Compression molding facilitated
thin films bymelting polyurea flakesbetweerKaptorf sheetsat 18 °C on a PHI hydraulic press.
Rexco Partafl POWER Glossy Liquid Mold Release, a silicem&sed mold release agent, ensured
easy removal of thpolyureafilms. A TA Instruments DMA Q800 with a temperature ramp of 3
°C min! from -80 °Ci 150 °C at 1 Hz provided agTaken from the peak in the tan delta. Liquid
nitrogencoolingpermitted the cryogenic temperatures required to obskevihermal transitions

in thefilms. An Instron 5500R with a preload force < 1 N and atemsion rate of 5 mm mih
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generated stresgrain curvest ambientemperature, and provided the stratrbreak for tensile
bars cut with arASTM D-638V dog bone punchRheological experimaa employed a TA
Instruments Discovery HR rheometer with disposable,8 mm aluminum parallgblate
geometries. Time sweep experiments investigated stediility at 180 °Cunder 1.0% strain and
6.283 rad $ for 60 min. Temperature sweep experiments from2@D °C with 1.0% strain and
6.283 rad $ enabled thanalysis of meliscosity at relevant processing temperatures. Frequency
sweep experiments from-100 rad $ at temperatures from 200 to 100 °C and 1.0% strain

generated time temperature superposition (TTS) plots for access to higher frequency ranges.

6.3.2Materials. Ur ea (> 99. 5%) a n dethglamihé (ERQEA)Y98%)rwere i 0 X y )
purchased from Sigma Aldrich. JeffamfiB-403 polyetheramine was provided by Huntsman and

had an average molecular weight of 440 g"tnalll 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% UHIP) and liquid nitrogen (LC240 22 PSNere purctased

from Praxair Distribtion.

Synthesis ofpolyurea. Synthesis adapted from Dennis et al. and the linear polyurea analog, 0.00
mol % T-403, follows as an example (Scheme®1All 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 singlenecked, 100 mL round bottomed flask with a metal stir rod. A glassck adapter and

stir rod adapter weradded to the setup along with a distillation arm and a nitrogen line attached
to respective portions of therfeck adapter. The distillation arm was connected to a sieglkeed,

50 mL round bottomed flask and placed in a dewar with dry ice and isoprapamndér to collect

the ammonia condensate and volatilized EDOEA monomer. Vacuum grease was applied to all

groundglass joints to ensure an -#éight seal of the reaction vessdéin overhead mechanical
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stirrer, at 80 rpm, enabled¢ompletemixing during tle reaction. Three subsequent vacuum and
nitrogen purge cycl ebs dssovedagaseaacenbistereofromthet e r e
reaction vesselThe reaction was heated to 170 °C under a steady nitrogen purge for one hour
where the reaction remaineceal 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 uneesdugm for tvo 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 liguicbgen 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

+

o H,N
)}\ + e e N P O x 0 NH;
H,N NH, HoN O z

Urea 2,2'-(ethylenedioxy)bis-ethylamine 0O
EDOEA Y
100 - 95.7 mol % H2N JEFFAMINE T-403
0.0 - 4.3 mol %
1.N,, 170°C, 1 h
200°C,0.5h
220°C, 1h

NH3 2. Vacuum, 250 °C, 2 h

/</\/O\/\O/\/H Hjﬁ/\o Oﬁ%n H\/\O/\/O\a/
\L( \ XO i T g
/N N N T tﬁ)

Scheme 1Polyurea condensation reaction from EDEOA andi 048 mol % F403 under melt
conditions.

94



Urea reacted with amines to form polyurea without the need for isocyanates (Schéme 1).
The solvenffree reaction proceeded by decomposing urea into isacgamd 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-diglkyl urea and finally, linear
polyureas’? 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 0.8.3 mol % of PPG triamine-Z403, or 0.0' 11.8 wt
% based on mass of EDOEA, enabled lohgin branching and a decredsoncentration 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.

