From Block Copolymers to Crosslinked Networks:Anionic Polymerization
Affords Functional Macromoleculesfor Advanced Technologies

Alison R. Schultz

Dissertatiorsubmitted to the faculty of the

Virginia Polytechnic Institute and State University intarfulfillment of the requirements for
the degree of

Doctor of Philosophy
In

Chemistry

Timothy E. Long (Chair)

Robert Moore (Member)
John B. MatsorfMember)
Louis A. Madsen (Member)

May 3 2016
Blacksburg, Virginia

Keywords: phosphonium, blockopolymers, additive manufacturing, photopolymerization,
anionic polymerization, Michael addition



ABSTRACT

lon-containing macromoleculesontinue tostimulate new opportunés for emerging
electreactive applications ranging from high performanageryy devices tovater purification
membranes. Progress in polymer synthesis and engineeowgpermit weldefined, ion
containing macromolecules ith tunable morpholags, mechanical performanceion
conductivity and 3D structure in order to addresgsth globally challenged technologies.
Achieving tailored chemical compositions with high degrees of phase separatmptifoizing
conductivity and water adsorption remains a congamtheticchallengeand presents an exciting
opportunity for engineeron sophisticated macromolecular architecturBsis dissertation will
introduce unprecedented charged polymers using conventional free radical and anionic
polymerization to incorporate ionic functionalities based on phosphonium cations. This new class
of copolymers offers unique properties with ionic functionality for tailorable elemttive
performance.

Concurrent advances in synthesis and precise manufacturing of advanced polymeric
materials are also required to meet these diverse techrelétgesinwe will reveal the synergy
between polymer chemistry and additive manufacturing (also known as 3D Printing), introducing
the advantage of this rapidly emerging manufacturing technology and its application in the layer
by-layer fabrication of tailored phpkonium polymerized ionic liquids (PILs) with high
architectural precision and reproducibility/arying phosphonium monomer concentrafion
diacrylate crosslinking comonomer, and display images enabled precise 3D design and polymeric
properties. The resuttg crosslinked phosphonium PIL objects exhibited a synergy of high thermal
stability, tunable glass transition temperatanggl optical clarity. lon conductivity measurements

on printed objects revealed a systematic progression in conductivity with iguict inonomer



content, and thermal properties and solvent extraction demonstrated the formation of a
polymerized ionic liquid network with gel fractions exceeding 95%he advanced
electromechanical properties of phosphonitontaining macromolecules camiie to provide
new polymerization strategies for phosphecostaining monomers.

For the first time, we also revealianic polymerizationas an unprecedented and efficient
strategy forachieving weldefined phosphorusontaining macromolecules. The paigrization
of 4-diphenyphosphino styrene (DPPSjfforded the controlled synthesis @hosphorus
containinghomopolymers, poly(DPRB-S) and poly(db-DPPS) diblock copolymersnd poly(S
b-1-b-DPPS) ABC triblock copolymers.These weldefined block copolymr architectures
exhibited predictable molecular weights and narrow polydispersiagswell as ordered phase
separated morphologies and tunable mechanical propdrtiestu Fourier transform infrared
(FTIR) spectroscopwas employed to monitdhe animic polymerizationn real time, using the
vinyl CHz out-of-plane wag vibration for each polymerizing monomer to generate a 2D waterfall
plot for peak absorbanaes.time (min). Pseuddirst-order kinetic analysideterminé observed
rate constantsoks for each propagation stepized exclusion chromatography revealed the living
polymerizationprocess, depictingnolecular weight shifts in the SEC traces upon sequential
monomer additionPostalkylation enabled controlled placementpbiosphonium functicadity in
within the block copolymer compositiongroducingwell-definedphosphoniurcontaining block
copolymerswith low degrees of compositional heterogeneity

In order to advance this polymerization strategy furtiveralso report synthetic effortsfo
enabling living anionic polymerizationith an unprecedented piperazioentaining difunctional
organolithium initiator, M-bis[4-(1-phenylethenyl)bend] piperazine DPPHPL. Current

literature reveals a synthetic gap for dilithium initiators suitabii \&nionic polymerization



conditions involving nonpolar solvents. The appeal remains high for the opportunity to synthesize
well-defined thermoplastic elastomers with low degrees of compositional heterogeneity in the
rubbery midblock micrstructure and wh diverse externddlock sequences with varying levels of
polarity. Piperazine provided a polanit within the difunctional initiator design, promoting ion
dissociation and miscibility with hydrocarbon solvents and enabling the initiation and propagatio
of isopreneThis novel initiator facilitates the synthesis of thermoplastic elastomers with desired
cis-1,4 microstructure in polydienes.

Enabling the green synthesis of sophisticated polymer architectures is also a major concern
for these emerging tenblogies and Michael addition chemistry provides a synthetic approach for
designing novel macromolecular compositions with ambient and sdheentonditions and high
tolerance to an abundance of polymerizable monomers with diverse functio@alityfind
chapterwill describe this synthetic method and its application in develophtgnZponent
acetoacetate curing systems for solMes¢ adhesive technologie¥hese effortsfocus on
functionalizing hydroxyterminated, hydrogenated polybutadiesleggomersto achieve novel
bisacetoacetate Michael donors and diacrylate Michael acceptors. Analytical methods involving
In situ FTIR spectroscopy and rheologyere used to investigate these noveLomponent
Michael adhesiveandelucidate the effects of catalysbncentration, temperature, aktichael
acceptor compositioon gel times and crosslinked network moduli. The Michael addition reaction
permits the green syhesis othyperbranchegolydienenetworks with ambient and solveinee
conditions and high tolance to diverse monomers. Exploring novel macromolecular
compositions using a vast array of polymerizable Michael donors and acceqtoitsrther

facilitate solventfree adhesive technologies.
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1.1 Abstract

lon-containing block copolymers afford walkfined structural compositions with diverse
morphologies for tunable mechanicahd ion transport properties, suitable for eleeittve
membrane applications in energy harvesting and water purificatios reviewfeaturescurrent
accomplishments in polymer science, pertainingotecontainingblock copolymers and their
unigue plysical properties. New theoretical studies provide more precise representation of phase
behavior in ionrcontaining block copolymers, enabling more accurate evaluations of
morphological influences on enhanced ion transport properties in block copolymeranemb
Compositional changes to sulfonated styrenic block copolymers achieve tunable water and ion
transport properties, and novel functionalized styrenic monomers enable new directions for

sulfonamide and phosphoniumcontaining block copolymer analogue&ollectively, these
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interdisciplinary accomplishments reveal the potential role otanrtaining block copolymers in

addressing modern day global challenges in energy and clean water.
1.2 Introduction

Pursuingversatile ioacontaining block copolymecompositionscontinues to stimulate
new opportunities for addressing global concerns involving energy and clean water. Synthetic
advances in polymer science now permit vaelfined, ioncontaining block copolymers with
tunable morphologies, mechanical penfiance, and ion conductivity for emerging elecintive
applications ranging from high performance energy devicesater purification membranes.
Achieving tailored chemical compositions with high degrees of phase separataptifoizing
conductivity aml water adsorption remains a synthetiballengeand presents an exciting
opportunity for engineering sophisticated macromolecular architectures. Sulfonated block
copolymes’® represent exemplaryon-containing cenpositions,abundantly appearing in the
literature as promising membranes for fuel cell and water purification technologies and inspiring
new synthetic directions for cati@ontaining polymeric derivatives.

Previous investigations involving sulfonatealymers predominately involved segmented
block compositions containing sulfonatedly(imidey, poly(phenylenéd}, poly(ketone}*2 and
poly(sulfone) units? Diverse electreactive applications for these charged polymers enabled
fundamental insight into theffects ofsulfonation levelon morphology, water adsorption, and
ion transport properties, facilitating innovative discoveries in the dyrsashigaterpolymer and
ion-polymer interactions. Theoretical development with simulated models, coupled with
experimental imestigations involving nuclear magnetic resondhte dielectrid®l’,
fluorescenc®!® and infrared spectroscopy provided multiple length scales for measuring

Brownian diffusion of water and ions through polymericnmbeanesrevealing tunable transport



mechanisms as a function of sulfonati@vels and morphologyLack of caotrolled charge
placement remains a synthetic limitation farfenated segmentedblock compositions and
restricts commercialization for water purification technologies. These synthetic concerns inspire
alternative directions for controlled free radicatlaanionic polymerization strategies, enabling
sophisticated block copolymer architectures with low degrees of compositional heterogeneity for
tunable physical and mechanical properties.

This reviewfeaturesan ensemble dheoretical and synthetic accongbiments in polymer
science, pertaining ten-containingblock copolymers and theuwnique physical properties.
Recent physical studies provide more precise representation of phase behaviaointaamng
block copolymers, enabling new theoretical easibns for morphological influences on enhanced
ion transport properties in block copolymer membranes. Compositional changes to sulfonated
styrenic block copolymers achieve tunable water and ion transport properties, and novel
functionalized styrenic momeers enable new directions for sulfonimidemidazolium,
ammonium, and phosphoniumcontaining block copolymer analogues. Collectively, these
interdisciplinary accomplishments enable a new perspective ecoimaining block copolymers

and their potendl role in facilitating technologies for energy harvesting and water purification.

1.3 Morphological benefits of chargeblock copolymers

lon-containingblock copolymerself-assemble into welliefined nanostructures, enabling
thermally stable compositie with tunable electromechanical properties for customized ion
exchange membranes. Successful optimization in ion exchange capacity requires a physical
representation for the synergistic relationship of morphology and ion conductivity, which reveals

the pofound effects of ion concentration on nanostructure. Until recently, phenomenological
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understanding for the phase behavior in block copolymers depended on the clasgtugypng

model and failed to provide a precise representation of ionic concentedfects on microphase
separatiort:? The conventional model is capable of accounting fergirange Coulombic
interactions between charged species, idolg charges along polymdrackbone as well as

mobile counterions, considering only counterion solubility effects on suppressing or enhancing
phase separation (Fig. 1). For both cases, adjusting the phase behavior shifts phase diagrams and,
with a correabn for immiscibility, collapses the phase diagrams onto a single, universal curve that

maps directly to traditional phase diagrams for uncharged block copolymers.
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Figure 1.1. Schematic of block copolyelectrolytes and discussiaf neutral block copolymers
and charge solubility effects.(a), Schematic of a neutraiblock copolymer (top) of lengtNl
with blocks A and B that interact via an interaction parameteék diblock copolyelectrolyte
(bottom) includegharged monomers alg the Ablock of lengthfaN, with mobile and oppositely
charged counterions nearby to maintain overall charge neutfh)tganonical phase diagram of
neutralblock copolymerswhich form a disordered phase (D)vesll as hexagonal (H), lamellar
(L), anrd inversehexagonal (Hphanostructures depending on te&ative length of the Alock (if
the immiscibility G is sufi ciently high).(c, d) The influence of charge due to ion entraod
solubility effects but ignoring the (important) presenceletctrostatic cohesion, whgn =17.1

and) s = 27.8. C.I,A =6.5 andLoJ,B = 4.0, respectivelyfor ion radiia = 0.25 nm). The effcts can
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be captured by shiftingin a manner proportional to the charge fraction, as shovah)jvhere
the original phaseoundaries (shown i0) collapse onto the uncharged phase boundaries for the
shifted valueger, usingC =-160.0%2

Olvera de la Cruztal. proposed a new adel to address local charggvel effects that
arise from the presence of longnge electrostatic forces, which nfast as shortange charge
ordering, and contribute to a large cohesion among charged monomers &3d fesew model
combines seitonsistent field thory and liquid state theofy to capture and relate both length
scales and establish an accuratertfoelynamic representation of charged block copolyr{fégs
1.2). The Coul o mlofidectrostatic eohegianhdrasticplly alters the phase diagram
shape and enables electrostatic manipulation for achievingamswstructures that are inaccessible
to conventional uncharged block copolymers, udatg percolated phasdesr ion transport.
Nanostructures such as the inverse hexagaméllamellapphass are in principe fiper col at i
structuresowing to the possibility of an ion transporting alonguamterrupted pathway through
the materiaf* In this context,electrostatic cohesiofacilitates new phases, inaccédsie to
traditional unchargedlock compositions, enabling phase separation into percolating structures
even when the charged block sequence is the minority pRagse 3). This provides beneficial
ramifications in batteryand water purification membrane applications, rafifog ion transport
channels withoutesorting to more elaborate chain architectures typically required to form similar

structures
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Figure 1.2. Effect of charge cohesion on nanostructure phase behéajdlectrostatic cohesion
between the chargedBlocks and the counterions. If tbeupling parametegr >1, the components

are electrostatically correlated in a ligdikie ordered structure, having profound consequences
for the phaseliagram.We note that this is asymmetric; Coulombic cohesion manifests only in the
charged Ablock and not in the unchargBdblock. (b) Nanostructurg@hase behavidor a number

of Coulombic interaction strengths (black and red curves denote pddsoundaries). At low

v a | u e sanastfucturéormation is suppressed by the entropy of the counterions that suppress
demixing,whereas nanostructure formation is enhanced at higher valyesvifig to Coulombic
cohesion in the Aich phasesWe note that ordered states are observed evg¢n@for| 17.122
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Figure 1.3 Charge control of percolating nanostructures.Comparisorbetween two inverse
hexagonal nanostructures in théa-plane Electrostatic cobsion opens the pathway to a drént
type ofinversehexagonal structure, where the continuous phase is formed ttyatgeed minority
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componerd shown here foyf 17.1 and a chardeaction of the Ablock of 15% (green cre3.

The chemical and dielectrroperties of BCPs can only allow for those hexagonal phases where
thecontinuous phase is formed by the majority component (black cids=ge are schematically
shown at the bottom, along with example pathsidartranspa through the charged A phase
(orange). Transport in chargsgistems is through a percolating minority phase that may possess
transporiproperties associated with the A/B interface, whereas the unchrerstedn is primarily

a bulk majority phase percolatj aroundninority obstructiong?

1.4 Sulfonated Styrenic Block Copolymers

Sulfonated styrenic block copolymers represent exembargontainingcompositions
possessing fortified viscoelastic behavior and enhanced microphase sepgaratigproved oA
transport. Literature examples typically reveal phase separation within a méddigeHuggins
diagramwhere onic association strength within these blooknpositionsare accounted for with
an increasethteraction parametes |, all owing for | ower block mol
microphase separation. Previous investigations involving sulfonated block copolymers elucidated
effects of sulfonation level on morphologies and eleatrtive properties, predominately focusing
on Kratorf sulfonated poly(styrenb-hydrogenated butadiesiestyrene) [poly(S$-HB-b-SS)]
and sulfonated poly(styrefiehydrogenated isoprerestyrene) [poly(S$h-HI-b-SS)] triblock
copolymers>26 High sulfonaton content in the external block sequences, however, afforded
highly hydrophilic membranes unsuitable for water purification applications due to high water
uptake and poor mechanical properties. Krétosulfonated poly(terbutyl styreneb-
hydrogenated igweneb-sulfonated styrenb-hydrogenated isopreftetert-butyl styrene)
[poly(tBS-b-HI-b-SSb-HI-b-tBS)] pentablock copolymers provide selectively sulfonated- mid
blocks with 850 mol% sulfonation for tunable water uptake andtramsport properties, and
poly(HI-b-tBS) external blocks for tailored mechanical and elastomeric perfomafiée.
Increasing sulfonation content along the pentablock copolymer in a nonpolar solvent environment

promotes micelle formationyhere the SS midblock aggregates into a charged core surrounded by

7



a nonpolar corona composed of a polyHBS) matrix} These electrostatic interactioasable

new phase transitions for the charged block copolymer, wherersinget electrostatic cohesion
promotes percolated, interconnected microdomains with increasing charge content for improved
ion-transport. Wineyet al. observed this morphological pr@menon, observing transitions in
SAXS profiles from discrete microdomains to an interconnected orientation as sulfonation levels

increased to 50 mol% (2.0 IEE).

(b)
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»®a 2 »

Interconnected
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Discrete microdomains
Figure 14. (a) Throughplane and (b) #plane 1D smaibngle Xray scattering intensity versus
scattering vector as a function of IEC. The insets show thrplagte (a) and wplane (b) 2D
smallangle Xray scattering patterns of-20 pentablock @polymer membrane. The angle
between two dashed lines in the 2Dpiane scattering pattern (b) indicates the integrated
azimuthal angle. The excess scattering in the vertical direction in the@Bnia scattering arises
from the surface reflection, bacse the Xray beam is wider than the film thickness. (c) Schematic
illustration of morphological changes when membranes are cast from solution. The pentablock
copolymers form monodisperse spherical micelles with dense SS cores 4B8 kbronae
swollen bysolvent in cyclohexane/heptane solutions. In membranes the SS domains are discrete
when2R < d and interconnected when 2R > d, where R indicates the core radius in solution and d
represents the centw-center distance of the SS microdomains in the memebrahese two
dimensional representations are necessarily highly idealized renditions of complex three
dimensional morphologié's.



Taking thesemorphologcal properties into

10° | o IEC 2.00 E
account, Freemanet al. employed water 7 - ~~3iEc1e0 ]
7] r L
- - " EC 2.00 = ]
permeability, salt permeability, and surface char S 100} =i IEC1.45 ]
- et E
. . . E 9 IEC 1.50

(zeta potential) experiments to characterize 1 8 *°
€1} e .
copolymers®® Water uptake analysis revealed & | iectoos” _
E 107 f - 1
. . . . ROE * ]

directly proportional relationship between watc 4o | ECO ™ 1Ec oA
10° 10° 10" 10° 10'

permeability and sulfonation levelk. also showed Donar Coll Concentration of NaCl [mol.)

_ N ~sodium chloride permeability vs. donor

. _ . (e@)andB ¢ ) and Nafion® 11a ( ). |
produced similar results, showing a directyg)es in units of meqfy.

proportional relationship between sodium chloride uptake and sulfonation fractikawide,
increasing hydrophobic content along the copolymer reduced salt uptake. In addition to these
factors, Freemant al. also noticed comparable behavior between salt uptake and the dibnor ce
sodium concentration levels, suggestthgt these membras operate under Donnan exclusion
effects®® Overall, these trends seemed to compare and even exceed salt permeability
measurement®r Nafior® 111 (Fig. 1.5)3°

Many of these investigationf®cus ontuning the chemicatomposition, sulfonation level,
and molecular wight of the hydrophiti phase fooptimizing the composition and size of the ionic
block where transport occurslowever, dew studiesalso reveathe influence of the notonic
unit on ion transporHickneret al, for example, prepareavb triblock copolymers with identical
sulfonated midblock segments addfering hydrophobicexternal blocks to demonstrate the
effects of hydrophobicity on physical properties and morpholdgi@sall-angle Xray scattering

profiles failed to reveal high ordered peaks samples with more rigid, higherg Tluorinated



externalblocks,indicating a disordered morphology. Alternativetyblock copolymer samples
with more flexible alkyl externablockspromoted selassembled nanostructures dand well-
defined paks in the Xray scattering profile confirmed the ordered morpholdgjg.(1.6)32 As
expectedmembranes with higher degrees of oreehibited increased ioconductivity than the
unordered samples. In another studyyell et al.tunedthe polarity of the nomonic unit to achieve
tailoredgraft copolymer architectures with predictable ion conductivity. Replgmhgstyrene)
or poly(vinylidene fluoride) backbones with poly(acrylonityigraft copolymersvith sulfonated
graftsenablednembranewvith increased water interactions alahgpoly(acrylonitrile) norionic

main chaimand resulted in lower conductivitiés.
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Figure 1.6. (A) Chemical structures and smualhgle Xray scattering profiles showinghagher
degree of seléssembly for more flexible alkyl endblocks as evidenbgdthe higher order
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correlation peak in the scattering profilB) Conductivity of (left) 29 mol% sulfonated and (right)
100 mol%sulfonated PHMA and PFMA triblock copolymers asuadtion of relativehumidity;
() PHMA, (&) PHMA, (---) Nafion3?