Compression
molded at
180 °C

vméwm%)

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 sk values for all of the polyurea samples (Figure
2).Thessd s were all above 290 AC which agreed
structures (Table ¥)There was no apparent trend with higher incorporations-483[ DSC
analysis afforded g6 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/helasap remove the thermal
history for each sample and tH& Beat cycle provided they{Figure 3). An endothermic transition
at ~20 °C represented thg for each sample and the 0.00, 0.15 and 1.50 mot4@3Tpolyureas
exhibited a T at ~135 °C. The decrease in intensity was consistent with the decrease in

crystallinity with higher levels of PPG triamine.

100 +
© C
2 |
e 80 ¢
=y C
£ I
£ 60 ¢
g r —0.00 mol% T403
G 40 £ —0.15mol% T403
e C —1.50 mol% T403
2 20 +  —2.90 mol% T403
; i —4.30 mol% T403
0 C o I T T I T B

0 100 200 300 400 500 600
Temperature (°C)

Figure 6.2. TGA of polyurea series demonstrated higla«dvalues for all of the samples.
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= - —0.00 mol% T403
o 03 ¢
(T = —0.15 mol% T403
- 0.2 ¢
© - —1.50 mol% T403
v 0.1 ¢
L 0 = —2.90 mol% T403
: —4.30 mol% T403
'0.1_' I I I T —_t
-100 -50 0 50 100 150 200

Temperature (°C)

Figure 6.3. DSC showed consistefiiys and the disappearance of thg geak with higher
incorporations of 403 triamine. *Second heat shown.

Dynamic mechanical analysis of polyurea films provided flow temperatures@grtiak
agreed with DSC results. The high level of hydrogen bondingolyureas, 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 deomstrated a 40 °C depression i The 0.00 mol % #03 sample
was representative of the series (Figure 4). Tdseufidoubtedly agree with DSC results after the
samples were dried at 60 °C for 18 h (Figure 5 and Table 1). Flow temperatures, or tengperature
where the storage moduli dropped below 1 MPa, remained at ~120 °C regardlegdf T
concentration. The loemperature storage moduli values were above 3 GPa for all of the films

tested.
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Figure 6.4. The effect of water plasticization was evidentDMA where there was a 40 °C
depression in Jwhen the sample wamt driedprior to analysis. *0.00 mol %-#03 sample used

as an example.
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Figure 6.5. DMA exhibited flow temperatures around 120 °C for all samples gadeadily
agreed with DSC analis
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Instron tensile analysis provided helpful information regarding the mechanical properties
of the polyurea films. Stratat-break, or ultimate strain/strength, and ultimate stress, or yield
strength, were valuable data points available from the &tess curve (Figure 6). Triplicate
experiments enabled standard deviations for each measurement (Table 1). Thes-Istesik
values for each sample remained unaffected from the change in concentratigt0&f The
ultimate stress decreased from ~21dv® ~13 MPa with increased PPG content due to decreased
urea linkage concentration and subsequent hydrogen bonding. During plastic deformation, the
polyurea samples underwent straduced hardening, which is common for polyurea

thermoplastics.

35 -
30

Stress (MPa)

25
20

—0.00 mol% T403

—0.15 mol% T403

15 —1.50 mol% T403

10 —2.90 mol% T403
5 —4.30 mol% T403
0 = 1 1 1 1 = 1 1 1 1 i

Strain (%)

Figure 6.6. Tensile testing showed distinct ultimate stress and satdireak values ~250% strain

for all samples tested.
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Sample Ultimate Stress (MPa) Strain-at-break (%) T, 5, (°C) T, (°C) DSC/DMA

0.00 mol% T403 18.2 £ 0.3 190 + 55 293 20/ 34
0.15 mol% T403 21.0+1.2 282 £ 54 298 22 /38
1.50 mol% T403 140+ 1.1 253 +£ 11 293 22/ 38
2.90 mol% T403 153+ 1.3 248 £ 14 299 23 /35
4.30 mol% T403 128+ 0.1 274 £ 24 298 23 /35