1.5New directions for charged block copolymers

Although literature reports xéensively
reveal sulfonated block copolymers as

promising membranes for technologies ranging

from fuel cells and water purificatidh to
Hard segment provides Soft segment for
mechanical stability good ionic conductivity actuator®® and nanofabricatid, concern for

Figure 1.7. SulfonimideContaining Triblock
Copolymers for Improve@onductivity and
Mechanical Performancé

thermal and charge stability due to low
temperature degradationeactions poses an
architectural design flaw anthspires new directions in paherizing alternative charged
monomerg®3” Our group recentlydemonstrated theeversible additiori fragmentation chain
transfer (RAFT) polymerizationf a 4styrenesulfony(trifluoromethylsulfonyl)imidemonomer

for the synthesis ofell-defined ionomeric ABCI A triblock copolymers, featuring miciophase
separated morphology and a combinatioexafellent mechanical properties and high ion transport
(Fig 1.7 and 1.8 Thes of t c e n blacka ik conmipBsED of polytyrenesulfonyl
(trifluoromethylsulfonyl)imide) (poly(StyTfoN)) with 7T SGi Ni 1 SOQi CR - anionic  groups
associated with a mobile lithium cation and {aydi(ethylene glycol)methyl ether methacrylate
(DEGMEMA) units. External polystyrene Blocks provide mechanical strength with nanoscale
morphology even at high ion contemr. the catral block, the StyTfoN monomer enables an
important delocalization of the negative charge. Li+ ions are not strongly associated with the

polymer chain, thus enabling fast transport and high ion conductivity

11
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Figure 1.8 (A) Temperatural e pendent
compositions obtained using NM@pen symbols) and electrochemical impedance spectroscopy
(EIS) (closed symbols(B) Temperaturelependent ionic conductivityormalized with § of the
central block.(C) SAXS analysis of ABCI A triblock copolymers confirmingnicrophase
separation with differing ion content as compared hormogeneous morphology observed in the
random copolymer (igreen)*®

i oni tribleckcomblyntets with vatying ( G )

Watanabe and DesMartedirst addressed theidea of charge delocalizatio on

perfluorinated sulfonimidé&®4and Armandet al. demonstrated the synthesis of poly¢StyN)-

Li* blends with PEO and producirgingleion polymer electrolytes for lithim batteries. lon

conductivities were approximately 10 times higher for a membrane with poly{gty (D10 ©

S/cm at 70 °C) compared to a membrane with lithium stiyrene sulfonate¥. Incorporating

ethylene oxide units into the perfluorinated polysulfonimide afformtedin ethedlike complexes

to promote solvation and dissociation of ionic aggregé&ittylene oxide alstmwersthe Tg of the

charged block copolymers, thereby increasing segmentalitpainid ionic conductivity. Fengt

al. synthesized copolymers @oly(StyTfoN)'Li*™ and methoxypoly(ethylene glycol) acrylate,

which had an ion conductivity @10 ° S/cm at 25 °C and 16S/cm at 60 °C?
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Polymerization of imidazoliuatbased styrenic monomers is another common method for
achieving singleon conductors suitable for eleet@tive membrane apphtions for energy
harvesting and ion exchange membranes. Numestoigses focus on optimizing polyelectrolyte
homopolymer properties to maximize their impact on block copolymer functionality upon
copolymerizationMahanthappaet al.probed ionic conductiies of poly(vinylbenzyl imidazolium)s with
different alkyl substituent lengths asalinterion?They al so exami ned the inpue
conductivity of welld e y n e d  p-brinylbereey ignidagafiuen) diblock copolymers, revealing an
increase ofonic conductivity over two orders of magnitude with increasing imidazolium block
lenghs?? Long et al. further investigatedooly(styreneb-vinylbenzyl imidazoliurdo-styrene) ABA
triblock copolymers, revealingompositionaleffects on mechanical properties, water uptake, and ion
conductivity™ These studies alsevealed ionic liquid incorporation asystematic approach for increasing
ion conductivity, complementing previous ionic liquid swell studies ftmdge, Frisbieet al. with
poly(styreneb-ethylene oxide-b-styrene) and poly(styredemethyl methacrylatéd-styrene)
triblock copolymers, poly(styreAgethylene oxidéb-styrene) and poly(styrenehethyl

methacrylateb-styrene)t*

] ® Poly(Sty-b-|[EVBIm][Tf,N]-b-Sty) + 40 wt% [EMIm][TfO]
1.0x10" 5 ® Poly(Sty-b-[EVBIm][Tf,N]-b-Sty) + 20 wt% [EMIm][TfO]
* Poly(Sty-b-[EVBIm][Tf,N]-5-Sty)

1.0x1072 4
1.0x1073 4

1.0x10+

Ionic Conductivity (S/cm)

1.0x10-%

1.0x10¢

1.0x10”7 +—r—+—+—r—+—r—r—r—r—r—r—r B e e oy e
22 24 2.6 28 3 32 34 3.6
1000/T (1/K)
Figure 1.9.Temperaturaependent ionic conductivity of poly(Sby[EVBIM][Tf 2N]-b-Sty) with
0, 20, and 40 wWt%¥EMIM][TfO] plotted versusl000/T.43
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Commonly investigated ammonium poly(ionic liquids) (PlLéxclude quaternized poly(2
dimethylaminoethyl methacrylat&)poly(vinylbenzyl ammonium)&,and poly(diallyldimethylammonium
chloride)?*’ Similar to ammonium ILs, they typically exhibit poor thermal stabilities with basic counterions due
toaHoffman eliminatioomechanism, where the counterion abstraistay d r 0 g e rststegofiant h e
elimination reactior®Recent studies reveal phosphonium PILs as superior analogues to ammonium
PILs, exhibitingenhanced thermal and chemical stability, and improved ion condudfiff3}
Increasing the atomic radii from a cationic nitrogen to cationic phosphorus affords phosphonium
containing compositions with enhanagationic strength in comparison to ammoniamalogues,
attributing to their improved physical and chemical properfie¥>® Longet al.reported a detailed
structuréproperty relationship study of ammonium andogphonium PILs, examining the
influence of cation selection, alkyl substituent length and phosphonium PILs on thermal properties,
ionic conductivities, and morphologiésThese investigations revealed ionic conductivity values

an order of magnitude higher for phosphonium PILs in comparison to ammonium analogues (Fig.

1.10)7°
-3.0 -
-3.5 4 X = Nitrogen or Phosphorus
R = Methyl, Ethyl, Propyl, Butyl
4.0 -
545 -
)
©
-—-5.0 -4 ®R S
g TN
-5.5 4 PTMP-Tf2N = PTEP-Tf2N
a PTPP-Tf2N e PTBP-T2N
-6.0 o PTMA-Tf2N ©PTEA-Tf2N
6.5 s PTPA-Tf2N o PTBA-Tf2N
24 2.7 2.8
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Figure 1.10.lonic conductivity of ammoniumand phosphoniurgontainingPILs. Phosphonium
PILs exhibited higher ionic conductivitighan ammonium analogs. Impedance spectroscopy
performed from 135 °C to 95 °C in 10 °C/step using a-fmint in-plane cell’°
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As widely documented in the literature, substitution reactions involvivinylbenzyl
chloride and nucleophilic phosphines produce styrenic monomers bearing phosphonium functionality
at thepara-benzylic site’! While benzylic substitution affords facile monomer synthesis, thermal and
chemical instability also results due to the acidity of benzylic lgetie and susceptibility to undergo
Hoffman elimination degradatiort. 4-Diphenylphosphino styrene (DPPS) is a commercially
available monomer without benzylic protoeiminating the possibility of the Hoffman elimination
mechanism. In a previous communicatidlong et al. demonstrated for the first time the unique
ability of DPPS to polymerize under harsh anionic polymerization conditions and produce
unprecedented pBphoniumcontaining diblock copolymer€. Postalkylation enabled controlled
placement ofphosphonium functionality ipoly(I-b-DPPS) diblock copolymers, producingell-
definedphosphoniurrcontaining block copolymenmsith low degrees of compositional heterogeneity
Incorporatirg phosphonium charge disrupted the highly ordered lamellar bulk morphology of the
neutral diblock precursor and gave rise to new morphologies invohtegligitatedoacking of alkyl

chains on the phosphonium cation, for tuning-icansport properties.

1000 3
100 3
S5 ]
&S 10 4
> B
g ]
g 13
E’ 3 R = hexyl or dodecyl
- 1 — Poly(I-b-C,,DPPS)Br
0.1 < .
E == — Poly(l-b-CsDPPS)Br
1 — Poly(I-b-DPPS)
o1+ T T
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Figure 1.11. Small Angle XxRay Scattering profiles reveal oriented bulk morphologies for poly(l
b-DPPS), poly(db-CsDPPS)Br-, and poly(tb-C1.DPPS)Br diblock copolymers. Appearance of
broad peak in poly{b-C1.DPPS)Br scattering profile correspds to interdigitated bilayers.
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1.6 Conclusions

This review featurescurrent accomplishments in polymer science, pertainingre
containing block copolymers and theiunique physical propertieslon-containing block
copolymers for achieving wetlefined structural compositis with diverse morphologies for
tunable mechanical and ion transport properties, suitable for ebttve membrane applications
in energy harvesting and water purificatiddew theoretical studies provide more precise
representation of phase behaviarion-containing block copolymers, enabling more accurate
evaluations of morphological influences on enhanced ion transport properties in block copolymer
membranes. Compositional changes to sulfonated styrenic block copolymers achieve tunable
water and iontransport properties, and novel functionalized styrenic monomers enable new
directions for sulfonimide imidazolium, ammonium, and phosphoniumcontaining block
copolymer analogues. Collectively, these interdisciplinary accomplishments reveal th@bpoten
role of ioncontaining block copolymers in addressing modern day global challenges in energy and

clean water.
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2.1 Abstract

Photopolymerization coupled with mask projection mistereolithography successfully
generated various 3D printed phosphonium polymeriaeit liquids (PILs) with low UV light
intensity requirements and high digitasotution. Varying phosphonium monomer concentration,
diacrylate crosslinking comonomer, and display images enabled precise 3D design and polymeric
properties. The resulting crosslinked phosphonium PIL objects exhibited a synergy of high thermal
stability, tunable glass transition temperature, optical clarity, and ion conductivity, which are
collectively weltsuited for emerging electractive membrane technologies. lon conductivity
measurements on printed objects revealed a systematic progression inigiyduith ionic
liquid monomer content, and thermal properties and solvent extraction demonstrated the formation

of a polymerized ionic liquid network with gel fractions exceeding 95%.
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2.2 Introduction

lonic liquid monomers provide unique macromoleculeat incorporate cationic sites
either pendant to or within the polymer backbone with an accompanying mobile counteranion.
These charged polymers provide beneficial properties such as a complement of ionic conductivity,
thermal and chemical stability, amehion exchange capability. Most studies describe polymers
containing ammonium, imidazolium, and 1;2@zolium cations with mobile counteranions such
as halides, tetrafluoroborate (BF  hexafluorophosphate (BF and
bis(trifluoromethanesulfonyl)imideT¢zN).1® Our current research has demonstrated advantages
of phosphonium polymerized ionic liquids (PILs) withproved thermal stability, enhanced ion
conductivity,and more efficient nucleic acid delivery compared to ammonium and imidazolium
analoguesLimited commercial availability of phosphonium monomers impeded the design of
phosphonium PILs and favored the development of ammonium and imidazolium PIL derivatives
However, an expanded commercial phosphine library has recently enabled the synthesis of low
viscosity, high conductivity phosphonium monomers, and resulted in the production of diverse
phosphoniurrcontaining macromolecules, including homopolynferandom copolymers and
block copolymer$. Current research efforts reveal phosphoniBihs as candidates for ion
conducting membranes duethe cationic functionality within each polymerepeat unitand the
earlier literature suggests impact on technologies rangingdhectromechanical actuatéfsand
gas separation membrah&¥ to ion exchange membraned! The simultaneous enhancement in
thermal stability ad ion conductivity for phosphonium PILs promises opportunities to enable
higher temperature applications, which is critical for demanding aerospace, electronics, and

transportation industries.
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Enhanced thermal stability of phosphonium PILs stems fromegenped degradation
process involving a high temperature nucleophilic substitution mechanism, unlike ammonium
derivatives that generally favor Hof manan el i
hydrogen. Longet al.recently described these mecisams in a systematic comparison between
ammonium and phosphonium PILs, which examined strugtoperty relationships and
elucidated the influence of cation selection, alkyl substituent length, and counteranion on thermal
properties, ionic conductivitiesnd morphologie& Elabd and Wineyet al. also extensively
examined structurproperty relationships of imidazolium PILs and reported the impact of
counteraron selection and functional sstituents on tailoring PIL glass transition temperature
(T9 and electrochemical properties for enhancing ionic conduct¥ityhese studies
systematically confirmed that reduced Values favored imeased ionic conductivity. Other
precedent literature supports these claims and specifically describes trifluoromethanesulfonate
(TfO) and bis(trifluoromethanesulfonate)imide (@N) counteranions to tunegTand ionic
conductivity?®?! Various polymerization and pepblymerization strategies for synthesizing
phosphonium PILs exist in the literature. McGrathal. reported the synthesis of poly(arylene
ether) main chain phosphoniucontaining ionomers for higperformance applications, such as
ion exchange membran&sLong et al studied structur@roperty relationships of random and
block copolymers involving phosphonium styrenic salts containing either methyl, ethyl, propyl,
butyl, or octyl chaing®®2 Other synthetic studies discloseomt transfer (ATRP¥ and
reversible additiofiragmentation transfer (RAF3° polymerization methods for achieving well
defined phosphonium PILs.

Concurrent advances in fabricating devices from novel monomers and polymers are also

needed to meet these technologies. Additive manufacturing, often referred to as 3D printing, where
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objects are constructed in a |laymrlayer fashion, enables the design and creation of
geometrically complex objects with tailored topology, and thus, functionality. Stereolithography

(SL), a weltestablished additive manufacturing technology, is used to crgj@owith features

< 100 em by selectively scanning an wultravi
photopolymer resin. In mask projection migat er eol i t hography ( MPegeSL),
SL process, an entire cressctional layer of photopgher is cured upon projecting digitally

patterned UV light with a dynamic mask (e.g., a digital micromirror device, commonly found in

digital projectorsy’ Unlike traditional SL processes, the laser beam radius or scan speed do not

[ i mi t MPe SL, and thus enables the fabricatior
reducing buildtimes by an ordeof-magnitudé®** MPe SL6s ability to sel e
light in a layerby-layer fabrication process provides the opportunity for tailoring polymer
architecture and material properties across multiple lengthssra@D space. The goal of this

work is therefore to develop photocrosslinkable ionic liquids for this process to enable the
production of complex micrescale electromechanical objects. Herein, we report
photopolymerization strategies coupled with additimanufacturing to achieve 3D printed
phosphonium PILs in order to demonstrate the first example of 3D printing of -@onolucting

polymer. Conventional strategies for printing-soonducting materials are limited to conductive
composites, which requiradditional production cost and energy, and often results in printed
objects with potenti al composite | eaching. We
technology andanic liquids to form crosslinkedetworks with chemically bound charged species

for enhanced charge stability and extendedcomductivity.
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2.3 Experimental Section

2.3.1 Materials

Bis(trifluoromethane)sulfonimide lithium salt (99%);v4i ny | benzyl chl ori
trioctyl phosphine (99%), 1;8utanediol diacrylate (90%), 2;ddmethoxy1, 2diphenylethari-
one (090%), and pol y( et h530gémolewerg puscltaset ffom Signme t h a «
Aldrich and used as received unless otherwise not¥thylbenzyl trioctyl phosphonium chloride
(TOPCI} was synthesized according to the previous literature.
2.3.2 Instrumentation

The MPegSL machine consists of a UV 1ight
dynamic mask connected to a computer, imaging optics, and a prepolymer container with a stage
mounted on a linear actuatoA LightningCure LGL1V3 UV LED system by Hamamatsu was
chosen as a source of ultraviolet light. The conditioning optics (Edmund Optics) ensure that the
entire dynamic mask is illuminated by UV light while the imaging optics focus therpad light
onto the prepolymer surface and reduce the image dimensions by a factor of two. The dynamic
mask, a FlexLight X1 DLP Development System (Keynote Photonics) consists of a DLP 0.95
1080p DMD from Texas Instruments and a developer board. The BMN920 x 1080 array of
aluminum micromirrors that measures®ifAch along the diagonal. Each square micromirror has
a side |l ength of 10.8 em. The i maging optics
effective projection area of each micromirror
x5.4e m. Due to the optics of the system, t he
8mm. The Z direction is currently limited to 36mm. A linear actuator (Zaber NA11B60) was used

to control the movement of a custom stage made by Fused Deposition M¢EEIMY
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Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA 2950 at
a 10°C/min heating ramp. Differential scanning calorimetry (DSC) was performed using a TA
Instruments Q1000. Scans were obtained undewvithh heating at 10C/min and cooling at 100
°C/min; T6s were recorded on Vaporesorgiechemdgravinetd i n g
analysis (TGASA) was conducted with a TA Instruments Q5000 in the isotherm mode for 120
minutes at 30°C followed by a 5% relative humidity ramp f&® cycles.Photorheology was
performed using a TA Instruments DHRrheometer with a 20 mm parallel plate geometry and
Smart Swap”" UV geometry. The samples were subjected to oscillatory strain experiments at
increasing UV light intensity (UHP, 500 um gd® Hz, 0.05% oscillatory strain). The resulting
storage and loss moduli for each polymer were plotted using the TA Instruments TRIOS software
package. ASkyScan 1172 »Ray MicroCT performed a 180° scan on 3D printed PIL cones using
a 0.4° step incrementhe 3D cones were reconstructed as a stl file and were digitally modeled
using NetFabb software for 3D modeliy NEO Scope JCM 5000 scanning electron microscope
(SEM) imaged complex 3D objects for analyzing architectural features and build repratyucibil
3D objects were mounted on a SEM disc, and required no additional spéterg to reduce
electron charging effects.

Impedance spectroscopy was obtained using a Metrohm Autolab 302N wybisat 4+
plane cell (BekkTech, Inc., Loveland, CO, USAjlaan ESPEC BT4433 environmental chamber,
which controlled the temperature from 60 °C to 150 °C at 10% relative humidity. 3D printed, 33
mm x 6 mm X 2 mm, ionic liquid containing blocks were soaked in THF for 12 h, dried°&t 90
under reduced pressur@.§ mmHg) for 4 h and then subsequently annealed at 60 °C in the
environmental chamber for 24 h before measurements. The alternating voltage set point was 0.2

V and the frequency was varied from 0.1 Hz to 1 MHz. Each measurement was the average of 5
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measuements and measurements were performed in 10 °C/step from 60 °C to 150 °C. The sample
was equilibrated at each temperature for at least 2 h before measurement. The resistance was
calculated from thex-intercept of the Nyquist plot in the Autolab Nova saiter suite and
subsequently convert ¢&dARWwherelciotimedengthtbetweentthe innes i n g
electrodesA is the area between the electrodes, Rmithe measured resistance.

The Vogel Fulchei Tamman (VFT) equation is a thrparameter guation with the
variabl es i nf ioh the¢ bogettemperatucei) whiere ign n{otiori stops, and a
constantelated to the activation temperature or Arrhenius activation en&jylthe 3parameter

VFT equation is as follows:

| A
CI-|| [ R

n n

The Origin Lab 7 software suite was utilized to fit phosphonium PIL conductivity data using the
threeparameter VFT equation.
2.3.3 Anion exchange reaction of phosphonium IL

A typical synthesis of 4inylbenzyl trioctyl phosphieium
bis(trifluoromethane)sulfonimide (TOP:N) was performed as follows: A solution of 150 g of
LiTf2N in 500 mL of anhydrous dichloromethane and a solution of 50 g of OPCI in 100 mL of
anhydrous dichloromethane was mixed in a 1 L beaker. After stirruegnght at room
temperature, the resulting cloudy solution was filtered, and the filtrate was vacuum stripped and
redissolved in 100 mL of dichloromethane and washed withJ0l (@ x 100 mL). The obtained
IL was evaluated with silver nitrate, and a silehloride precipitate was not observed, indicating
the absence of chloride anions. The product was dried®&t @der reduced pressure (0.5 mmHg)

for 2 days until constant weight. (Yield of TOBNf 92%).
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2.3.4 MPegSL wor king cuphenemsPlifnetworkshot ocuring
A MPegSL working curve for each-LaBnPertlawmohp | e
absorption, which is defined asg € Dpln(E/Ec). The working curve relates the exposure of light
provided at the photocurable ionic liquid sample atefE) and the depth to which the sample is
crosslinked into a polymer network (cure dep@). The minimum exposure required to begin
polymer crosslinking is the critical exposui&)( It is essential to determine the working curve
for each fabricate@8D network to ensure complete exposure with UV energy for polymer curing.
To determine the working curve, the photocurable sample undergoes a series of varied UV
exposures and the resulting thin films are measured for thickness. The thickness at eaale expo
is plotted on a semilog plot; the working curve typically shows a linear relationship between the
cure depth and the natural | og of exposure.

x-intercept and depth of penetration is determimgdnalyzing the slope of the curve.

2000 [

m Poly(PEGDMA)
1800 | w Poly(PEGDMA-co-TOPTEN, )
1600 L ® Poly(PEGDMA-co-TOPTEN,)

‘= 1400
~ 1200

1x10 1x1G 1x1@
Exposure (mJ/cm?)

Figure SI 2.1. Working curves for poly(PEGDMA), poly(PEGDMA&co-TOPTEN10), and

poly(PEGDMAys-co-TOPTRN25) with 2 wt.% photoinitiator.
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2.3.5 MPeSL fabrication process for 3D printi

All of the 3D printed phosphonium ionic liquid networks were fabricated following a
similar procedure and the construction of a 33 mm x 6 mm x 2 mm, poly(PEG&EddA
TOPTRN10) 3D test specimen with 10 mol% TORN ionic liquid follows as an example. Micro
stereolithography fabrication begins first by slicing a 3D computer aided design (CAD) model into
individual images for projecting onto the photocurable sample. An additive mamufgc
softwar e, Net Fabb, created slices (saved as
used). A LabView program was used to control the projection of these images by the DMD and
the movement of the stage. A 30 mL beaker was filled with piblyi@ne glycol) dimethacrylate
(24.75 g, 50.0 mmol}-vinylbenzyl trioctyl phosphoniurbis(trifluoromethane)sulfonimidsalt
(3.85 g, 50.0 mmol), and, 2dimethoxyl, 2diphenyletharl-one (572.0 mg), and a stage was
lowered into the beaker until sligihtsubmerged. The LabView program then turned individual
mirrors fiond or Aoffod to represent the first
the conditioning optics and mirror to the DMD. This resulted in the image being projected from
the DMD onto the thin layer of prepolymer directly above the stage. Each layer was cured with
25.57 mJ/crhexposure energy, as determined from the working curve of the test specimen. After
this set ti me, the DMD mirrors \eetedeintotther ned
photocurable ionic liquid sample and the stage was lowered into the container. The stage was
completely submerged and then returned to one layer thickness below the surface. The LabView
software | oaded the nextwad repeaed il the rlBegtewasa n d
completely fabricated. After each object was fabricated, the object was isolated and washed with
a few drops of isopropyl alcohol (IPA) to remove any uncured photocurable ionic liquid sample.

The networks were then driedt 90 °C under reduced pressure (0.5 mmHwernight.
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Thermogravimetric analysis (TGA) probed the thermal properties for the various poly(PEGDMA

co-TOPTRN) rectangular test specimens and confirmed corresponding target wt.% incorporation

of TOPTEN.
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Figure Sl 2.2. TGA characterization for poly(PEGDM&0-TOPTHN) 3D printed rectangular test

specimens containing 0 mol%, 5 mol%, 10 mol%, 25 mol%, and 40 mol% mol% MQPTf

2.4 Results and Discussion

Scheme 2.1(a) depicts the synthetic strategy for achigkinghosphonium ionic liquid

monomer, 4vinylbenzyl trioctyl phosphonium bis(trifluoromethanesulfonate)imide (TQR)Tf

Subsequent quantitative anion exchange of the phosphonium chloride salt precursor (TOPCI) with

Tf2N resulted in the TOPIN liquid mononer at room temperature, which exhibited a melting

temperature (#) below-90 °C and an onset of degradation temperatueg ¢T 420°C. The

notably low T for TOPTEN classifies the monomer as a polymerizable room temperature ionic
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liquid, while the highTq value suggests the potential for poly(TOENJf in high-temperature
electreactive devices. The anion exchanged monomer did not dissolve in nonpolar solvents such
as hexanes in contrast to the precursor TOPCI. This counteranion dependent solubilgiedugge
that the association between the phosphonium cation and the bulyafion was relatively

weak.
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Scheme 21. (A) Anion exchange of phosphoniumvihylbenzyl trioctyl phosphonium chloride.

(B) Synthesis of poly(PEGDM#&O-TOPT2N) and poly(BDAco-TOPTEN) crosslinked 3D

networks.
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TOPNf phosphonium i oni-curliimggeN DO Biofno mleir g u iUd/ mo n
traditionalppbyyYyPBOGBMARNdrosslinked networks
thermally stable charged sites for i1 mproving
Tuning these properties with phosphondaatnht d oni
active membranes for advi@dgesd soifddacthitavenesr i
desal £Hfati on.

Schend (b) depicts t he phot ocpa@ OPMNGr i amd i on
pol y( PEGDO®RN) crosslinked networ ks, i ncluding
di metihedxiyyphhengdmee hanmd exPDsmumeUY ol iagBt sour ce.
investigations evaluated the effects o&fp9fUV | i
the crosslinked networks,stwhugpadhmecensabhgdral aic
bet ween poly(PEAGDMAD QI y(echPdy@EMA , and gqoooé y( BDA
TOPSNf) net worXls) .( Aingcureeasi ng W/ Bimgih® &G&mbaaedsit
2w/ émeveal ed faster cure times forotmaahsis@aimph
correspoontdhengapgpr oxi mate gel poi nt transiti ol
photopol ymeri zati on. Overl aying the phoDtorhe:
mW/ éenl uci dated the photopr oces-sainmg BdiAftfad rnei nncge
netkwo,r revealing sl ower crosslinking of PEGDM/
The extended photocuring time correlated to
crosslinking agent, whi c hgand oi mpdavratesk arpe tbw & ry K
during photocuring at room temperature.

Photopolymerization strategies for kring poly(PEGDMAco-TOPTHN) crosslinked

net works coupl ed with MFoyg-I8ykrfabrieatidn ofpdlyPEGDMA Cc hi e v ¢
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coTOPTEN) crosslinked 3D objects. Literature r ej

system apparatif$.The process involves a light emitting diode (LED) that projects light into a
series of conditioning optics, which includes collimating lenses, wavelength filters, and
homogenizing rods. A mirror reftts the conditioned light onto a dynamic pattern generator
(dynamic mask) parallel to the projection surface, which then digitally patterns and projects the
incident light as an image. Finally, an optical lens resizes the patterned light in order tinéocus
final image on the surface of photocurable viscous monomers or oligomers. The projected pattern
initiates the crosslinking of monomer or oligomers, causing a change in phases from a liquid to a
solid state during photopolymerization. During a lalggdlayer process, the first layer of
photocurable monomer or oligomer is cured on a build platform under an UV intensity of 4.9
mW/cn? (Figure E21). The build platform repositions such that additional viscous monomer or
oligomer recoats the previously cungalymer to provide material for creating a subsequent layer.

An image of the next crossectional layer projects onto the subsequent layer and the photocuring

process repeats until achieving a final 3D object.
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Figure 2.1. Photorheology characterizan of (A) poly(BDA) and B) poly(PEGDMA) at various

light intensity exposure.Q) Photorheology characterization comparing struepsoeessing

35



relationships between poly(BDA), poly(PEGDMA), poly(Be¥xo-TOPTEN1g), and
poly(PEGDMAy-co-TOPTEN10) at5 mW/cnt light intensity exposure.

A diverse range of computaided design (CAD) files enable the additive manufacturing
of diverse 3D printed poly(PEGDM&o-TOPT®:N) objects, ranging from 33 mm tall rectangular
test specimens to 8 mm tall 3D cones, higptids, and figurines (Figure2. X-Ray microCT
scanning reconstructed a CAD image of the poly(PEGlgM&TOPTHEN1) 3D cones,
demonstrating systematic efficiency in reproducing CAD designs (F&ByeScanning electron
microscopy (SEM) images of thpwly(PEGDMAgr-co-TOPTRLN10) 3D hyperboloid depicts well
defined architecture and build reproducibility in the complex object (Figdne The surface
roughness depicted in bothRay microCT and SEM images is consistent for all printed objects

and is attibuted to the micretereolithography build process.

= e
X z :
O

P
O T¢,NC

Figure 2.2. Mask projection micrestereolithography successfully 3D prints poly(PEG D&
TOPTHEN) 33 mm tall rectangular test specimens, 8 mm tall cones, 8 mm tall hyperboloid, and 8

mm tall figurine
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CAD Design X-Ray microCT

Figure 2.3. X-Ray microCT image of 3D printed poly(PEGDMA®@0-TOPT{2N10) cones in
comparison to original CAD design.

y

Vac-High PC-Std. 5kV x22 E Vm 000170 N Vac-High PC-Std. 5kV x54 w— 500 1M 000168

Figure 24. Detailed images of 3D printed poly(PEGDMA®86-TOPT{2N10) hyperboloid with

optical microscopy and scattering electroitroscopy.

Varying the mol% incorporation of TOP:N achieved a series of 3D, 33 mm x 6 mm x 2

mm  test specimens including: poly(PEGDMA), poly(PEGD&0-TOPTHENS),
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poly(PEGDMAgr-co-TOPTHN10), poly(PEGDMAs-co-TOPTHN2s), and poly(PEGDMAo-co-
TOPTRNa40). Soxhlet extraction with THF at reflux for 24 h determinedwyel fraction for all

test specimengevealing gel fractions of 997 wt.% and confirming high UNuring efficiency
(Table 2.1). Thermogravimetric analysis (TGA) probed the thermal prigsefor the various
poly(PEGDMA-co-TOPTEN) samples and confirmed corresponding target wt.% incorporation of
TOPTHEN (Table2.1 and Figure E2). The TGA transitions for the poly(PEGDM#0-TOPTRLN)
samples exhibited a twstep thermal degradation profileitiv the initial step (& 5% wt. los3
occurring at approximately 32C, corresponding to PEGDMA degradation, and the second step
occurring at approximately 420C, correlating with the 4 of TOPTEN. Increasing mol%
incorporation of TOPTEN resulted inwo-step weight loss profiles that varied in wt.% remaining.
For poly(PEGDMAco-TOPTEN) test specimens with 5 mol%, 10 mol%, 25 mol%, and 40 mol%
TOPTEN, second step TGA transitions revealed an increaset.#b remaining values that
corresponded to 7 wt.%3 wt.%, 30 wt.%, and 46 wt.% TORMN. The observed increase in wt.%
TOPTRLN compared well to the mol% values and confirmed the incorporation of the TPTf
Differential scanning calorimetry (DSC) elucidated the effects of increasing BRR®hHtent on

Tg values for the 3D fabricated poly(PEGDM®-TOPTEN) test specimens (Tab2l). As
anticipated for crosslinked networks, increasing mol% content of TDIPTdsulted in an
observable slight depression ig. The control poly(PEGDMA) sample revealed gof -10 °C,
which gradually decreased 108 °C for 40 mol% TOPTAN. The observed trend in decreasing T
correlated to the increasing content of polymerized phosphonium ionic liquid within the

photocrosslinked PEGDMA matrix.
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Figure 2.5. DSC characterizeion for poly(PEGDMAco-TOPTEN) 3D printed rectangular test

specimens containing 0 mol%, 5 mol%, 10 mol%, 25 mol%, and 40 mol% mol% MQPTf

Table 2.1.Thermal properties, %el fraction, and VFT fitting and analysis of PIL conductivity

data for poly(PEGMA -co-TOPT{2N) 3D printed rectangular test specimens.

Sample

Crosslinked PEGDMA
Poly(PEGDMAs-co-TOPTHNs)
Poly(PEGDMA-co-TOPTfN10)
Poly(PEGDMAs-co-TOPT:N2s5)
Poly(PEGDMAs¢-co-TOPTH:Nag)

% gel
fraction
94

Tg 1
(°C)
320

320
320
330
330

Tg,1
wt.%
100

91
83
68
60

Ty, 2
(°C)
NA

420
420
420
420

* 06 gel fraction: wt.% remaining after reflux in THF for 24 h
* Tg, 1. First step thermal degradation
* Tg,2: Second step thermal degradation

Tg, 2
wt.%
NA

9

15
35
40

Tg
(°C)
-10
-10
-14
-16
-18

(o]
Uinf

[S cn?

-5.75
NA

-2.34
-2.15
-1.04

B
[K]
411

NA

1376
1085
2034

39

To
[K]
292

NA

193
217
127



Consistent with previauliterature reports, a lowegincreased ionic conductivity for the
3D fabricated poly(PEGDMAO-TOPTRN) test specimens (Figui25). lonic conductivity in
singleion conductors strongly depends on frequency and tempefatitee value of DC
conductivity is defined as the-phase component of the conductivity, which is independent of
frequency over a 3ecade frequency range. Poly(PEGDM#&0-TOPTRN4g), which has the
highest mol% of the phosphonium teonducting units, exhibited the highest ionic conductivity
and the lowest d lonic conductivitydecreased with increasing mol% of PEGDMAl aorrelated
closely with the phosphoniurcontaining charge concentratiowhere the poly(PEGDMA)
revealed the lowest ionic conductivitfhese results agreed with our previous studies that
compared conductivity of phosphonium and ammonium PILs, reveaingomparable
conductivity range at the operating temperature for the crosslinked networks with increasing
phosphonium PIL contendll specimens for conductivity measurements were performed at 10%
relative humidity, and the control poly(PEGDMA) agree vétirlier reports® While the effects
of a lowered § optimized ionic conductivity, TGAorpton analysis also confirmed negligible
effects of water adsorption qoly(PEGDMA-co-TOPTEN) test specimens. While increasing
mol% of TOPT$N revealed increasing water uptake with time, the hydrophobiN Tf

counteranion in a PEGDMA matrix limited water ake to less than 0.5 wt.%.
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Figure 26. lonic conductivity for poly(PEGDMAco-TOPTf2N) 3D printed rectangular films
with 10 mol%, 25 mol%, and 40 mol% TOBRN{ The relative humidity was maintained at 10%

over the 60 to 150 °C.

2. GONCLUSI ONS
Future sudies will focus on expanding phosphonium PILs into more complex and well

defined conductive objects for emerging ele@otive membrane technologies. Varying
phosphonium charge concentration, crosslinking monomers, and digital images will enable the
corstruction of diverse 3D printed phosphonium PILs with tunable nanoscale structures, 3D
designs, and conductive properties. MPe SL ad:
objects and, in combination with novel polymer compositions, provides anngxajiproach for

designing and optimizing adtie manufacturing technologies.
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3.1 Abstract

End group functionalization providedacile synthetic approach for converting commercially
available PPG and Plurofiiciiols into photecurable polyether diacrylates for generating photo
crosslinked, 3D printed netwis. This synthetic process afforded a series of Plufodicls
including: Pluronic E31%, Pluroni® L-61, and Pluroni® 10RS, for evaluatingompositional
effects on phot@uring behaviorPhotepolymerization methods coupled withask projection
micro-stereolithography (MPUSL) enabled 3D PPG and Plufbaiosslinked networks in a layer
by-layer fashion, with features smaller than 10 um, and constructedigfeied, 33 mm tall 3D
test bar specimen and 8 mm tall porous scaffolds. Dynamic mechanicaisaaly tensile studies
elucidated the effects of printed layer directions on the mechanical performance of 3D printed test
bars. Optical microscopy, scanning electron microscopy (SEM), aRa&yXMicroCT enabled
complimentary methods for imaging prelimigacaffolds, revealing high precision in the printing

process and capturing structural details and reproducibility within the 3D object. The goal of these
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investigations is to evaluate novel phatorable oligomers for 3D printing technologies and for
potential applications in 3D printing tisstengineered scaffolds with wedlefined geometric

precision and mechanical properties.

3.2 Introduction

Advancing synthetic strategies and precise manufacturing of novel biopolymers provides
opportunities for pioneerg tissueengineered scaffolds. The role of the scaffold is to restore
morphological and biological function to a damaged tissue and, therefore prouste both
mechanical support and a biocompatible environment for cellular recognition and adhesen, wh
providing sufficient porosity for diffusing essential nutrients to the damagett*sitenventional
fabrication techniques such as particulate leeéfjngas foaming®, and electrospinnirig®
disadvantageously fail to control precise placement of a material within a s¢atfdid addition,
the resulting scaffolds tend to have inadsgpore interconnectivity, random pore sizes, and low
mechanical strengti.Polymer chemistry and additive manufacturing (also known as 3D Printing)
are synergistically revolutionizing the design and fabiocatof tissueengineered scaffolds,
enabling the layeby-layer manufacturing of tailored synthetic biopolymers into 3D printed
scaffolds with high architectural precision and reproducibility. Customized 3D printed scaffolds
provide tunable properties suahb pore size, interconnectivity, and mechanical strength to govern

cell adhesion and growth.

The biocompatibility and biodegradability of oligoethers and oligoesters isdaelimented
and utilized for many biomedical applicatialagging from engineedeextracellular matricé$?®,
targeted drug delivet§!’, and highly selective molecular senst¥S.Polycaprolactori@?! (PCL)
and Pluronic¥?223 a series of ABA triblock copolymers containing pahydene glycol (PEG)
and polypropylene glycol (PPG), are FDA approved and promoted in the biomedical industry for
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various devices and implarft§These paradigmatic biopolymers are commercially available and
easy to process, qualifying them as attractive compositions for 3D printing. Literature precedence
exists for printing PCL into porous scaffolds for bone tisgpair and regeneration. Additional
studies report the UV irradiation of acrylate modified Plurdhitisat produced covalently

crosslinked hydrogels comparable in strength to human tfésue.