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 1stability of dried polyureas prior to furthanalysis
(Figure 7). A temperature of 180 °C ensured a-fimeing sample and represented relevant
processing conditions. On average, higher concentrations-4if3Tyielded higher complex
viscosities. It is important to note that these high temperatffestively 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 experimefrtsm 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 ationentr
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 (pidy)ded information regarding
the highfrequency region, which characterized processing conditions in systems such as injection
molding3%3233The 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 Kigure 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 rangargaght into processing
and performance (i.e. molding, extrusion, impact properties, 38f:32 This meant that the

branched polyureas had better final part properties, while maintaining equivalent processing

conditions.
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Figure 6.7. Time sweep experiments at 180 °C demonstrated-stadility of polyureas for
processing.
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Figure 6.8. Temperature sweep experiments from-200 °C provided the complex viscosity for

each polyurea sample.

~ 1000 | 7 100
& i 5
L F - ) 3
I P mmmmmmmmmmmmmm =TT - 7 (@]
~ S ~a e
z - - 3
'g __________ = - - - ~ %
8 100 - B v 105
2 — -~ ] -
S ST =S
% | o
E- o
- ]
o
© 10 | | | 0.1
120 140 160 180 200

—— Complex Viscosity

Figure 6.9. Temperature sweep of 0.00 mol %403 PU showed a representative

Temperature (°C)

- — Storage Modulus

over the temperature range 1200 °C.

102

= = Loss Modulus

moduli trace



1000000

—0.00 mol% T403
100000 —0.15 mol% T403

—1.50 mol% T403

‘@
&
)
g 10000 —2.90 mol% T403
5 - —4.30 mol% T403
> 1000 €
x F
L, -
a
c 100 83
Q C
U L
10 1 |||||||I 1 |||||||= 1 |||||||I 1 |||||||=
1 10 100 1000 10000

Angular Frequency, w (rad/s)

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

Ureabased, isocyanafieee polyureas provided a promising, sustainable route to an
advantageougolymer platform. The polyureas maintaineg fiear room temperature despite the
incorporation of 1403 as a branching agent. The rheological properties showed significant
changes where higher levels of branching led to higher viscosities. However, T 68stieted
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. Thépter provides greenalternative to the current

technology.
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7.1 Introduction

Imidazole is an aromatibeterocycle that has found numerous applications since its
discovery in the midl800s. It is prevalent in many biological systems, most notably as-a side
chain of the amino acidjstidine In the late 1950s, Heinz Staab discovered that imidazole reacts
wit h phosgen e -carmonyimaazole; @DI (Schdni 1jHe reported that CDI had
Aextraordinary reactivityo and that it hydrol
at room temperature. He demonstrated that the molecule readily reacted with alcohols and amines

to produce carbonate esters and um@vdtives, 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 derivativé$More recently, CDI found application in polymeric systems
including cellulosg!, polycarbonaté?°,  cyclodextrif'?2 polycaprolacton&?4 and
polyurethane/polyurea systef¥s®® In this review, we discuss the role of CDI in chemical
functionalization and synthetic techniques. The main focus of this review@DI 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.
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Schemel. Synthesis of CDI from phgene and imidazofe.

7.2 CDI: An Organic Coupling Reagent

7.2.1 Polysaccharides.Cellulosebased materials hold significant promise in the realm of
sustainable, bidriendly polymers. Unfortunately, thegxhibit significant solubility challenges,
and many of the early functionalization processes resulted in a high level of side réa¢@mes.
method to esterify cellulose with carboxylic@sutilized 1,2dicyclohexylcarbodiimide (DCC)#4
pyrollidinopyridine and goluenesulfonyl chloride; however, polymer degradation and toxic
reagents plagued this procé$s 38 Heinze et al. implemented CDI as an activating agent due to
the mild reaction conditions, ndoxic byproducts, limited sideeactions, and commercial
availability>8°3" 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 bac&he, leaving imidazole and G@s 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 pt®Thsmovel,

tailored polysaccharide derivatives have the potential to act as weleeémbranes in the
biotechnology industry.Recent work by Heinze et al. investigated laagid-activated starch
thermoplastics$? They comparedultiple 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 dege tha

toluenesulfonyl chloridé®

O
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Scheme 2Reaction sheme for cellulose esterification with carboxylic acajsplying in-situ
activation with CDI in tetrabutyl ammonium fluoride (TBAF) and dimethylsulfoxide (DM$0)