This chapter introduces the synthesispbbtocurable, diacrylate functionalized PPG and
Pluronic§ L-31, L-61, and 10R5 for potential applications in 3D printing tissagineering
scaffolds (Scheme 1 and Table Ihd®rheology probed phottrosslinking behavior of the PPG
and Ruronic® diacrylate compositions, elucidating the influence of intensity and dateryl
composition on cure timé&lask projection micrstereolithography (MPUSL), a wedistablished
additive manufacturing technology, phatmsslinked the diacrylate oligomers in a labgfayer
fashion, with features smaller than 10 um, and construcedddefined, 33 mm tall 3D test bar
specimen and 8 mm tall porous scaffolds. Dynamic mechanical analysis and tensile studies
elucidated the effects of printed layer directions on the mechanical performance of 3D printed test
bars. Optical microscopy, scang electron microscopy (SEM), and-Ray MicroCT enabled
complimentary methods for imaging preliminary scaffolds, revealing high precision in the printing
process and capturing structural details and reproducibility within the 3D object. As biomedical
appications for 3D printing tissuengineered scaffolds emerge, expanding the selection of
biocompatible, photeurable polymers and establishing structurpropertyprocessing

relationships suitable for 3D printing will facilitate these technologies.
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3.3 Experimental Section

3.3.1 Materials
Bis(trifluoromethanksulfonimide lithium salt (99%), 2,-8imethoxyl, 2-diphenyletharl-one
(090%), acryoyl -3k Rldromic i6H and PllRdnia T0RSwere pukchased from
Sigma Aldrich and used without any further purification.
3.3.2 Instrumentation
T h e Mpac8ihe consists of a UV light source (Hamamatsu LightningCurbING3
UV LED), conditioning optics (Edmund Optics), a mirror, a dynamic mask connected to a
computer, imaging optics, and a 50 mL beaker with a stage mounted on a linear actuator (Zaber
NA11B60)2° The dynamic mask, a FlexLight X1 DLP Development System (Keynote Photonics)
consists of a DLP 0.95 1080p DMD from Texas Instemts and a developer board. The DMD is
a 1920 x 1080 array of aluminum micromirrors that measuresific@salong the diagonal. Each
sqguare micromirror has a side |l ength of 10. 8
by a factor of 2 so the fefctive projection area of each micromirror on the surface of the
photopol ymer surface is 5.4 em x 5.4 &gm.
Photorheology was performed using a TA Instruments E2HReometer with a 20 mm
parallel plate geometry and Smart SWApJV geometry. Pluroni® sanples were subjected to
oscillatory strain experiments at increasing UV light intensity (UHP, 500 um gap, 10 Hz, 0.05%
oscillatory strain). The resulting storage and loss moduli for each composition were plotted using
the TA Instruments TRIOS software pagkaASkyScan 1172 Ray MicroCT performed a 180°
scan on 3D printe®luronic® L-61 tissueengineered scaffold using a 0.4° step increment. An stl

file provided a reconstructed image of tRkironi® scaffold, digitally modeled using NetFabb
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software for ® modeling. A NEO Scope JCM 5000 scanning electron microscope (SEM) imaged
complex 3D objects for analyzing architectural features and build reproducibility. 3D objects were
mounted on a SEM disc, and required no additional spcttEing to reduce elacin charging

effects. Dynamic mechanical analysis (DMA) was conducted on a TA Instruments Q800 Dynamic
Mechanical Analyzer in tension mode at a fregq
and a static force of 0.01 N. The temperature ramp Wam3n. The glassransition temperature

(Tg9 was determined at the peak maxi mum of the

Instron at 50 mm/min strain rate.
3.3.3 Synthesis of PPG and Pluronic Diacrylates

In a representative reaction, a 1®Q roundbottomed flask in an ice bath equipped with
an addition funnel and a nitrogen inlet was charged with PluroBit (55 mmol, 60 g), KCO3
(17 mmol, 23 g), and DCM (250 mL). Acryloyl chloride (17 mmol, 15 g) was added dropwise
and the reaction was aWed to stir overnight at 0°C. Upon completion, the resulting cloudy
solution was filtered through celite twice to remove salptyduct and the filtrate was vacuum
stripped. The obtained Pluronicdl diacrylate was dried at 3C under reduced pressui@5

mmHg) for 24 h until constant weight. (Yield: 92%).
3.3.4 MPeSL Fabrication Process for 3D Printi

All of the 3D printed Pluroni&networks follow a similar procedure and the construction
of a 4 mm x 4 mm x 8 mm 3D Pluroffit.-61 scaffold represents an example. NetFabb created
slices (saved as bitmap images) of a 3D computer aided design (CAD) model into individual
i mages at desired thickness (100 &®b)6lfAT pr o]

LabView program projecteeach image with control using the DMD and the movement of the
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stage. Pluronft L-61 (30 g, 27.5 mmol) with 2,-@imethoxy1, 2diphenyletharl-one (572.0

mg) were mixed in a 30 mL beaker and a stage was lowered and slightly submerged into the beaker.
TheLabView program directed individual mirrors
UV light passed from the LED lamp through the conditioning optics and mirror to the DMD, which
projected the image onto the thin layer of PlurBmicectly above th stage. Each layer required

25.57 mJ/crhof exposure energy, as determined from the working curve of the test specimen.
After complete exposure, the DMD mirrors turn
the photecurable Pluroni® L-61 sampd. The stage moved until it was completely submerged and

then returned to one layer thickness below the surface. The LabView software loaded the next

| ayer6s i mage and the process repeated wuntil
fabrication, thescaffold was isolated and rinsed with isopropyl alcohol (IPA) to remove any

uncured Pluroni2 L-61.

3.4 Results and Discussion

Scheme 3.1 reveals end group functionalization as a facile synthetic approach for
converting commercially available PPG and PBhic® diols into photecurable polyether
diacrylates for generating phetwosslinked, 3D printed networks. The synthetic strategy follows
earlier literature protocols detailing PPG diol functionalization with acryloyl chloride, and extends
the modificatim approach with a series of Plurdhitiols including: Pluronic £31®, Pluroni® L-

61, and Pluronf® 10RS. Table 3.1 provides compositional details for the selected series, reveling
variation in molecular weight and block sequence. These unique featabds Bew opportunities
for diversifying the architectural complexity of phetarable oligomers with block designs and

subsequently elucidating compositional effects on plating behavior.*H NMR revealed a
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shift in -CHx>- protons upon modifying the dioto a diacrylate, revealing quantitative

functionalization as theCH>- protons for the diol derivative disappeared.

Scheme 3L. General reaction scheme for synthesizing and photopolymerizing PPG and Pluronic

diacrylates.
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Figure 3.1. (A) Photorheology of pluronic431 diacrylate at various light intensity exposure. (C)

Photorheology comparison between Pluroni8ll, L-61, and 10RS at 5 mW/crtight intensity

exposure.
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W i

of PPG and Pluronic crosslinked 3D objects.

operating system apmdus?® A diverse range of computeided design (CAD) files enabled the
additive manufacturing of diverse 3D printed objects, ranging from 33 mm tall recanest
specimens to an 8 mm tall tisseegineered scaffold (Fig. 3.2). Optical microscopy reveals a
representative image of a Pluroniell 3D scaffold, capturing the fine detailed layering within
the printed architecture in comparison to the originaDOfage (Fig. 3.3). Scanning electron
microscopy (SEM) images of the representative Pluropéd 13D scaffold reveals the layered
features down to a 500 um scale, and further displays thedefatled architecture and build
reproducibility in the complexigect (Fig. 3.4). XRay microCT scanning reconstructed a CAD
image of the Pluronic461 3D scaffold, demonstrating systematic efficiency in reproducing CAD
designs (Fig. 3.5). The surface roughness depicted in b&hyXmicroCT and SEM images is
consistat for all printed objects and is attributed to the mistereolithography build process.
Soxhlet extraction with THF at reflux for 24 h determined®twel fraction for all test specimens

revealing gel fractions of 928 wt.% and confirming high Uuring efficiency.
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Figure 32. Mask projection micrestereolithography successfully 3D prints diacrylate
functionalized PPG, Pluronic-81, L-61, and 10RS 33 mm tall rectangular test specimens, and

Pluronic 61 8 mm tall scaffold.
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Figure 3.3.Detailed images of 3D printed Pluronic-&1 scaffold with optical microscopy.
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Figure 3.4. Detailed images of 3D printed Pluronic@l, scaffold with scattering electron

microscopy.

CAD Design WAAUECEI \icroCT Image

Figure 3.5.X-Ray microCT image of 3D printed Pluroniedl scaffold in compasbn to original

CAD design.
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Varying the wt. % incorporation of PPG in the Pluronic compositions, achieved a series of
3D, 33 mm x 6 mm x 2 mm test specimens for mechanical analysis in comparison to 3D printed
poly(PPG) control samples. Soxhlet extraetwith THF at reflux for 24 h determined wt % gel
fraction for all test speci mens, reveal-ing ge
curing efficiency. Fig. 3.6 reveals the 3 samples catergories for the printed bars: (A) 3D printed
with horizortal layers, (B) phot@rosslinked, and (C) 3D printed with vertical layers. DMA and
tensile studies evaluated the thermomechanical behavior for all PPG thermoset polymer bars,
revealing a constant GO0 val ues ¥Values, ahdcenstgl as sy
G6 values in the equilibrium region (Fig. 3.7

for all sample bars.

(A) (B) (C)

N wL, L,

Figure 3.6.Photepolymerization and 3D printing enables (A) 3D printed test bars with

X

horizontal layers, (Bphotocrosslinked bars, and (C) 3D test bar specimen with vertical layers.
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Figure 3.7. DMA characterization of 3D PPG printed test bars with horizontal layers,photo

crosslinked PPG bars, and 3D PPG test bar specimen with vertical layers. Tensiéh mode

°C/min, 1 Hz.

Tensile experiments revealed the effects of the printing process on the mechanical
performance, revealing the increasing strain % break values in the order of: bars printed with
horizontal layers < photorosslinked bars < bars printed kwitertical layers. The vertical layered
bar exhibited the highest mechanical performance, revealing mechanical reinforcement in the
layered orientation. Comparing 3D printed bars with vertical layers for the Pluronic series enabled
an evaluation compositial effects on mechanical performance, revealing increasing strain %
break values in the order of: 10R5 <-3L < L-61. This trend revealed increased mechanical

performance or compositions with increasing PPG content and with increasing M
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Figure 3.8.Tensile analysis of (A) 3D PPG printed test bars with horizontal layers, (B)-photo

crosslinked PPG bars, and (C) 3D PPG test bar specimen with vertical layers. 50 mm/min, average

of 5 samples.
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Figure 3.9.Tensile analysis of (A) 3D PlurorfidOR5 (B)3D Pluronic® L31 bars, and (C) 3D

Pluroni® L61 test bar specimen with vertical layers. 50 mm/min, average of 5 samples.
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3.5Conclusions

This chapter reveals for the first time 3D printed Plu®nietworks, in order to
demonstrate the syecbknolggy and printiwge e compleP moSompatible
polymeric material. We achieved an efficient method for producing tissgmeered scaffolds,
with well-defined architectures and build reproducibility. Mechanical testing with tensile
experiments reveal thrmechanical enhancement properties of PPG segments within the Fluronic
compositions. Future studies will focus on expanding this research toward more complex scaffold

designs with multcomponent materials for tunable cell adhesion.
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4.1 Abstract

Anionic polymerization of 4diphenyl plosphino styrene (DPPS) achieved homopolymers,
poly(DPPSb-S) and poly(ib-DPPS) diblock copolymers with predictable molecular weights and
narrow polydispersitiesn situFTIR spectroscopy monitoredglanionic polymerization of DPPS
and tracked monomer csumption. Sized exclusion chromatography revealed the living
polymerization poly(DPP$-S), revealing molecular weight shifts in the SEC traces upon
sequential monomer addition with styrene. Sequential monomer addition also enabled-la- poly(l
DPPS) diblok copolymer, revealing the versatility of the DPPS monomer and its compatibility
with nonpolar solvent conditions. Peakylation enabled controlled placementpdfosphonium
functionality in poly(I-b-DPPS) diblock copolymers, producingell-defined phosplonium
containing block copolymerwith low degrees of compositional heterogeneltycorporating

phosphonium charge disrupted the highly ordered lamellar bulk morphology of the neutral diblock
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precursor and gave rise to new morphologies involintgydigitatedpacking of alkylchains on

the phosphonium cation.

4.2 Introduction

Styrenic block copolymers receive continued attention for the production of thermally
stable compositions with tunable physical and mechanical properties, impacting technologies
ranging from high performance adhesitéand dirable coating’*to biomaterial3® and medical
devices°Immiscible block sequences promaté&rophase separatioradilitating selfassembly
into various nanostructured compositions with tailored sequence lengths and volume fractions,
molecular weight distribution, and chemical compositions. Tuning structural composition and
nanostructured morphologies engineers a aasty of styrenic block copolymers and enables
predictable viscoelastic properties for targeted applications. Incorporatiegmdaining extended
sequences imparts electrostatic interactions for enhancing microphase separation and
thermomechanical propees, and provides electromechanical properties suitable for additional
technologies involving electractivé:*?and ion exchange membrarés®

Sulfonated styrenic btk copolymers represent exemplary-montaining compositions,
possessing fortified viscoelastic behavior and enhanced microphase separation due to synergistic
properties of ionomet&'’” and block copolymer¥ lonic association within these block
compositions increases thidory-Hu ggi ns i nteraction parameter
allowing for lower block molecular weights and improved microphaseratpal® Previous
investigations involving sulfonated block copolyntéfd elucidated effects of sulfonation level,
molecular weight, and relative humidity on morphologies and elactiive properties, and earlier
work predominately focused on Krat®rsulfonated poly(styrenrb-hydrogenated butadief®e

styrene) [poly(S$-HB-b-SS)] and sulfonated poly(styrebehydrogenated isoprefiestyrene)
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[poly(SSb-HI-b-SS)] triblock copolymer$??*and Kratof? sulfonated poly(tesbutyl styreneb-
hydrogenated isopreresulfonated styrenb-hydrogenated isopredgtertbutyl styrene)
[poly(tBS-b-HI-b-SSb-HI-b-tBS)] pentablock copolymers &0 mol% sulfonated
polystyrenef*?’ Although these reports revealed sulfonated block copolymers as promising
membranes for technologies ranging from fuel cells and water purifiéhtmmctuator® and
narofabricatior®, concern for thermal and charge stability due to low temperature degradation
reactions poses an architectural degigw andnspires new directions in polymerizing alternative
charged monomerg:3!

Recent studies reveal phospheoasitaining macromolecules as promising analogues to
sulfonated polymers, revealing tunable oxidation states (phosphates, phosphines, phosphine
oxides, and phosphoniumsjigh alkylaton efficiency?>33 thermal and base stability high
ionic conductivity!'3* tailored structures and morphologis,and ionic aggregatiotf.
Phosphorugontaining monomers exhibiting vinylbenzyl acrylate, and methacrylate
polymerizable units achieves a wide range of phospkayotaining nacromolecules including
homopolymers! random copolymer® and block copolymer®° Although many of these
synthetic methods involve controlled free radical strategies, anionic polymerization remains a
commercially viable process for producing block copolymers with architectural precision and low
degrees of congsitional heterogeneity. Herein, we report the controlled anionic polymerization
of 4-diphenylphosphino styrene (DPPS) as an unprecedentedoanédin achieving novel
phosphoru£ ont ai ni ng styrenic bl ock chydrogdnytmthe s . DF
phosphorus atom that are susceptible for low temperature Hoffman elimination degradation
pathways and, consequently, is structurally advantegyéw achieving phosphoniugontaining

block copolymers with enhanced thermal and base stability in comparison to sulfonated styrenic
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block copolymers. Sequential monomer addition strategies enabled -ip@RPS) block
copolymers for elucidating pestkylation effects on structummorphology behavior. As ien
containing polymers emerge for elecactive membranes, designing novel phosphonium
containing block copolymers with predictable structn@rphologyproperty relationships will

facilitate commercietechnologies.

4.3 Experimental Section

4.3.1 Materials

4-diphenylphosphino styrene (99%), styrene (99%), isoprene (99%), and kdcM
butyllithium solution in cyclohexane were purchased from Sigma Aldrich and used as received
unless otherwise notedStyrene and isoprene, containing1® ppm oft-butyl catechol, were
distilled from calcium hydride and dibutyl magnesium.
4.3.2 Instrumentation

In situFTIR analysis employed a Mettler Toledo ReactIR 45M attenuated total reflectance
reaction apparatusqaipped with a light conduit and DiComp (diamond composite) insertion
probe. Sizeexclusion chromatography (SEC) was used to determine the molecular weights of
phosphinecontaining polymers at 48 in THF at 1 mL/min. THF SEC was performed on a
Waters SECequipped with two Waters Styragel HR5E (THF) columns, a Waters 717 plus
autosampler, a Wyatt MiniDAWN, and a Waters 2414 differentiahotifre index detector. An
OptilabTr EX refractometer ( & ndcva@uesBojflineda detenmmaioh t o
of absolute weightiverage molecular weight$d and*P NMR spectroscopy (Varian Inova, 400
MHz) determined polymer composition amtkgree of alkylationSAXS experiments were

performed using a Rigakuax 3000 3 pinhole SAXS system, equipped with a rotating anode
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emittingXr ay wi th a wavel engt h letb-de@ctat distancawas 1604u K U)
mm, and grange was calibtad using a silver behenate standard. -hivoensional SAXS patterns

were obtained using a fully integrated 2D multiwire, proportional countingfiltes detector,

with an exposure time oft®urs. All the SAXS data were analyzed using the SAXSG0ftwae

package to obtain raally integrated SAXS intensity versus scattering vector ¢, where q

@7 )sin(d), d is one halisfthewdvelendtheof Xayc SAKS peofilesn g a n ¢

were vertically shifted to facilitate a comparison of the peak positions.

4.3.3In situ FTIR monitoring of the anionic polymerization of 4-diphenylphosphino styrene

2.0 g 4diphenylphosphino styrene and 8 mL of dry THF were added to-ad¢aked, 25
mL, flamedried, rounebottomed flask with a magnetic stir bar. One neck was sealed with a rubber
septum, and the DiComp probe was inserted into the seconc&anédealed. The probe tip was
submerged below the monomer surface, and the ReactIR spectrometer was programmed to collect
a spectrum every 1 min for 5 h (Sl Figure 1). The flask was purged with nitrogen for 15 min and
placed in an isopropanol/dry ice bait-78 °C. Seebutyllithium (0.02 mL) initiated growth of a
10,000 g/mol polymer. After 1 h with FTIR analysis, the product was diluted with THF or

chloroform and precipitated into methanol.
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Figure Sl 4.11n situ FTIR monitoringof DPPSvinyl concentration disappearance at®cm'

over time in a 3D waterfall plot and 2D normalized plot.

4.3.4 Anionic polymerization of poly(4diphenylphosphino styreneb-styrene)

To a 100mL flame dried, nitrogen purged, and sealed round bottom flask with stir bar,
(3.00 g) DPPS and 50 mL of THF were added. The reaction flask was coel&@d@ofor 10 min
andsec-butyl lithium (0.07 mL, 0.1 mmol) was then added to the solution to initiate growth of a
30,000 g/mol polymer. The first reaction was allowed to prodeecd min and the second
monomer, 2.97 mL styrene (3.00 g) was sequentially added to the reaction mixture. The
polymerization was terminated after 5 min with degassed methanol (0.2 mL), and the resulting
poly(DPPSb-S) diblock c@olymersolutionwas preciftated into methanol and dried at 23

under reduced pressure (0.5 mmHg) foh2é obtain a white powde®@-95% isolatedyield).
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4.3.5 Anionic polymerization of ply(isopreneb-4-diphenylphosphino styreng

To a 1060mL flame dried, nitrogen purged,@sealed round bottom flask with stir bar, (15
mL, 10.2 g) isoprene and 50 mL of cyclohexane were added. The reaction flask was heated to 50
°C for 10 min andec-butyl lithium (0.24 mL, 0.2 mmol) was then added to the solution to initiate
growth of a 3000 g/mol polymer. The first reaction was allowed to proceed for 2 h and 4
diphenylphosphino styrene (5.1 g) was sequentially added to the reaction mixture. The
polymerization was terminated after 30 min with degassed methanol (1.0 mL), and the resulting
AB diblock cgolymer was precipitated into methanol and dried &®28nder reduced pressure
(0.5 mmHg) for24 h to obtain a white powde®95% isolatedyield).
4.3.6 Alkylation of poly(l-b-DPPS) diblockcopolymers

The following protocol degibes a typichalkylation on DPP&ontaning polymers. 2.00
g poly(-b-DPP3 and 2.00 molar ratio di-bromohexan&vas dissolved in 25 mietrahydrofuran
and the reactiomefluxed at 70 °C for 48 h. The resulting Iposphoniurrcontaining diblock
copolymer precipitated &ém the reaction solution. The final product was isolated ard re
precipitated into diethyl etheftd-NMR and®'P-NMR tracked the appearance of alkyl substituents
to confirm functionalization and production of a phosphonium catidhe final polymer was
allowed to dry at 30C under reduak pressure (0.5 mmHg) for 48 h ¢btain a white powder

(98% isolated yield).
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Figure Sl 4.2. 'H-NMR reveals PPh-CH,- protons anc!P-NMR reveals production of the
phosphonium cation, paestkylation.

4.3.7 Film Casting

All phosphoniumcontaining diblockcopolymes and their neutral analogue were dissolved in
tolueneand cast from a 30 wt% solution. Films were slowly dried at ambienitmorslfor 2 d
followed with 2 d of drying at room temperature under reduced pregSumemHg). Annealing
occurred for 2 d at 1€ under reduced pressure (5 mmHg) before characterization studies. Films
were stored in a nitroggpurged dry box to prevent undesirable oxidative reactions with the

polyisoprene and poly(DPPS) sequences.
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4.4 Results and Discussion

Scheme4.1 depicts anionic polymerization as a facile and controlled approach for
achieving poly(DPPS) homopolymers in THF ussegbutyllithium as the initiator. The reaction
proceeded at-78 °C to maintain stereochemical cooit of the propagating, deep red
poly(styryl)lithium chains under the polar, aprotic solvent condititmsitu FTIR spectroscopy
monitored DPPS propagation, using the C=C vinyl vibrational frequency peak at 918ndm
generating a normalized waterfgllot for peak absorbance vs. time (min). Tracking vinyl
concentration disappearance over time indicated that complete monomer consumption occurred
within 5 min (S1). Size exclusion chromatography (SEC) confirmed a 30,000 g/mol target M
value for the homaogymer, and revealed monomodality in the chromatogram and a narrow
polydispersity of 1.05 (Figuré.1).
Scheme 41. Anionic polymerization achieves poly(DPPS).

b SHOIENONE

sec-BuLi CH3;OH

THF O THF
P -78 °C -78°C
©/ \© ©;i®

Sequential monomer addition studies with styrene further verified the controlled
polymeriat i on of DPPS, revealing characteristics
4.2A). In these studiessecbutyllithium initiated the anionic polymerization of DPPS and

produced living propagating chains with target®130,000 g/mol. Sequential momer addition
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enabled the anionic copolymerization with styrene, resulting in a poly(lP®Sblock
copolymer with final M of 60,000 g/mol (PDI = 1.06). SEC chromatograms in Figure 1 show the
molecular weight shift during the sequential addition frory(@PPS) to poly(DPP®-S) with
narrow molecular weight distributions, which is indicative of living polymerization.

Living anionic polymerization with sequential monomer addition also produced a novel
poly(I-b-DPPS) diblock copolymer in order to demtate the versatility in block composition
and architecture (Scheme&B). Moreover, this experiment elucidated DPPS propagation behavior
in nonpolar solvent conditions suitable for targeting 3igodfiguration cissomer diene
microstructure. For this sy, seebutyllithium first initiated a living poly(isoprene) (M= 30,000
g/mol) due to the insoluble properties of poly(DPPS) in nonpolar solvents. After 2 h, isoprene
monomer was completely consumed and DPPS was sequentially added to the livingafusin in
to produce a second block sequencea £M.5,000 g/mol) compatible with the polymer solution.
The homogeneous, orange reaction mixture stirred for 30 min to complete DPPS propagation
before quenching with acidic methanol. SEC analysis confirmedttdévip= 45,000 g/moValue

for poly(I-b-DPPS) and revealed a narrow polydispersity of 1.04 (Figdje
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Schemet.2. Sequential monomer addition achieves copolymerization of diblégksaly(DPPS

b-S) in polar solvent conditions and)( poly(l-b-DPPS) n nonpolar solvent conditions.

A)
% y-1 S L|®
SA®
CH3;0H
THF
-78 °C
H
B)

2\/ sec-BuLi
/ —
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Figure 4.1. SEC characterization for poly(DPPS), poly(DPS) after sequential addition of

styrene, and poly{b-DPPS).

Scheme 43. Postalkylation produces phosphonium containing diblock copolymers, poly(l

CsDPPS)Br and poly(tb-C12DPPS)Br-.

R = hexyl or dodecyl
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Poly(l-b-DPPS) diblock copolymer provided a balance of hard (DPPS, Righl20°C)
and soft (I, low F = -50 °C) block sequences to fabricate a mechanically robustsfeeeling
film. Postalkylation with bromohexane anbromododecane achieved phosphonium based
derivatives (Scheme 3)poly(l-b-CsDPPS)Br- and poly(I-b-C12DPPS)Br and DMA was
employed toconfirm the presence of microphase separation and elucidated the corresponding
effects on thermomechanical propertieig(B2) . St or age modul L@ plgtsG6d) v s
revealed two distinctive transitions, corresponding to the glass transition tempergtdioe (e
soft, polyisoprene block a5 °C and the variousglvalues poly(DPPSpoly(l-b-CsDPPS)Br-
andpoly(l-b-C12DPPS]JBr . Increasing the alkyl length dramatically depressed the rubbery plateau
storage modulus, enabling tailored viscoelastic properties. The rubbery plateau extended for
approximately 110°C with a flow temperature above 10Q, allowing a wide, operational
temperature range for the novel diblock copolymers in diverse technologies. Previous literature on
traditional poly(Sh-1) diblocks detail comparable thermomechanical properties and operational
temperature window%-42 The miscibility of DPPS and isoprene components in the pbiy(l
DPPS) diblock copolymer advantageously affords viscoelastpepties in agreement with
conventional ABtype thermoplastic elastomers. However, posetification reactions with DPPS

provides opportunities for extending these properties beyond current industrial applications.
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Figure 4.2 DMA characterizationdr poly(l-b-DPPS), poly(db-CsDPPS)Br- and poly(tb-
C12DPPS)Br.

Small angle Xray scattering analysis (SAXS) probed and compé#nednicrophasseparated
bulk morphologies of the neutral and charged samglabl¢ 4.1 and-igure 4.6). All SAXS
measuremas were performed at room temperature, and all films were slowly cast from toluene
and annealed at 12C under reduced pressure (5 mmHg) to facilitate phase separation of the
blocks. The neutral poly»-DPPS) block copolymer sample exhibited an ordeseattering
profile with peak maxima af*, 2g*, 3g*, and 4y*, indicating a lamellar morphologyigure 43).
Braggds | aw was used to approximate | amell ar
g*, revealing a Bragg distance of 28 nm. The scattgminfile for bothpoly(I-b-CsDPPS)Br and
poly(I-b-C12DPPS)Br exhibit broader scattering maxima compared to the neutral copolymer,
presumably due to the incorporated ion associations that prohibit sufficient thermal annealing in

these samples. Scattegimaxima are observed at g*, 2g*, 3q*, 4q* faly(I-b-CsDPPS}Br- and
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g*, 2q* for poly(l-b-C12DPPS)Br-, suggesting a less ordered lamellar morphology for both
samples compared to the neutral copolyffkégure 4.4and 45). The lamellar spacing for both
poly(I-b-CeDPPS)Br andpoly(l-b-C1.DPPS)Br is calculated to be 38 nm. Increasing the alkyl
length also gave rise to a broad scattering peak at approximate®yl nm!, corresponding to

the interdigitated packing of dodecyl chains on the phosphooation. A similar phenomenon
was observed in earlier reports involving random copolymers containing trioctyl phosphonium
styrenic ionic liquids® Tuning film casting coditions and applying transmission electron
microscopy (TEM) will further elucidate the morphology of phosphoroaamtaining diblock
copolymers.

Table 4.1. Small angle xay scattering tabulated peak positions.

Peak Number poly(l-b-DPPS) poly(I-b-C12DPPS)Br-  poly(l-b-C1.DPPS)Br

qu 0.223 nnt 0.171 nnt 0.157 nnt
% 0.443 nnt 0.346 nnt 0.339 nnt
e 0.654 nmt 0.536 n _
Q 0.874 nmt 0.734 nnt _
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Figure 4.3.Small Angle XRay Scattering profiles reveal bulk morphologies for peltyDPPS).

Scattering maxima are observed at g*, 2g*, 3g*, 49*, indicating a lamellar morphology.
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Figure 4.4. Small Angle XRay Scattering profiles reveal bulk morphologies for pelby(l
CesDPPS)Br. Scattering maxima are observed at g*, 2g* 3q* 4qg* indicatinignaellar

morphology.
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broad scattering peak at approximptgl= 2.1 nmt corresponds to the interdigitated packing of

dodecyl chains on the phosphonium cation.
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Figure 4.6. Small Angle XRay Scattering profiles reveal oriented bulk morphologies for poly(l
b-DPPS), poly(db-CsDPPS)Br-, and poly(tb-C1.DPPS)Br diblock copolymers. Appearance of

broad peak in poly{b-C1.DPPS)Br scattering profile corresponds to interdigitated bilayers.
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4.5 Conclusions

Living anionic polymerization afforded novel phosphitentaining homopolymers and
diblock copolymers with tegetable molecular weights and narrow polydispersities. Sequential
monomer addition strategies enabled poly(DPFS and poly(db-DPPS) block copolymers for
suitable polar and nonpolar solvent conditions. A balance ehsodft volume fractions for poly(l
b-DPPS) block copolymers promoted safisembly into lamellar microphase separated
morphologies. Postlkylation efficiently converted the phosphine backbone to a phosphonium
cation, achievingpoly(l-b-CsDPPS)Br- and poly(l-b-C12DPPSJBr-, which disruptd the bulk
morphology of the traditional neutral composition. Increasing the alkyl chain length gave rise to a
new phase, corresponding to interdigitated packing of dodecyl chains on the phosphonium cation.
Future studies will extend these novel phosphordiblock compositions to ABAand ABG type
triblock architectures, in order to evaluate these phospheoamntaining styrenic block

copolymers as icontaining thermoplastic elastomers.
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5.1 Abstract

Living anionic polymerization of -liphenylphosphino styrene (DPPS) achieved
unprecedented poly{&1-b-DPPS) ABC triblock copolynts with predictable molecular weights
and narrow polydispersitiedn situ FTIR spectroscopy probed the anionic polymerization,
monitoring vinyl disappearance during sequential monomer addition for kinetic analysis. Varying
the concentration of reinforcingolystyrenic external blocks enabled diverse compositions with
tunable thermomechanical properties and tailored morphobBggamic mechanical analysis
(DMA) confirmed the presence of microphase separation itmitheck copolymersand revealed
a broadtemperature range (~10Q) for a plateau gon andonset offlow temperatures above
100 °C. Small-angle Xray scattering (SAXSand atomic force microscopy (AFMpllectively
revealed alid state morphologies of the triblock copwlgrs and probeghase sparation athe

nanoscaleWell-defined poly(Sb-1-b-DPPS) ABC triblock copolymers with tunable structure
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property relationships now permit phosphecasitaining thermoplastic elastomers for emerging
applications.
5.2Introduction

ABC triblock copolyners often exhibit unique nanostructured morphologies in comparison
to conventional AB and ABA analoguedsicgéing interest for bothmodeling phase behaviand
studying morphological transitio$. The FloryHuggi ns i nt er ac tgoverms the ar a me
phase behavior for bloakopolymers and enables saBsembly into weltlefined nanostructures
with tailored sequence lengths and volume fractions, molecular weight distribution, and chemical
compositions:1° Morphologicalstructurerange from basic lamellg€?! to core-shell gyroid$*®
and unique Ritting patterng®'® Blending with conventional copolymer analogdiésor
incorporating noncovalent interactidrtg®within the polymer composition provides additional
opportunities for engineering novel morphologicadtructures and boadening structure
morphologyproperty relationships.

Earlier literature extensively describes ABC triblock copolymers containing -glieffe
styrene,’®?° methacrylatg!>*® or pyridinebased monomerd;?? revealing synthetic methods
involving anionic?® atom transfer radicat® and radical addition transfer polymerizaticfis.
Among these various mechanisms, livingiaaic polymerization provides thenly route for
producing dieneontaining block copolymers with the desirahigh cis-1,4-configuration and
the associated low glass transition temperafthie benefits of living anionic polymerization also
include comnercial viability, rapid reaction times, ambient temperatures galadtitative yields
Functional group tolerance with orgaithium initiators remains a challengercouraging
alternative controlled free radical polymerization methods and inspiring nownedlectrophilic

monomerssuitablefor anionic polymerization.
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In our previous communication, living anionic polymerization efliphenylphosphino
styrene (DPPSyvas reported for the first tima@s an unprecedented method for achieving novel
phosphorusortaining diblock copolymer®. Incorporating phosphortusontaining sequences
into macromolecular architecturadvantageouslgrovidesdiverse oxidation states (phosphates,
phosphines, phosphine oxides, and phosphoniums), high alkylation and metal catalysis
efficiency?®?’ thermal and base stabilit§?® and tailored structures and morpholodies.
Literature precedence exists fangsphoruscontaining monomers exhibiting vinylbenzyf-3
acrylate,® and methacrylate polymieable units®® facilitating synthetic methods involving
conventional and controlled free radical polymerizati®nglowever,DPPS does not contain
benzylic carbon adjacemd the phgphorus atomthus eliminating théow temperature reverse
Menschutkin (nucleophilic) degradatiopathways. ©Gnsequently, DPPS is structurally
advantageous for achieving phosphonicomtaining block copolymers with enhanced thermal
and bae stability in conparison to benzyligphosphorg-containing monomers. Moreover,
compatibility with organolithium initiators and anionic polymerization conditions distinguishes
DPPS as an ideal mononfer novel phosphorusontainingblock copolymer architectures

In this manuscript, we extend living anionic polymerization methods further and
demonstrate the unprecedented synthesis poly(styreneb-isopreneb-diphenylphosphino
styrene) [poly(Sb-1-b-DPPS)]ABC triblock copolymers. These compositions represent a new
class & styrenic block copolymers, featuring advantages of a phosphoniaining sequence for
the production of high performance thermoplastic elastomers. Poli{S8DPPS) ABC triblocks
exhibit high thermal stability with tunable physical and mechanical eptieés for targeted
technologies ranging from high performance adhe¥Weésand durable coating$?’ to

biomateriald®° and medical device®:*! In situ Fourier transform infrared (FTIR) spectroscopy
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monitored the anionic polymerization, revealing vinyl disappearance during sequential monomer
addition and invoking pseudast-order kinetics to determine observed rate constands,féar
propagation. Sie excluson chromatography (SEC) confirmede welldefined synthesis of
poly(S-b-1-b-DPPS triblock copolymers, and tailored compositions enabled diverse architectures
for tunable mechanical performance and morpholddynamic mechanical analysis (DMA)
eluddated microphase separation effectstliermomechanical propertieand SAXS and AFM
provided complementary techniques for characterizing the microphase separated morphologies.
As ABC triblock copolymers emerge as versatile thermoplastic elastomergjgatiag novel
phosphorusased macromolecular with predictable strudtonerphology property relationships

will facilitate industrial applications

5.3 Experimental Section
5.3.1Materials

4-diphenylphosphino styrene (99%), styrene (99%), isoprene (99%), and kdcM
butyllithium solution in cyclohexane were purchased from Sigma Aldrich and used as received
unless otherwise noted. Styrene and isoprene, containii$p ppm of tbutyl catechol, were
distilled at reduced pressufem calcium hydride and dibutyl magsium.

5.3.2Instrumentation

In situ FTIR spectroscopi@analysis employed a Mettler Toledo ReactIR 45M attenuated
total reflectance reaction apparatus equipped with a light conduit and DiComp (diamond
composite) insertion probe. Size exclusion chromatogrdSBC) was used to determineeth
molecular weights of phosphorgentaining polymers at 48 in THF at 1 mL/min. THF SEC
was performed on a Waters SEC equipped with two Waters Styragel HR5E (THF) columns, a

Waters 717 plus autosampler, a Wyatt MiniDAWNd alWaters 2414 differential refractive index
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detector. An Optilab¥ EX refractometer (& = 658) was wused
determination of absolute weigaverage molecular weightdtomic force microscopy (AFM)
was conducted on a VeebtultiMode AFM using a tapping mode under ambient conditions.

Small angle xray scattering (SAXSgxperiments were performed using a RigakiM&x
3000 3 pinhole SAXS system, equipped with a rotating anode emittiay ith a wavelength
0of 0.154nm (CuK) . T Hedo-dstectorplistance was 166#m, and grange was calibrated
using a silver behenate standaibsolute intensity calibration was performed using a glassy
carbon standardTwo-dimensional SAXS patterns were obtained using a fully integraied
multiwire, proportional counting, gdgled detector, with an exposure time of 2 h. All the SAXS
data were analyzed using the SAXSGUI software package to obtain radially integrated SAXS
intensity versus scattering vector q, where g9 (% s i n (s dne half df the scattering angle
and_is the wavelength of Xay. SAXS profilehave been corrected for background eedically
shifted to facilitate a comparison of the pgalsitions. Dynamic mechanical analysis (DMA) was
conducted on a TA Instruents Q800 Dynamic Mechanical Analyzer in tension mode at a
frequency of 1 Hz, an oscillatory amplitude of
ramp was 3C/min. The glassransition temperature fwas determined at the peak maximum
ofthe t an O c ur iments emMpioyed anlinstroreat gM@min strain rate.

5.3.3In situ FTIR spectroscopymonitors the anionic polymerization of poly(Sb-1-b-DPPS)

A 25-mL, flamedried, rounebottomed flask contained (2.0 mL, 1.8 g) styrene and 8 mL
of dry cyclohexane. A rubber septum sealedheck of the flask, and the DiComp probeswa
inserted into @econd neck and sealed. The prob&agsubmerged below the monomer surface,
and the RactIR spectrometer programmgzectrum collection every 1 min foits(SI Figure 1).
Nitrogen purged the reaction flask for 15 min and ttiereaction flask submerged into 80

heated oil bathSecebutyllithium (0.02 mL) initiatecpolymerizationof a 10,000 g/mol polymer.
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After 1 h, (2.65 mL, 1.8 g) isoprene sequelialdded to the reaction mixture and propagation
occurred for 2 h. At this time,-diphenylphosphino styrene (1.81wgassequentially added and
polymerized for 30 min. Degassed methanol (0.5 mL) terminated the polymerization and the
resulting ABC block cpolymer was precipitated into methanol and dried &{8nder reduced
pressure (0.5 mmHg) for 24 h to obtain a white powder (98% isolated yield).