Beyond biomedical applications, cellulose also operates as adsorption membranes for
organic and inorganic pollutarft$:24° Surface modification of the cellulose fibers enable
tailoring of adsorption affinity for various pollutants in watérAs 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 furamality (Scheme 351! The carbonylimidazolide endgroups
demonstrated reactivity towards amines, and an additional step included the reaction of the free
amine to another CDI molecuié Finally, the new carbonylimidazolide endgroups reacted with a
host of amines to provide a wide range of adsorption properties for the membranesledn ad
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 fillsThe mild reaction conditions avoided

film alteration, a common problem in grafting onto cellulose ultrathin films.
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Scheme 3The hiemical reaction oEDl-activated cellulose fibers with aliphatic amsiié

Starch thermoplastics are considered to be cheap and readily available alternatives to
petroleumbased plastic&*! One of theirdownsides is their innate hydrophilicity, which causes
a decrease in mechanical properties in moddrgte humidity environment& 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 sifong mechanical properties,
relative hydrophobicity, biodegradability, and commercial availabifitjhey utilized CDI as a
coupling agent for the grafting process by first activating polycaprolactone, and then reacting the
resulting molecule with cellulose. The hydreterminated polycaprolactomeacted with CDI at

room temperature in DMSO. Monand difunctional carbonylimidazolide molecules were
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generated with varied molecular weight, and then reacted with starch hydroxylNusiethyt
imidazoleas a catalyst (Figure 3. A number of other research publications also described CDI
functioralization of starches and sugars because of the advantageous properties compared to other

coupling technique¥.4244

Figure 7.1. Scanning electron microscopy showed the surface modification of a) starch granules
with b) grafted polycaprolactorfé.

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.Hemine et al. used cyclodextrins to build
crosslinked 6énanospongesdé that were capable o
They utilized the CDbased condensation polymerization, which Trotta et al. patented in 2005,
for designing crosslinked cyclodextrins to remove contaminatea fvater’’?2 They looked
specifically at Pimavanserin (PMV), an antips
degraded up to 37% pelsiological wastewater treatmefitThey suggest that PMV is an example

of a drug that will cause serious environmental concerns in the near future itubhgevity.
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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 latd800s, polycarbonates have been an essentiatystefh
polymerbecause of their impressive mechanical properties. For example, one of the most prevalent
polycarbonates, 2;Bis(4hydroxy-phenyl}propane (BPA) polycarbonate, boasts high
transparency, toughness, heat resistance, and dimensional stdhltifprtunately, phosgene is
typically employed in the synthesis of Bfpdlycarbonate and other similar polylsanates. One

route to mitigate phosgene exposure was discovered by FréchétEtTaley found that CDI
functionalized diols, or bis(carbonylimidazolide) (BCI) molecules, functioned as stable, yet
reactie intermediates for polycarbonate synthesis (Scheme 4). They reacted the BCl monomers
with various diols to form polycarbonates, and also discovered that the molecules undergo a
thermolysis reaction that produced £@Scheme 5). This thermal reaction piaed a handle for

controlled depolymerization of polycarbonatés?
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Scheme 4Synthesis of BCI molecules for polycarbonate polymerizafibns.
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Scheme 5Top) Thermolysis of BClI monomers results in &f@neration; Bottom) Synthesis of
polycarbonates from BCI molecul&s.

Rannard et al. further described the reactivity of CDI through reactithslcohols and
aminest®*’ 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 secon@anines (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 polycarboifatéRannard 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 carbonylimidazolideamer?® Reacting this malcule
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 matfit&sHere, BCl moleculg functioned as A
monomers, and trifunctional alcohols, such as triethanolamine, functionedrasBmers? The
resulting hyperbranched polycarbonates exhibited complete thermal decomposition at 200 °C,

making it a pranising template for nanoporous polymeric materials.
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Scheme 6 Carbonylimidazolide monomers show selective reactivity towards primary athines.