5.3.4 Anionic polymerization of poly(styrene-b-isopreneb-4-diphenylphosphino styrene)
ABC triblock copolymers

In a representative polymerization, a028L flame dried, nitrogen purged, and sealed
roundbottoned flask contained 8 mL (7.27 g) styrene and 125 mL cyclohexa®® &C. Sec
butyllithium (0.29mmol) initiated the orange poly(styryl)lithium living chain @5,000 g mot*
and propagation was complete within 45 min. Sequential monomer addition with 21 mL isoprene
(14.54 g) achieved poly(isoprenyl)lithium of 50,000 g ™ohfter 2 h, 4-diphenylphosphino
styrene (5.1 g)was sequentially added tgroduce a deepred phosphorusontaining
poly(styryl)lithium chain of 25,000 g md!l The polymerization was terminated after 30 min with
degassed methanol (1.0 mL), and the resultingCABblock copolymemwas precipitated into
methanol and dried at 28 under reducepressure (0.5 mmHg) f@4 h to obtain a white powder
(poly(Ssok-b-Isok-b-DPPSsk), 974 isolated yield)'H NMR (400 MHz, CDC4, 25 °C,ii): 0.81 0.9
ppm (br, GH3CH.CH(CH3)-), 1.17 1.2 ppm (br-CHzs in 1,2-polyisoprene units), 1.2 1.5 ppm
(br, -CH>CH-, -CH2CH- in 1,2-polyisoprene and 3;golyisoprene units), 1.61 ppm (b€GH3 in
trans-1,4-polyisopreneaunits), 1.64 ppm (brCHs in 3,4-polyisoprene units), 1.68 ppm (b€H3
in cis-1,4-polyisoprene units), 1.8 2.2 ppm (br,-CH>CH=, -CH>C(CHs)= in 1,4polyisoprene
units), 4.61 4.8 ppm (br-C(CHg)=CH: 3,4-polyisoprene units andCH=CH: 1,2-polyisoprene

units), 4.8 5.4 ppm (br;CH=C(CHs)- 1,4-polyisoprene units). 1.5 CHzi polymer backbons,
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CHi polymer backbone), 6.27.3 (aromatic protons§:P NMR (400 MHz, CDGJ, 25 °C,i): -

10.0 (phosphine).

5.3.5Film casting

All ABC triblock copolymes were dissolved in tolueraad cast from a 30 wt% solution.
Films were slowly dried at ambient conons for 2 d followed with2 d of drying at room
temperature under reduced press{renmHy). Annealingoccurred for 2 d at 156C under
reduced pressure (5 mmHg) before characterization studies. Films were stored in apitrggen

dry box to prevent undesirable oxidative reactions.

5.4 Results and Discussion

Schemeéb.1 depicts living anionic@ymerization for achieving unprecedented poHx&
b-DPPS) triblock copolymers with molecular weight precision and narrow polydispersities.
Sequential monomer addition in cyclohexane at’GOenabled microstructural control of the
polyisoprene soft segmeand afforded homogeneous reaction mixtures suitabfgfgmerizing
DPPSin the nonpolar solventin situ FTIR spectroscopy monitored the seqgtial addition
process, i.e., thanyl CH; out-of-plane wag modéor each monomer (styrene, 908 ¢risoprene,

912 cm'; DPPS, 918 cmy and generated normalized 2D waterfall plot for absorbance vs. time
(sec) (Fig. 5.1). Vinyl concentration disappearance as a functioniroé elucidated monomer
propagation, revealing approximately 20 min reaction times foerstyand DPPS and 40 min for
isoprendo ensure complete conversidrhe styrenic monomers exhibited faster propagation times

in comparison to isoprene, presumably due to the lower activation energies required for producing

the more delocalized carbanioilthough the isoprene monomer absorption decreased
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substantially, a small percentage of the band remained after complete conversion. The residual
vinyl absorptionwas dueto the typical 8% 3, 4ddition that occurs under these reaction
conditionsP=udecfirst order kineti@analysis oinonomer concentration (M/§)lversudime (sec)
provided additional insight into the polymerization kinetiosvealing a similaobservedrate
constant, ks for DPPS (2.9 x 18s?) compared to styrene (2.4 x16%) andisoprene (1.1 x 10

2s1). FTIR spectroscopy also defined suitable anionic polymerization conditions for the synthesis
of novel phosphorusontaining ABC triblock copolymers (Fi§.2).

Schemeb.1. Sequential monomer addition achieves polg{Bb-DPPS) trittock copolymers.
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Figure 5.1.In situFTIR spectroscopy monitors the anionic polymerization of peby($-DPPS),
tracking the C=C vinyl vibrational frequency peaks for each propagating monomer (styrene, 908

cmt; isoprene, 912 crh) DPPS, 918 cny). Monomers were added in a sequential fashion.
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Figure 5.2. Pseudéfirst-order kinetic analysis of poly(s-1-b-DPPS) triblock copolymerization.

Variations in the ply(S-b-1-b-DPPS) composition afforded diverse block copolymer

architectures withailored seqance lengths and molecular weightgreasing the concentration

of the reinforcing, polystyrene and poly(DPPS) external segments from 25 wt. %, 50 wt. %, to 60

wt. % achieved an exemplary series ofyfS-b-1-b-DPPS)triblock copolymers for evaluating

structureproperty relationships. SEC confirmed anionic polymerization as a controlled method

for tailoring the triblock copolymer structure, revealing predictable nwaberage molecular

weight (My) values, unimodal chromatograms, and narrow polydispergEBIs < 1.10) (Fig.

5.3). Table5.1 summarizes the compositional details for the triblock copolymers with favorable

agreement between the targeted and absoluteaMes.
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Table 5.1. SEC results for poly(®-1-b-DPPS) triblock copolymers.

Sample External Blocks Central Block Target Mn  SEC Mn Mw/Mn
wt. % wt. % (kg/mol) (kg/mol)
Poly(Sow-b-lsk-b-DPPSs) 60 % 40% 125 122 1.07
Poly(Ss-b-lsk-b-DPPSs) 50 % 50 % 100 103 1.07
Poly(Sa-b-l120-b-DPPS) 25 % 75 % 160 155 1.08
1- 160k 22K 100k
o 0.8 1
©
(&)
U 0.6 -
[
=
T 0.4 -
&
0.2 A
O I I I I 1
5 7 9 11 13 15

Elution Time (min)

Figure 5.3. SEC chaacterization of poly($-I-b-DPPS) triblock copolymers.

Altering the weight fractions of the soft, polyisoprene central blockg(lk 750 °C) and
the hard polystyrenic external blocks (§=T100°C and DPPS, J= 120°C) promoted microphase
separationn the poly(Sb-1-b-DPPS) triblock copolymers and enabled fs¢@nding films for
DMA and tensile experiments. All films were slowly cast from toluene and annealed &€ 150
under reduced pressure to facilitate phase separation. DMA confirmed the paéseicephase
separation and elucidated the corresponding effects on thermomechanical properties. Storage

modul us (G6) vs. temperature plots revealed 1t
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transition temperature Y for the soft, polyisprene central block ab5 °C and the § for the
phasemixed, polystyrenic external blocks at 1AD(Fig.5.4). Increasing the concentration of the
external, reinforcing blocks dramatically increased the rubbery plateau storage modulus, enabling
tailored vicoelastic properties. The rubbery plateau extended for approximate®Z 1&ith a

flow temperature above 10T, allowing a wide modulusvariant temperature range for the
novel triblock copolymers. Previous literature on traditional pelySh-S) themoplastic
elastomers detail comparable thermomechanical properties and operational temperature
windows*>43The miscibility of styrenic components in polytS-b-DPPS) triblock copolymers
advantageously affords viscoelastic properties in agreement with conventionattyp8A
thermoplastic elastomers. However, palslylation or oxidation redmns with DPPS provides

opportunities for extending these properties for emerging industrial applications.
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Figure 5.4. DMA characterization for poly(f&-b-Isu-b-DPPSs), poly(So-b-ls-b-DPPSs),

and poly(So-b-l12-b-DPPSw).
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Uniaxial stres-strain tensile analysis evaluated the influence of polystyrenic, external
block concentrations on ultimate properties of polg{Eb-DPPS) filmsat ambient conditions
Fig. 5.5 shows representative strass strain curves for the triblock copolymers wigternal
blocks containing 25 wt. %, 50 wt. %, and 60 wt. % polystyrene and poly(DPPS). Increasing the
concentration of reinforcing, external blocks systematically altered the triblock mechanical
properties, l eading to i rectressasdaecreaden tensgeéssainmo d u
(Table5.2). The external block concentration and microphksegearated structure accounted for
the observed mechanical differences. The higholystyrenic segments form hard domains within
the phase separated triblockpolymer, imparting physical crosslinks associated with a high
modulus.Increasing the concentration of hard domains enhanced physical reinforcement and
increased the corresponding Youngds modul i a
properties gree with previous literature studies involving conventional peby($-S)

thermoplastic elastomefé*

(‘9) 8 1 — Poly(Sgb-l50b-DPPS5)
fi_f _6 - — Poly(Sysy-b-l50b-DPPS5)
N’ — Poly(Sgicb-1150c0-DPP Sy )
o 24 —
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Tensile Strain (%)
Figure 55. Tensile stresstrain curves for poly(&-b-lsa-b-DPPSs), poly(So-b-lso-b-

DPPSx), ard poly(So-b-l112a-b-DPP Sw).
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Table 5.2. Summary of tensile properties for poly§Sb-Isa-b-DPPSsx), poly(Ssok-b-Isac-b-

DPPSsx), and poly(Sx-b-1120-b-DPPS).

Sample Stress at Break  Strain at Break Youngos D
(MPa) (%) (MPa)
Poly(Ssok-b-Is0k-b-DPP Ssk) 6.0£1.0 10+ 2.0 640 + 48
Poly(Ssk-b-Isok-b-DPP Ssk) 4.0+0.3 1100+ 100 580+ 2.2
Poly(Sok-b-l120k-b-DPP Sok) 15+0.2 1800+ 200 30+ 0.8

AFM and SAXS provided complementary techniques for characterizing the surface and
bulk morplological features of the poly{&1-b-DPPS) triblock copolymerdn a typical AFM
phase image of aicrophaseseparated block copolymer, the hard domains appear as lighter
regions and the soft phase appears as darker regigns.6 shows the AFM tapping ade phase
imagesfor the triblock copolymers with 25 wt. %, 50 wt. %, and 60 wt. % polystyrenic external
blocks, revealingtunable microphase separated morphologies for each composBaiXS
experiments revealed the microphasparated bulk morphologiesthe ABC triblack copolymer
samples as a comphent to the AFM surface morphology aysi (Fig.5.7). Poly(Ss-b-Iso-b-
DPPSs) exhibited an ordered scattering profile with peak maxima at g*, 2g*, 3q*, anavigeh
is indicative of onalimensional padng symmetry corresponding t@® lamellar morphology.
Braggbs | aw was used to approximate | amell ar
g*, revealing a Brgg distance of 2tm. The scattering profile for botboly(Sso-b-Iso-b-
DPPSs) and poly&u-b-112a-b-DPPS«) revealedsignificantlyless ordered bulk morpholieg
with a lack of long range periodicityoB/(Sso-b-1sk-b-DPP Ss¢) exhibits peak maxima at g*, 2qg*,

and 3g*, which could be indicative of a disordered lamellar morphology v8tlagg spacing of
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29 nm. Based on the weak, broad SAXS scattering maxima, the morphological structure for
poly(Sa-b-112a-b-DPPSw) is less clear. For this sample, it is reasonable to consider the two peaks
present at 0.4 nthand 0.7 nrit as the symmejrelements g* andlog*, indicative of either
spherical domains or bicontinuous phase separation with close packedikgquddering on the

scale of approximately 17 nnkarlier literature involving poly(®-1)*° and poly(I-b-DPPS¥$

block copolymerseveal a similar morphology-he observation of phase separatioom AFM

and SAXScorrelatedvell with observations in DMA experiments, whictdicated a microphase

separated morphology fail compositions.

Figure 5.6. Atomic force microscopy images realesurface morphologies f¢A) poly(Ss«-b-

lsok-b-DPPSx), (B) poly(Sso-b-15a-b-DPPSs¢) and (C)poly(Seok-b-1120k-b-DP P Sox).
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Figure 5.7. Small Angle XRay Scattering profiles reveal oriented bulk morphologies for

poly(Sesk-b-15ac-b-DPP Ss), poly(Sok-b-1sa-b-DPPSs¢), and poly(So-b-l112a-b-DPP Sw).

5.5Conclusions

Living anionic polymerizatiomow permitsa new class of phosphoraentaining styrenic
ABC triblock copolymers, featuring tunable physical and mechanical properties for the production
of high performance thermoplastic elastomers. Sequential monomer addition affordeebplely(S
b-DPPS) ABC triblock copolymers with targetable molecular weights and narrow polydispersities.
In situ FTIR spectroscopy confirmethe living synthesis of poly(8-1-b-DPPS)and provided
kinetic insght for each propagation step. A balance of-kafd volume fractions for poly(5-1-
b-DPPS) block copolymers promoted saffisembly into diverse microphase separated
morphologies and afforded tunalieechanical perfornrece. Future studies wikkontinue to
extend the living anionic polymerization ofddphenylphosphino styrene for the production of
diverse block copolymer architectures, armbstalkylation studies willenablephosphonium

containingderivativesfor electreactive membranapplications
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6.1 Abstract

Living anionic polymerization of isoprene with an unprecedented piperapmainng
difunctional organolithium initiator, ,4-bis[4-(1-phenylethenyl)benzyl] piperazine (HXPEP),
achieved weldefined polyisoprene homopolymers with predictable molecular weights and
controlled microstructures. Piperazine provided a polar componeri withdifunctional initiator
design, promoting ion dissociation and miscibility with hydrocarbon solvents and enabling the
initiation and propagation of isoprerg.situ FTIR spectroscopy monitored the dilithium initiator
formation and the anionic polymeation of isoprene, tracking vinyl consumption for kinetic
analysis. These investigations provide fundamental insight into difunctional organolithium
initiators, aiming to guide future research and applications involving sophisticated; diene

containing nacromolecules.
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6.2 Introduction

Synthetic efforts for developing ideal difunctional organolithium initiators, suitable for the
anionic polymerization of 1;8iene monomers in nonpolar solvents, originated in the late 1960s
and receives continued interedue to industrial applications involving microelectroriiés,
coatingst’ and adhesive$!! Living anionic polymerization of ,B-diene monomers in nonpolar
solvents advantageously constructs macromolecular compositions with the desirable 1,4
configuration and the associated viscoelastic properties of thisoorer. However, these
conditions prevent copolymerization of idBne monomers with polar monomers and,
consequently, limit compositional possibilities for diem@taining macromolecules. Designing
compatible difunctional organolithium initiators provides opportunities for polymerizing 1,3
dienes with microstructural contrand enables sequential monomer addition strategies with polar
monomers and additives.

1,1-Diphenylethylene (1;DPE) represents an exemplary precursor to difunctional
organolithium initiators, exhibiting high reactivity with butyllithium initiators asamlubility in
nonpolar solvent$'® Charged 1,4DPE readily propgates styreng*® diene,'"*°® and
methacrylatedbased monomer$;?® yet fails to undergo homopolymerization due to its bulky
diphenyl substituents. Difunctional initiators containing double-ORE compounds first
appeared in the literature with 1h&(1-phenylethyenyl) benzene and -hi3[1-
(methylphenyl)ethenyl)] benzed&,and continued with compositions ranging from -tig(1-
phenylethenyl) benzefe® a n d -bis(l-ghénylethenybl , -Bighenyf’ to 2,2bis[4-(1-
phenylethenyl)phenyl]propaffea n d 4 , -ghénlyletrseifiyljphenyl] ether (Fi§.1).2>?° These
earlier reports detailed addition reactions with-lsetyllithium in nonpolar solvents, revealing

decreased solubility for the charged diftional initiators as ion associations increased. Heat,
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polar additives, and polar solvents facilitate solubility and ion dissociations, though typically

avoided due to potential deleterious effects on the resulting polydiene microstructure.

1,3-bis(1-phenylethyenyl) benzene 4 , -disjl-phenylethenyhl , -highenyl

ANOHOLC

1,3-bis[1-(methylphenyjetheny)] benzene 2 2-bis[4-(1-phenylethenyl)phenylpropane

OO OO
_ \ /4 ©
1,4bis(l-phenylethenyl benzene 4 , -disi(1-phenylethenyl)phenyl] ether

Figure 6.1. Common difunctional initiators based on doubleRAE compounds.

Herein we report A-bis[4-(1-phenylethenyl)benzyl] piperazine (HMPEP) as an
unprecedentedlifunctional organolithium initiator based on double-DRE compounds for
polymerizing isopree with architectural precision and improved solubility in nonpolar solvents.
Earlier literature extensively describes amoomtaining monomers for living anionic
polymerization mechanisms, revealing beneficial polarity enhancements to macromolecular
desgns and application¥:32 Incorporating a polar, piperazine component within the difunctional
initiator reduces unfavorable ion associations, enables miscibility with hydrocarbon solvents, and
maintains nonpolaradvent conditions required for achieving polyisoprene homopolymers with
microstructural control. As industrial applications for di@oataining macromolecules
continuously emerge, designing difunctional organolithium initiators will enable novel

compositonal possibilities to meet these technologies.
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6.3 Experimental Section

6.3.1 Materials:

Phenyl(ptolyl)methanong99%), methyllithiumsolution(1.6 M in diethyl ether), methyl
iodide (97%), potassium carbonate (97%) piperazine,sactiutyl lithium solution (1.4 M in
hexanesyvere purchased from Sigma Aldrich and used as received.

6.3.2 Instrumentation

In situFTIR analysis employed a Mettler Toledo ReactIR 45M attenuated total reflectance
reaction apparatus equipped with a light conduit and DiCafigmond composite) insertion
probe. Size exclusion chromatography (SEC) was used to deterreimeotecular weights of
phosphorusontaining polymers at 4% in THF at 1 mL/min. THF SEC was performed on a
Waters SEC equipped with two Waters Styragel HR5HF) columns, a Waters 717 plus
autosampler, a Wyatt MiniDAWN, and a Waters 2414 differential refractive index detector. An
Optilab T-rEX refraco met er (& = 658) was used to measur e
of absolute weightiverage molecular weight$d and*C NMR spectroscopy (Varian Inova, 400
MHz) determined the structural confirmation of the dilithium initiator and polymer ositign.

6.3.3 Synthesis of U-bis[4-(1-phenylethenyl)benzyl] piperazine (bisDPEP)
Phenyl(ptolyl)methanong20 g, 010 mol) and 50 mL dichloromethane was added to a 125 mL,
flame-dried, roundbottomed flaskThe reaction contents were purged with nigegndL.2 molar
equivalence ofmethyl iodide andnethyllithium solutionrwas added to the mixture. The reaction
proceeded for overnight quantitatively reduce the carbonyl and proth{temethoxyl-
phenylethyl}4-methylbenzeneThe reaction mixture was wasd with water 3xs and the organic
layer was vacuum stripped to isolate the methayalogue, white solid (97% yield)-(1-

methoxyl-phenylethylj}4-methylbenzen€10 g, 0.045 mol) and {dromosuccinimide (11.8 g,
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0.066 mol) was charged to a clean, 125 myndbottomed flask with 50 mL of carbon
tetrachloride. The reaction flask was sealed with a rubber septum and the mixture was allowed to
stir under an IR lamp for overnight. The reaction mixture was distilled under high vacuum to
isolate 1-(bromomethylh4-(1-phenylvinyl)benzene Recrystallization in acetone achieved the
purified product as a white solid,@® vyield). 1-(Bromomethyl}4-(1-phenylvinyl)benzeng5 g,

0.018 mol) was then added to a clean 125 mL, rdaottbmed flask with piperazine (0.78 g009

mol), potassium carbonate (2.53 g, 0.018 mol), and 50 mL acetone. The was equipped and sealed
off with a condenser, and the reaction was allowed to proceed at reflux for 24 h. Residual salt
byproduct was filtered from the reaction mixture, and daidh under high vacuum isolated the

final product, 1,4-bis[4-(1-phenylethenyl)benzyl] piperazine. Recrystallization in acetone
achieved the purified product as a white solid, (94% yi€kf}-MS (Target molecular weight

470.7 g/mol, Observed molecular weig470.2 g/moltH NMR (400 MHz, CDC4, 25 °C,l): 2.5

ppm EN-CH,-CH2-N-, piperazine protons), 3.5 ppmNECH2-, methylene protons), 5.5 ppm (

CH:-, ethylene protons), 7-0.5 ppm (aromatic protonsyC NMR (400 MHz, CDC4, 25 °C,ii):

52 ppm(-N-CH>-CH.-N-, piperazine carbons), 62 ppmN{CH2-, metylene carbons)}16 ppm

(-CH2-, ethylene carbons), 12815 ppm (aromatic carbons).
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Figure SI 6.1 GC-MS confirms the target molecular weight of the isolatedhisf-(1-
phenylethenyl)benzyl] piperazine.
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Figure Sl 6.2. (A) *H NMR and (B)**C NMR spetroscopy confirm structure and purity of 4,4
Bis[4-(1-phenylethenyl)benzyl] piperazine
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6.34 In situ FTIR monitors the production of the bis[4-(1-phenylethenyl)benzyl] piperazine
dilithium initiator

A 25-mL, flamedried, raund-bottomed flask contaime(0.50 mg, 0.10 mmplbis[4-(1-
phenylethenyl)benzyl] piperazirmend 8 mL of dry cyclohexane. A rubber septum sealed one neck
of the flask, and the DiComp probe was inserted into the second neck and sealed. The probe tip
submerged below the monomer surfaaed the ReactlR spectrometer programmed a spectrum
collectionevery 1 min for 5 hKig. 6.2). Nitrogen purged the reaction flask for 15 min and then
reaction flask submerged into 8G heated oil bathSeebutyllithium (0.006 mL, 0.05 mmo)
enabled tk production of the ib[4-(1-phenylethenyl)benzyl] piperazindilithium initiator.
Tracking the absorption disappearance for the C=C vinyl vibrational frequency peak at®67 cm
over time revealed a complete vinyl conversion to the dilithium product vdthin

6.3.5 In situ FTIR monitors the anionic polymerization of isoprene using bis[4-(1-
phenylethenyl)benzyl] piperazinedilithium initiator

A 25-mL, flamedried, raund-bottomed flask contained (0.50 mg, 0.10 m)riw$[4-(1-
phenylethenyl)benzyl] piperazimad 8 mL of dry cyclohexane. A rubber septum sealed one neck
of the flask, and the DiComp probe was inserted into the second neck and sealed. The probe tip
submerged below the monomer surface, and the ReactIR spectrometer programmed a spectrum
collectionevery 1 min for 5 hKig. 6.2). Nitrogen purged the reaction flask for 15 min and then
reaction flask submerged into 3G heated oil bathSeebutyllithium (0.006 mL,0.05 mmol)
enabled the production of a deep rad[4(1-phenylethenyl)benzyl] pipazinedilithium initiator.
After 3 h(2.65 mL, 1.8 g) isoprene sequentially added tarihi@tor propagation occurred fdr
h. Tracking the absorption disappearance for the C=C vinyl vibration peak at $1@emtime

revealed complete vinyl consumptiavithin 1.5 h.
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6.3.6 Anionic polymerization with a bis[4-(1-phenylethenyl)benzyl] piperazine dilithium
initiator achieves high molecular weight, polyisoprene homopolymers

In a reoresentative polymerization, a 88 flame dried, nitrogen purged, andaksl
round bottom flaskcontained(0.50 mg 0.20mmol) bis[4-(1-phenylethenyl)benzyl] piperazine
and 50mL of dry cyclohexanat50 °C. Secbutyllithium (0.10mmol) initiated thedeep redis[4-
(1-phenylethenyl)benzyl] piperazirdilithium initiator was dbwed 3 h to reach full initiation.
Sequential monomer addition with 21 mL isoprene (14.54 g) achieved a clear
poly(isogrenyl)lithium living chain of 7900 g mot. After 2 h,the polymerization was terminated
with degassed methanol (1.0 mL), and theiltesy polyisoprene homopolymevas precipitated
into methanol and dried at 28 under reduced pressure (0.5 mmHg)Zérh to obtain &lear,
viscous liquid(97% isolated yield)IH NMR (400 MHz, CDC4, 25 °C,l): 0.8 0.9 ppm (br,
CH3CHCH(CH3)-), 1.17 1.2 ppm (br,-CHz in 1,2polyisoprene units), 1.2 1.5 ppm (br,-
CH2CH-, -CH.CH- in 1,2polyisoprene and 3;golyisoprene units), 1.61 ppm (b€H3 intrans
1,4-polyisopreneaunits), 1.64 ppm (brCHz in 3,4-polyisoprene units), 1.68 ppm (B€Hs in cis-
1,4-polyisoprene units), 1.B 2.2 ppm (br,-CH>.CH=, -CH.C(CHg)= in 1,4polyisopreneunits),
4.61 4.8 ppm (br-C(CHz)=CH: 3,4-polyisoprene units and€CH=CH> 1,2-polyisoprene units),
4.87 5.4 ppm (br-CH=C(CHs)- 1,4-polyisoprene units). 1.5 CH.i poymer bakbone,i CHi

polymer backbone).

6.4 Results and Discussion

Scheme6.1 depicts nucleophilic substitution as a facile approach for synthesizing bis
DPEP, in accordance to literature protocols for previous difunctional initiators based on double
1,1-DPE compound$®’ *H and**C NMR and GGMass spectroscopy characterized the final white

solid product, confirming its chemical structure and ensuring its high pufifigS61 and 62).
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Subsequent addition witresbutyllithium at 50°C in cyclohexane produced the deep red bis
DPEP dilithium initiator (Schem@.1). In situ FTIR spectroscopy monitored HEPEP dilithium
formation, using the C=C vinyl vibrational frequency peak at 967 amd generated a 2D
normalzed waterfall plot for peak absorbance vs. time (min). Tracking vinyl concentration
disappearance over time revealed a complete vinyl conversion to the dilithium product within 3 h
(Fig. 6.2). In situ FTIR spectroscopy then monitored sequential isoprendi@aldpinning the
isoprene C=C vinyl vibration peak at 912 tmnd producing a second 2D normalized waterfall
plot. Tracking the isoprene vinyl concentration disappearance revealed complete vinyl
consumption within 1.5 h, confirming the anionic polymeti@a of isoprene with the biBPEP
dilithium initiator (Fig.6.2). Size exclusion chromatography (SEC) confirmed a 35,000 g mol
target M, value for the homopolymer, and revealed monomodality in the chromatogram and a
narrow polydispersity (PDI) of 1.09 (@i 6.3). 'H NMR spectroscopy elucidated the
microstructure for the polyisoprene homopolymer, revealing a 90% vyield for the favorable 1,4

configuration with 75% of theis-isomer ($6.2).
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Scheme6.1. Synthetic method for preparation a#bis[4-(1-phenykthenyl)benzyl] piperazine
and dilithium derivative.
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Figure 6.2. In situ FTIR spectroscopy monitors vinyl digpearanceersustime for (A) 1,4-
Bis[4-(1-phenylethenyl)benzyl] piperazir{f@67 cml1) and (B) Isoprene (912 cf).
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In situFTIR studies elaidated the anionic polymerization mechanisms involving isoprene
and the biDPEP dilithium initiator, and derived an unprecedented synthetic method for preparing
polyisoprenes with controlled molecular weights. Schéraeeveals the new synthetic procedure
including the initial 3 h time requirement for the dilithium initiator production. Seeding techniques
with small quantities of isoprene facilitated the carbanion crossover mechanism from the dilithium
initiator and promoted homogeneity for the reactioixtare3® Sequential addition with the
remaining isoprene quantities enabled polyisoprenes with increasing molecular weights, targeting
M, values of ,000 g mof (PDI = 1.06) and 150,000 g mb(PDI = 1.08). SEC revealed the
controlled shift in increasing targkt, values, monomodality in the chromatograms, and narrow
polydispersity for the homopolymers (F§3).

Scheme6.2. 1,4-Bis[4-(1-phenylethegl)benzyl] piperazine dilithium initiator in the synthesis of
polyisoprenes.
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Figure 6.3. SEC characterization of polyisoprenes with various molecular weights.

6.5 Conclusions

A piperazineinspired compositional design afforded the novel difunctiongdnolithium
initiator,  1,4-bis[4-(1-phenylethenyl)benzyl] piperazinesuitable for the living anionic
polymerization of isoprene. The unprecedented synthetic method achieved polyisoprene
homopolymers with weltlefined microstructures, controlled molemulweights, and narrow
polydispersities. Piperazine served as a polar additive within the difunctional initiator composition,
promoting ion dissociation and solubility with the nonpolar solvent, cyclohexane. The controlled
anionic polymerization of isoprenwith 14-bis[4-(1-phenylethenyl)benzyl] piperazin@ovides
opportunities to engineer unique AB#pe triblock copolymers with diverse functional
monomers, and also enables postymerization reactions with electrophilic agents for producing
novel difurctional polyisoprene compositions. Future studies will extend these-clem&ning
macromolecular architectures, in order to evalugtebis[4-(1-phenylethenyl)benzyl] piperazine

as a versatile and robust dilithium initiator.
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7.1 Abstract

The elimination of solvents in numerous adhesive formulatindsapplications remains a
long sought after goal. In particular, rooftop adhesion for many membranes to a substrate generally
requires the use of environmentally unfriendly solvents and the design of new dmeent
adhesives remains an unmet approachafbrancing roofing adhesive technology. This chapter
describes novel, hydrogenated polybutadiene Michael adhesives and their unprecedented solvent
free adhesion to roofing membrankssituFTIR spectroscopy and rheology elucidated the effects
of catalystconcentration, temperature, and the molecular weight of Michael donors and acceptors
on gel times and crosslinked network moduli. 180° peel tests provided insight into the adhesive

strength for bonded EPDM, PVC, and TPO roofing membranes, revealingivieesahadhesive
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property of Michael adhesives. The Michael addition reaction permits the green synthesis of
sophisticated hyperbranched networks with ambient and sdhesntonditions and high tolerance
to diverse monomers. Exploring novel macromolecwampositions using a vast array of

polymerizable Michael donors and acceptors fosters sefi@mtadhesive technologies.

7.2 Introduction

The Michael addition reaction, coined after Arthur Michael and its discovery in the 1800s,
provides an efficient sythetic route for the conjugate addition of electron poor olefins (Michael
acceptors) to a vast array of nucleophiles (Michael donors). The synthetic strategy advantageously
requires ambient and solveinee conditions and offers high tolerance to an abood of
polymerizable monomers with diverse functionality, permitting the green synthesis of
sophisticated polymer architectures ranging from linear thermoplastics to hyperbranched
networks!* Exploring novel ma@molecular compositions with diverse polymerizable Michael
donors and acceptors fosters diverse technologies including biomedichirmaceutical?
coatingst®!*and adhesives:*?

Some potential chemistry for consideration involves diacrylate based Mat@aghtors
and bisacetoacetate Michael donors composed of nonvolatile small molecules and oligomers
(hydrocarbor, glycerol, phenyt, ethylene oxide silyl-, ester, amide, maleimide, nitrile-,
cyano, sulfone, and alkyl methacrylatebased compositia)**® Less common, but equally
applicable, vinylk et one s, ni t runsatustech gldelydes, svinyl ghgsphonates,
acrylonitrile, vinyl p y-keto ddetylenas and acetglene esterpatso n d s
serve as Michael acceptors:?° Donor ®lection may also extend to nenolate nucleophiles
such as amines, thiol s, and phosphines,- and t

t ype adAweakibasacatalystis required to activate bisacrylate Michael donors and enable
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the addition reaction across a carmambon multiple bond of Michael acceptors, achieving a
solventfree, 2component adhesive network with high conversions and tunable reaction rates.
Catalysts range from organic bases such as tetramethylguanidine (TMG), triethylamine, 1,8
diazabicyclo[5.4.0]Junde@-ene (DBU), and 1/8liazabicyclo[4.3.0]nob-ene (DBN) to inorganic
bases such as potassium carbonate, boron trifluoride, aluminum trichloride, and zinc &ftoride.
Rooftop adhesion involving EPDM, PVC, and TPO based membranes represents an
appealing new tectical application for the Michael addition reaction, providing an opportunity to
revolutionize commercially available roofing adhesives witcothponent and solvefiitee
Michael adhesives. EPA regulations restrict solvent based adhesives to a narrowo$upply
approved low volatile organic components (low VOC), rendering various commercially available
roofing adhesives less viable. Solvents such as toluene, heptane, and xylene, for example, enabled
high performance bonding adhesives for several decadesaatahger suit EPA low VOC
standard$? Substitution with approved low VOCs including swee, tert-butyl acetatepara-
chlorobenzotrifluoride, and methyl ethyl ketone achieves compatibility with EPA regulations, yet
fails to provide comparable adhesive performance to conventional formul&tféns. this
chapter, we report poly(hydrogenated butadiene) as neeeinponent, and solvefree Michael
adhesives and reveal their green application in roofing adhesion. Experimental studies involving
in situ FTIR spectroscopy, rheology, and 180 peel tdsisdated crosslinking reaction kinetics,
gel times, and adhesive performance. As EPA regulations continue to limit solvent selection in
adhesive technologies, investigating novel macromolecular compositions with diverse

polymerizable Michael donors andcaptors will facilitate solveriree industrial applications.
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7.3 Experimental Section

7.3.1 Materials

Poly(hydrogenated butadiene) diols (Kr&sdLBH-P 2000, 2,000 g/mol) (399 %) was
purchased from Cray Valley and used as received. Acryloyl chldi®®86), anhydrous
dichloromethane (99%), potassium carbonate (97%)temtbutyl acetoacetate (99%), and-1,8
diazabicycle[5.4.0}Fundec7-ene (99%) were purchased from Sigma Aldrich and used as received.

EPDM, PVC, and TPO roofing membranes were provigdeQarlisle Construction.
7.3.2 Instrumentation

In situFTIR analysis employed a Mettler Toledo ReactIR 45M attenuated total reflectance
reaction apparatus equipped with a light conduit and DiComp (diamond composite) insertion
probe. Rheological experimts were conducted on a TA Instruments AR2000 Rheometer at a
frequency of 1Hz and a temperature of°’@) 25°C, and 5FC. The gel time was recorded when
the storage modulus (G0) and loss modulus (G00) were €tfUAIMR spectroscopy (Varian
Inova, 400 MH) determined polymer composition and degree of modificali®A 200 contact
angle analyzer (First Ten Angstroms, Portsmouth, VA) measured all contact angles using a sessile
drop technique. Polymamated EPDM, PVC, and TPO samples were placed on arntaalgis
platftormandd5 ¢ L oQ@ watdri (Millipore Gradient A10) was placed on the surface using a
3 mL 22 gauge syringe. A video CCD camera captured single frame movies for all contact angles,
the resulting drop shapes were fit to a mathematical esipre€alculating the slope of the tangent
to the drop at the liquidolid-vapor interface determined final contact angle values (FTA
Operator's and Installation Manuals, revision 2.0, May 30, 1997). Four replicates were performed

to determine the averagentact angle.
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TA Instruments thermogravimetric analyzer (TGAQ50) enabled thermogravimetric
analysis with a heating rate of 10 °C/min to 600 °C undes. &N Instruments Q1000 differential
scanning calorimeter (DSC) elucidated thermal transitions witleaing rate of 10 °C/min
utilizing a heat/cool/heat cycle.qWwas determined from the second heat cycle. Dynamic
mechanical analysis (DMA) was conducted on a TA Instruments Q800 Dynamic Mechanical
Analyzer in tension mode at a frequency of 1 Hz, anlostit or y ampl i tude of 15
force of 0.01 N. The temperature ramp waBnin. The glasg$ransition temperature gfwas
determined at the peak max °peel expeanients employéedam 0 ¢
Instron at 50 mm/min straate.

7.3.3 Synthesis of Kras@l diacrylate, Michael acceptors

In a representative reaction, a tweck 500 mL roundbottomed flask, equipped with a 50
mL addition funnel containing acryloyl chloride (5.2 g, 0.055 mol) in anhydrous dichloromethane
(20 mL), was charged with 2,000 g/mol Kra&daliol (50 g, 0.025 mol) and anhydrous potassium
carbonate (10.37 g, 0.075 mol) and was sealed with a rubber septum. Anhydrous dichlormethane
(110 mL) cannulated into the reaction flask and an ice bath was assembdtaa the reaction
contents to OC. Acryloyl chloride was added dropwise overnight and the reaction was allowed to
warm to 23°C. Salt byproduct was filtered through Celftend the organic solute was washed
3x with HO. Dichloromethane was removed undeduced pressure (5 mmHg) and the product
was isolated as a clear liquid and was dried in vacuo % 288.23 g, 96 % yieldfH NMR (400
MHz, CDCh): 6.47 (d, 2H), 6.22 (dd, 2H), 5.77 (d, 2H), 4.13 (m, 4H), 4.5 (polymer

backbone).

120



7.3.4 Syntheis of Krasol® bisAcAc, Michael donors

In a typical procedure, 2,000 g/mol Kra®diol (10.0 g, 10 mmol)ert-butyl acetoacetate
(tBuAcAc) (6.3 g, 40 mmol, 4 equiv.), and toluene (50 mL) were charged to-adeked 10am|
flask, equipped with a shepath distillation head, receiving flask, and magnetic stirrer. The
mixture was maintained at 120 for 4 h and vacuum (0.1 mmHg) was applied to remove the tert
butanol byproduct and excess tBuAcAc. An additional 6.3 g tBuAcAc was added and heating
continted for 3 h at 130C in order to ensure quantitative functionalization. Vacuum (0.1 mmHg)
at 130°C was applied to remove volatile starting reagents and reactiprodycts and the product
was quantitatively isolated as a clear pgddiow liquid. *H NMR (400MHz, CDCI3) of the 2000
g/mol Krasol bisAcAc: 0.78.5 (polymer backbone), 1.24 ppm (dd, 6H, CHOKMCcAC), 2.26
ppm (s, 6H, COCECOCH), 5.08 ppm (m, 4H, C,CHCHsOACAC), 5.29 ppm (s, enol C=CH

C=0).
7.3.5 Network Formation

In a representative reactiokrasof bisAcAc (2.5 g, 1.25 mmol), and Krasol diacrylate
(3.0 g, 1.5 mmol, 1.2 mol eq.) were mixed thoroughly to form a clear, homogeneous, and viscous
liquid. 1,8Diazabicycle[5.4.0}undec7-ene (DBU) catalyst (3 mol%) was quickly added and
mixed thooughly. The mixture was cast on My?agubstrate with an adjustable film applicator.
Mixtures were allowed to crosslink for 24 h at room temperature and the final films were dried at

reduced pressure (0.1 mmHg) at 60 °C for 24 h.
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7.3.6In situ FTIR reactions for model studies

In an exemplary kinetic study, a reaction mixture consisted of a 1.2:1.0 molar ratio of
diacrylate to bisacetoacetate and 3mol%diz&abicycle[5.4.0}undec7-ene as the base in the
presence of then situ FTIR spectrometer. A 2BL, flamedried, roundbottomed twenecked
flask contained KrasBlbisAcAc (5.0 g, 2.5 mmol). A rubber septum sealing one neck of the flask,
and the DiComp probe was inserted into the second neck and sealed. The probe tip submerged
below the oligomer suate, and the ReactIR spectrometer programmed a spectrum collection
every 1 min for 5 h. Nitrogen purged the reaction flask for 15 min and then reaction flask
submerged into 2% oil bath. DBU (3mol%, 511ml) was addedtothercbndt t o med pas k,
the ontents were allowed to equilibrate for 60 min. After the 60 miregrelibration, the reaction
was monitored withthensituF TI R s pectr ometer . Once the yrst
diacrylate was quickly added to the rotimdb t t 0o me d p atle kKC=C vinyl ailwatianal g
frequency peaks for the Krasol diacrylate oligomer at 89¢ generated a normalized 2D
waterfall plot for absorbance vs. time (sec). Vinyl concentration disappearance over time

elucidated the Michael crosslinking reaction, @direg a 1.5 h reaction time.