Aliphatic polycarbonates are potentidiug carriers and tisstengineering scaffolds

because of their advantageous properties, including lg& and low susceptibility to
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degradatiort>’*°Recent publications from Malkoch et al. described the issues with traditional
synthetic strategies for aliphatic polycarbondtééThey explained that using BCl monomers for
aliphatic polycarbonates remains to be an obviouslyrgdgaous 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, HCI. Malkoch et al. implemented cesium fluoride and
diazabicycloundecenecatalsts 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 appli€ations.
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Figure 7.2. Thetwo-step synthetic strategy for aliphatic polycarbonates using a cesium fluoride
catalyst. Reproducedrom Malkoch et alwith permission from the Royal Society of Chemistry

7.2.3 Polyurethanes/PolyureasPolyurethanes are used in applications ranging from protective
coatings to foams; however, their commercial synthesis utilizes toxic isocyanatesaflire of

the reaction often leaves residual isocyanates in the final proddetsocyanatefree reactions

have gained momentum over the past few decades as concern for sustasratbiigalth has
increased. One such method to circumvent using isocyanates in polyurethanes includes CDI.
Interestingly, Koster discovered that CDI reacts with amines to produce a carbamate, but then

distillation of this molecule yields an isocyanate amitiazole byproduct (Scheme 7 This
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approach to Aibl ocked i socyanateso has S o0ome
transportation concerns for isocyanates. Unfortunately, the distillation process not only adds a step
to the overall polurethane synthesis, but also adds considerable danger due to the elevated

temperatures that are requiréd.
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Scheme 7 Carbamates, from primary amines and CDI, function as blocked isocyanates that
become exposed upon distillation and removal of the imid&%ole.

Rannard etal. continued their earlier polycarbonate work by implementing similar
synthetic strategies to dendrfié? and hyperbranchédpolyurethanes (Scheme jheir 2003
publication described the first convergent aliphatic polyurethane from an isoefta® route?®
In an analogous way to their polycarbonate process, primary amines of[khé&l-bis(2
aminoethyljamino}2-propanolpreferentially react with the carbonylimidazolide functionalized
15t generation dendn, 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 link¥gEsey 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 functionaltwith primary amines over secondary amines. The end products

demonstrated selissembly, ideal for supramolecular nanomatetfals.

Incorporating polyurethanes in nanocomposite systems imbues advantageous properties to

inorganic nanoparticle:>">8Guo et al. investigated an interesting approach to polyurettinne
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oxide nanoparticles whetieey used CDI and a silane coupling agent to improve dispersiifity.
They reacted the zinc oxide nanoparticle with the silane coupling agent, and used CDI
functionalize stearic acid. The stearic acid molecule then reacted readily with the amine

functionalized nanoparticle.
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Scheme 8Dendritic isocyanatéree polyurethanes through a CDI functionalizafidn.

Recently, CDI has been used for functionalization of polyurethane fo&masnd
thermoplastic® for biomedical applications. Matsuoka ét imvestigated methods to separate
hematopoietic stem cells from peripheral blood célEhey explained that membrane filtration
has a number of benefits over other blood separation techniques, including simple usage,
inexpensiveness, and sterilfTheir process for designing baetfédtration membranes involved
epoxidation of polyurethane foam membranes followed by amination. They functionalized a
Pluronic with CDI before reacting it with their amifgenctionalized polyurethane foam.

Immersing the foams in a 30 wt % Pluronic sauatifor 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 tinen-coated foams$? Likewise, Gong et al. investigated isocyanate
based polyurethane thermoplastics and their role in bdoathcting material®: Two of the main

issues with polyurethanes in ghield 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 @RI to i
carbonylimidazolide group®.The carbonylimidazolide groups reacted with an aliphatic diamine,
and eventually added to the activated hyaluronan to produce hyalroatu polyurethane

films. They found that cells adhered better to the hyalurdmactionalized 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
Pluront functionalizatior?®
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