7.3.7 Preparing EPDM, PVC, and TPO tensile samples withlichael adhesives

Krasof bisAcAc (2.5 g, 1.25 mmol) and Krasol diacrylate (3.0 g, 1.5 mmol, 1.2 mol eq.)
were mixed thoroughly in clean reaction vial to form a clear,dgeneous, and viscous liquid.
Roofing membranes were prepared in 2x105 cm sheets and cleaned with hexanes prior to
Michael adhesive coatingd.,8Diazabicycle[5.4.0}undec7-ene (DBU) catalyst (3 mol%) was
quickly added and mixed thoroughly. The mnawvas pipetted on the 10 x 15 cm roofing sheets
and brushed until coverage reached a 5 x 7.5 cm area for both substrate surfaces. Gelation

proceeded for-b min, and the roofing sheets were placed together. A 2.3 kg roller passed over
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the prepared sampbnd crosslinking occurred for 24 h at room temperature. The final samples

were dried at reduced pressure (0.1 mmHg) at 23 °C for 24 h prior to tensile experiments.
7.4Results and Discussion

Scheme 7.1 depicts the synthesis of poly(hydrogenated butabiesex) Michael donors
and acceptors, a facile approach involving modification of commercially available Kdisisl
These reactive oligmeric diols offer hydrogenation levels greater than 9¢%f, 4000 g/mol,
excellent thermal stability, good weatheifdy, hydrophobicity, low color, high clarity, and low
glass transition temperatures 8- 55°C), affording their compatibility for applications involving
acid and base resistance, adhesion, asphalt miscibility, electrical insulation, and low teperat
flexibility. Reacting Krasdt diols with acryloyl chloride otert-butyl acetoacetate produces novel
diacrylate (DA) acceptors (Scheme 7.1A) and bisacetoacetate (BisAcAc) donors (Scheme 7.1B),
following the literature synthetic protocols for modifyimgly(propylene glycolf! *H NMR
revealed a shift irRCHy- protons upon modifying the diol to a diacrylate and bisacetoacetate,

revealing quantitative functionalization as .- protons for the diol derivative disappeared.

Scheme 71 General reaction scheme synthesizing Kia#9lMichael acceptor and B) Michael
donor.

A) 0 DCM

K,CO
Ho Oy + o0 —— j%
x|y \ To°c-23°C

18 h

150°C, 4 h

B) X 150 °C, 0.1 mmHg M o
H\OJ(\/\,)@;\/ M g OW m{
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The structural change from a diol to diacrylate and bisacetoacetate also drastically
influenced the viscosity of the KraSobligomer. Shear viscosity rheological studies generated a
viscosity (Pa*s) vs. shear rag!) plot, comparing each functionalized Kra%oligomer at 25C
and 5C°C (Fig. 7.1). The Krasol diol exhibited the highest viscosity (60 Pa*s)% dresumably
due to the hydrophilic, hydroxylend groups aggregating from the hydrophobic hydratgeh
poly(butadiene) oligomer backbone. Converting the hydrophilic, hydrexyl groups to a more
hydrophobic diacrylate and bisacetoacetate homogenized the liquid oligomer and enabled shear
viscosity properties suitable for coating applications. Visgasitues drastically reduced with end
group functionality, revealing a decreasing viscosity trend in the following order: Ridisbl>
Krasof DA > KrasoP BisAcAc. Heating the oligomers to 8C further reduced shear viscosities,
dropping the values bgn order of magnitude yet maintaining the common trend where Rrasol
diol > Krasof DA > KrasoP BisAcAc. Contact angle measurements on and ethylene propylene
diene monomer (EPDM) roofing substrate corresponded to shear viscosity observations, and
furtherelucidated the influence of end group functionality on wetting behavior (Fig. 7.2). Contact
angle values decreased as the viscosity of the liquid oligomer decreased, enabling improved
coating properties. The contact angle decreased with end group fafittiam the following
order: 60A >®didh KratoPBA AQ KRBishsA.IAdvantageously, Krasbdl
DA and Krasd? BisAcAc exhibit comparable contact angle measurements and reveal consistency
in wetting behavior with the EPDM substrate, @iy homogeneous coating for Michael addition

reaction mixtures.
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Figure 7.1. Shear viscosities for Krasbbligomers, generated using shear sweeps at a constant 1
Hz frequency and constant temperature. Filled dots correspond to shear viscosifL a&n2b

empty dots correspond to 50.
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Figure 72. Contact angle measurements for Kr&soligomers with variable end group

functionality. Modifications from a diol to a diacrylate and bisacetoacetate influences the degree

of wetting.

125



Mixing a 1.0:1.4 molaratio of KrasdP BisAcAc, Michael donor to Kras8ldiacrylate,
Michael acceptor with catalytic DBU enables-adinponent reactive curing system and provides
a crosslinked Michael network under ambient conditions. Scheme 7.2 depicts the reaction strategy.
In situ FTIR spectroscopy monitored the Michael crosslinking reaction for kinetic analysis,
tracking the C=C oubf-wag vinyl vibrational frequency for Krasbtiacrylate at 890 crhand
generating a normalized 2D waterfall plot for absorbance vs. time@ (&ig. 7.3). Vinyl
concentration disappearance over time elucidated Michael addition, revealing a 1.5 h crosslinking
reaction time for the KrasbMichael donor and acceptor mixture. Fig. 7.5 depicts an extension
of the spectral data into a psetfitst order kinetic plot for diacrylate concentration (M)Ws.
time (sec) provided additional insight into the polymerization kinetics, revealing an agreeable
observed rate constantyk for Krasof diacrylate (2.1 x 18 s?) in comparison to previously
reported Michael crosslinking reactions with poly(propylene glycofjtaining donors and
acceptors (3.8 x 1D s?). The literature agreement confirmed suitable Michael addition
polymerization conditions for synthesizing novel hydrogenated polybutadaet&ning Michael

networks.

Scheme 72. Michael addition reaction for synthesis of Kr&sotosslinked Michael networks.

0 DBU, K,CO3 Crosslinked

O (6]
o K
(o) + O :
%OW WH OW m{ 2300 Michael Network
O

Compositional changes to the diacrylate acceptor strongly influences the crosslinking
reaction time and kinetics (Scheme 718)stu FTIR spectroscopy enabled kinetic studies with

1,4-butanediol diacrylate (1;BDA) (810 cm?) and trimethylolpropane triacrylate (TMPTA) (815
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cm?) for comparison with the Krasbldiacrylate oligomer (Fig. 7.3 and 7.4). As expected, the
small moleculel,4BDA and TMPTA drastically increased the crosslinking reaction times and
KobsValues, with TMPTA exhibiting the fastest conditions (t = 5 mibs,%1.0 x 1 s') due to

its acrylic trifunctionality. Formulating mixtures of Michael acceptors @sables tunable
reaction times and kinetics. For example, incorporating 5 mol% TMPTA into Krasol diacrylate
increased the reaction time to 40 min and thevalue to 4.1 x 18s. Varying reaction kinetics

as a function of Michael acceptor compositamd formulation provided a facile method for

broadening the operational windows for these novel Michael networks in roofing adhesives.

Scheme 73. Model reaction kinetic studies for Michael addition reactions as a function of Michael
acceptor compositian Krasof DA, 1,4BDA, and TMPTA.

1 wt% DBU

(0] (0] le) 0 .
)J\/U\ J\/U\ +  Michael Acceptor Crosslinked
Owo 25°C Network

(0] (0] O (0] (@]
Michael Acceptor = \)J\OWOJ\/ \)J\O/\/\/O\n/\ \)J\O OJ\/
X ><
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N
Krasol® DA 1.4-BDA TMPTA \([)]/\
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Figure 7.3. In situ FTIR spectroscopy monitors the Michael crosslinking reaction as a function of

Michael acceptor compositions, tracking the C=C vinyl vibrational frequency peaks for each

acceptor (Kras8IDA, 890 an'; 1,4BDA, 0810 cm* ; and TMPTA, 815 cm).
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Figure 74. In situ FTIR spectroscopy monitors the Michael crosslinking reaction with 1.0:1.4

molar ratios of Krasol BisAcAc to Michael acceptor, where the Michael acceptor = Krasol DA
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(Blue), or a 95:5 méb ratio of Krasol DA: TMPTA (Purple). Tracking the C=C vinyl vibrational

frequency peaks for KrasoDA (890 cnt') generated the 2D waterfall plot.

e TMPTA
3{ ® 14BDA o ko= 1.0 x 12 (sY)
e KrasoP DA : TMPTA
2,51 e KrasoP DA
(]
;':5 5 o Kops= 6.8 X 13 (s1)
2, .
£157 . o Kope= 4.1 % 16° (1)
11 $ ° ¢
- . o . o Kepe= 2.1 X 16 (s
: ° . o
O ‘ T ° T T T T 1
0 50 100 150 200 250 300
Time (sec)

Figure 7.5. Pseuddirst-order kinetic analysis calculates the observed rages(sk), of Michael

crosslinking reactions as a function of Michael acceptor compositions.

Formulations with tackifiers also represent an important compositional effect on the
Michael crosslinking reaction and kinetics. Scheme 7.4 reveals a modified synthetic strategy,
accountng for a Krasol Michael network formation with the presence of 10 wt. % Indoptb@OH
or Wingtack 10. Previous literature reports these commercially available tackifiers as common
additives in thermoplastic elastomer blends and formulations, ideal foevah enhanced
viscoelastic properties required for tacky, adhesive applicattéhgor the case of this synthetic
study, these low molecular weight oligomers with \Wlues in the 50800 g/mol range were
selected as suitable tackifiers due to their comparable chemical and physical properties to the

Krasof Michael donors and acceptors.
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Scheme 7. Model reaction kinetic studies for Michael addition reactions with the presence of
10 wt. % tackifier, Indopolé&i-100 or Wingtack 10.

0 0 0 o le) o 1 wt% DBU

)J\/”\ )J\/U\ . 10 wt% Tackifier Crosslinked
Tackifier = _<_\=/—>m —
n
n

Indopole H-100 Wingtack 10

In situ FTIR spectroscopy elucidated the influence of the added tackifiers on Michael
reaction kinetics, tracking the vinyl C=C vibrational frequency for the K¥adiatrylate acceptor
at 890 cmtand generating a normalized 2D esdiill plot for absorbance vs. time (sec) (Fig. 7.6).
Pseudefirst-order kinetic analysis calculateebkvalues and elucidated the effect of incorporated
tackifiers on the rates of crosslinking (Fig. 7.7). In comparison to the 90 min crosslinking reaction
time for control Michael reaction and awk= 2.1 x 1C° s, the addition of 10 wt. % tackifier
afforded slightly increased reaction times angd%alues. Michael networks containing Wingtack
10 afforded crosslinked compositions in 130 min wigh 1.6 x 10° s, and networks containing

Indopole H100 achieved complete crosslinking in 140 min withhk 1.1 x 10°s™.
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Figure 7.6. In situ FTIR spectroscopy monitors the Michael crosslinking with the presence of 10
wt. % tackifier, Indopole HLOO or Wingtack 10, tracking the C=C vinyl vibrational frequency

peaks for Krasél DA at 890 ct.
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Figure 7.7. Pseuddirst-order kinetic analysis calculates the observed rages(sk), of Michael

crosslinking reactions with the presence of 10 wt. %ifiec, Indopole H100 or Wingtack 10.
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Rheological analysis elucidated crosslinking reaction kinetics, revealing the effects of

catalyst concentration, temperature, and acceptor composition, and tackifier concentration on

gelation time and storage modul(sGo ) . Atrain oseilltobry experiment monitored the
storage and | oss mo d-ugompongnt@uing syGtems achisved ctosslinked s ¢ o
net works. The G6 and GO crossover point repre

thegel point, and occurred at various times as a function of the tested variables (Fig. 7.8). In the
case of catalyst concentration (Scheme 7.5)), increasing DBU concentration from 1 wt. %, 2 wt.

%, and 3 wt. % afforded faster gelation in tunable time fraofieéd min, 60 min, and 15 min
(Figure 1A). Figure 1B is a representative rf&h
and Go (Pa) vs. time, as a function of 2 wt.
min and a final crosslinked molas slightly above the Dahlquist criterion for fre@nding films
(1x1®Pa). Exhibiting G6 near the Dahlquist enab

properties for the KrasBMichael networks.

DBU
1 wt%, 2 wt%, 3 wt%

(0] (0] O O O O
+ )J\/U\ J\/U\ Crosslinked
| OWO | (o) " ;o 25 50 Network

Scheme 7%. Michael addition curing reactiorf &rasof® diacrylate and bisacetoacetate as a

function of DBU concentration.
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Figure 7.8. Rheological characterization of Michael network formation as function of wt. % DBU
catalyst. (A) Graphical summary of gel time (min) vs. wt. % DBU. (B) Representétaological

pl ot of G6é and Go (Pa) vs. Time (min) for net

Rheology studies demonstrated crosslinking efficiency for Michael adhesives at
temperatures ranging frori0 °C to 25°C and 50°C (Scheme 7.6). Steadyrain osillation
studies at these temperatures, with a constant catalyst concentration of 1 wt. % DBU, demonstrated
Michael network formation and determined precise gel points (Fig. 7.9). Crosslinking behavior
occurred the slowest at0 °C, presumably correspoimgj to increased oligomeric chain rigidity
and decreased intermolecular motion. Increasing the temperature to ambient conditions increased
chain mobility and enabled crosslinking to occur within 80 min. The fastest crosslinking time (20
min) occurred at 58C, where intermolecular motion approached fluidic behavior and the addition

reaction was kinetically favored.

Scheme 7. Michael addition curing reaction as a function of temperature.

Q 1 wt% DBU

0 O O O O
+ )J\/U\ J\/U\ Crosslinked
0 x y O o X y O Network
| | -10 °C, 25 °C, 50 °C
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Figure 79 Rheological characterization of Michael netwaskmhation as function of temperature.
(A) Graphical summary of gel time (min) vs. temperatf@.((B) Representative rheological plot

of G6 and Go (Pa) vs. Time (min) f°%r networKk

Steadystrain oscillation experimés provided complimentary results to previonssitu
FTIR spectroscopy studies, particularly in demonstrating the effect of compositional changes to
the diacrylate acceptor and the addition of tackifiers on crosslinking kinetics (Scheme 7.3).
Rheology prbed Michael crosslinking reactions with BBDA, TMPTA, 95:5 molar ratio mixture
of Krasol DA: TMPTA, revealing gel times in the increasing order: TMPTA <BDA < Krasol
DA: TMPTA < Krasol DA (Fig. 7.10). This trend agreed with the previous results ifnositu
FTIR spectroscopy. However, the steadisain oscillation studies also provided insight into
mechani cal properties for the crosslinked fil
for networks formed with Krasol DA acceptors (L Ba)and Go&é values above
criterion for networks formed with the small molecule acceptorsBDA and TMPTA (1 x 16
Pa). As expected, :-BDA and TMPTA enabled tighter crosslinked densities and afforded

mechanically reinforced Michael networks.
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Figure 7.10. Rheological characterization of Michael network formation as function of Michael
acceptor compositions: Kra§dDA, 1,4BDA, and TMPTA. (A) Graphical summary of gel time
(min) vs. temperaturé€C) . ( B) Repr esent atainde Groh  d®Plag g ivesa |l Ty

for crosslinking 1,4BDA with 1 wt. % DBU at 25C.

Crosslinking reactions with 1;4utanediol diacrylate were conducted at various
temperatures for additional comparative studies with Krasol DA (Scheme 7.7 and Fig. 7.41). 1,4
BDA drastically reduced the gel times in comparison to the control Krasol networkS@ta26
50 °C, revealing gel times of 20 min and 10 min. At ambient and high temperatw8DA, 4
enables kinetically favored crosslinking reactions and affords mechanically reinforced networks
over the conventional Krasol DA mixture. Cooling the temperatur&dQS8C, however, affords
drastically increased gel times for both networks, requiring 300 min for both crosslinking reactions
to complete. At low temperatures, the decreased intermolecular motion of the Krasol bisAcAc

governs the crosslinking reaction and resdbe Michael acceptor selection arbitrary.
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Scheme 77. Michael addition curing reaction of@mponents involving 2000 g/mol Kra8ol
bisacetoacetate and the commercially available-b@itdnediol diacrylate as function of

temperatureC).
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Figure 7.11. Rheological characterization of acetoacetate curing systems involving Krasol
bisAcAc and 1,4BDA with variable temperaturé@@). (A) Graphical summary of gel time (min)
vs. temperatureC ) . (B) Representative r hempemtgre’C)a l pl o

for network crosslinking with 1 wt. % DBU at 5C.

Incorporating tackifier into the crosslinked Kra®aktwork resulted in increased gel times
in the order of Kras6l crosslinked network < Krasbkrosslinked network with Wingtack 0
KrasoP crosslinked network with Indopole-H00 (Fig. 7.12). This trend also agreed with the
previous results frorm situFTIR spectroscopy. Steadyrain oscillation studies also revealed the

mechanical properties for these crosslinked films, showengpd essed GO6 values w
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Dahlquist criterion by an order of magnitude (1 £ B@). As expected, Wingtack 10 and Indopole
H-100 tackifiers enabled plasticized crosslinkealymer matricesand afforded mechanical

deformation for enhanced adhesivegerties.

(A) (B)
IndopoleH-100 1000000

120 1 Wingtack10 _ 100000

00 - T
=1 <rasol DA Q10000
E 80 =0 & 1000
qg" 60 - 'g 100
= © 10
—_— 40 T o
(D] 1 °
O 20 1 ok

0 - - 0 50 100 150 200 250 300
Tackifier Time (min)

Figure 7.12. Rheological characterization of Kra8aletwork formation as with the presence of
10 wt. % tackifier, Indopole ¥.00 or Wingtack 10. (A) Graphical summary of gel time (min) vs.
temperature °C). (B) Representative rheologicpll o t of G6 and Go (Pa)

crosslinking 1,4BDA with 1 wt. % DBU at 25C.

187 Peel tests investigated adhesion strength and failure modes for cured membrane
samples including EPDM to EPDM, PVC to PVC, and TPO to TPO substrates (Fig.Th&8e
studies provided insight into adhesive compatibility with the various roofing membranes, and
provided peel strength data in comparison to conventional commercial bonding adhesives. Michael
adhesives involving KrasblbisAcAc served as a universairing system for the three different

roofing membranes, revealing comparable peel strength to the highest performing;lsadesht
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commercial adhesives and improved strength in comparison to low VOC adhesives. Incorporating
10 wt. % tackifiers into therosslinking Michael network revealed enhanced peel strengths for
EPDM, PVC, and TPO bonding substrates and revealed formulation opportunities to achieve
tunable and predictable peel strength properties (Fig. 7.14). Table 7.1 reports average peel loads
(N, and Ibs.) and failure modes for all roofing samples with Michael adhesives along with suitable
adhesive controls. Advantageously, all Michael adhesive samples revealed cohesive failure and

suggested adhesive dependence on strength of the crosslinkedkaetwor
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Figure 7.13. Instron 180 peel tests of acetoacetate curing systems involving 2000 g/mofKrasol
bisacetoacetate and diacrylate (2K Kr&0l2000 g/mol Kras6l bisacetoacetate and the
commercially available 1;Butanediol diacrylate (2K Krasul 1,4 BDA), Neoprene and TPO

based bonding adhesives, and Low VOC bonding adhesives. Representative plots of average data

of 3 adhered roofing samples: (A) EPDM to EPDM, (B) PVC to PVC, and (C) TPO to TPO.
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Figure 7.14. Instron 180 peel tests of acetoacetataring systems involving 2000 g/mol Kra&ol
bisacetoacetate and diacrylate (2K Kr&pelith 10 wt. % incorporated tackifiers wingtatk or
indopole h100. Representative plots of average data of 3 adhered roofing samples: (A) EPDM to

EPDM, (B) PVC to PVCand (C) TPO to TPO
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