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Abstract

Leveraging living copolymerizations as a tool to tailor the architecture

and mechanical properties of polymer networks

Aaliyah Z. Dookhith Ph.D. Chemical Engineering
The University of Texas at Austigp24

Supervisor:Gabriel E. Sanoja

Polymer networkspervade our society in many different shapes and forms
including pressure sensitivel@esives, engineering elastomers, and biomedical hydrogels.
These materials date back to thd' t&rtury when Mayan Civilizations would react latex
from rubbertreesin the presence of oxygen to form a brittle and unstable rubber. It was
not until mary years later that Charles Goodyear substituted oxygen with sulfur that a tough
and stable rubber was obtained. While this was perhaps one of the first demonstrations of
howkey the polymer chemistry is to the ultimate mechanical properties, centuries later, we
still lack the fundamental understanding to rationally design polymer networks using
polymer chemistry. This Ph.D. aims to answer this question by leveraging living
copolymerizations to tune the gelation, architecture and mechanical properties of polymer
networks. Living copolymerizationia the last century refutionized polymer cherstry,
and allowed for the formation of linear chains with wadfined molecular weighand
dispersity. Today, a library of techniques exists to synthesize any backbone chémistry

they remain rather underutilized for makingliBnensional polymer networks through the



copolymerization of monomer and crosslinkeHere, we focus onepoxide
copolymerizations catalyzed wusing orgaominum catalysts and acrylate
copolymerizations mediated by Reversible Deactivation Radical Polymerizations (RDRPS)
techniques, namely RAFT and ATRP. In both systems, differences between rates of
polymerization a& used to tune the cluster growth rate, the architecture and mechanical
properties of polymer networks. The key results from this Ph.D. are that delayed gelation
observed with more controlled systems yield phase separated networks. If decomposing
spinodaly, these networks are stiffer, and if phase separating by nucle@attbgrowth,

they tend to be softer. Compared to their-pbase separated analogs synthesized using
uncontrolled polymerizations, these materials offer a different -néidbetween their
small and largestrain mechanical properties. As such, we provide engineering guidelines
for designing tougher materials, to be used either in they@athesized state or as fillers

in a multiple network architecture, for new emerging technologies.
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Figure 1. Chain growth polymerization of linear poly(ethyl acrylate) chains(A)
The rate of polymerization is comparable in free radical and RAFT
polymerizations but significantly slower in ATRRB)(A reversible
deactivation step in RAFT and ATRP polymerizations results in linear
polymers of narrow dispersity and (dashed line) target molecular w2lght.
Figure 2. Key features of polymer networks synthesized by free radical and
RDRP copolymerizations.(A) Polymer networks synthesized by free
radical copolymerizations are transparent. In contrast, analogs
synthesized by RAFT and ATRP are bright yellow and pale green due to
thepresence of chain transfer agent and cofigand catalyst.B)
Percolation threshold as measured by the vinyl group conversion at
which the monomecrosslinker mixture transitions from a liquid to a
solid. (C) Transmittance spectra as measured inspecisne of a 1 mm
thickness. D) Stressstrain curves in uniaxial tension. These
observations highlight that RDRPs lead to higher percolation thresholds,
phase separation, and softer and more extensible polymer networkxl6
Figure 3. Percolation thresholds in bulk copolymerizations Free radical
copolymerizations gel at lower conversions than RDRPs due to the lack
of chain transfer agent or copgagand catalyst to reversibly deactivate

the propagating chain ends............coooiiiiienn e 219
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Figure 4. Monomer-crosslinker copolymerization unveils a competition between
gelation and phase separation(A) We observe four different
behaviors: (i) crosslinking without gelation, (ii) instantaneous gelation,
(i) gelation before phase sepaoat, and (iv) phase separation without
gelation. Phase separation results in more opaque networks, as measured
by the B) transmittance to 700 nm light and)(imaged under a
brightfield MICrOSCOPE........covviiiiiiiiie e 222
Figure 5. Elasticity of polymer networks synthesized by RDRP and free radical
copolymerization. A)Young6és modul us as measured i
tension(B) Density of elastically active chains as estimated from
reactive MonteCarlo molecular dynamics simulations...................... 225
Figure 6. Mechanical properties of multiple networks comprised of filler
networks synthesized byA) free radical, B) RAFT, and C) ATRP
copolymerizations. These filler networl
modulusEd 0. 86 MP a, Fig S18 (DeRenommaliginy thie n
stressstretch curves by the filler network ps&retch,/ g, unveils drastic
differences in the largstrain mechanical properties. Specifically, the
polymer networks synthesized by RDRPs strain stiffen at a lower stretch
because therhains are, on average, less extensible........................ 229
Figure 7. Chain length distributions of networks synthesized by free radical and
RDRP copolymerizations.At similar densities of elastically active
chains,/x rr= 6.4 x 16° chains.n? and sk rorp= 6.7 X 16°, the
distributions of the RDRPs and free radical copolymerizations exhibit
different means (dashed) and standard deviations. Networks synthesized

by free radical copolymerizations have a lower fraction of short ch&§.
27



Figure 8. RDRP copolymerizations offer polymer networks with a different
trade-off between smal and large-strain mechanical properties......231
Figure S1.Livingness of RDRPs(A) GPC traces as a function of timeoshthe
progressive increase in molecular weight and constant dispersity of the
polymer chains with timeB) The increase in molecular weight is linear
with respect to the conversion of the monomers in the RDRPs. This
l i near trend i 9 vdangmneisastoe.db.f.wit.thdd tRDR Prsl.
Figure S2.Efficiencies of RAFT chain transfer agent and ATRP initiator. The
ATRP initiator concentration must be slightly lower than the RAFT
chain transfer agent, for both systems to have similarecdration of
propagating chain ends, and reach similar molecular weights......... 242
Figure S3.Differential Scanning Calorimetry of polymer networks synthesized
by RDRPs and free radical copolymerizationsAll polymer networks
have a glass transition temperature (dashed ling)8- , and are thus
rubbery at room tEMPEratUIBu. ... ...eveieiiiiiieeee e 244
Figure S4.Light transmittance in polymer networks synthesized by RDRPs and
free radical copolymerizations.RDRPs experience reduced
transmittance of light, indicative of phase separation. ATRP networks
are characterized by lower transmittance valudsch suggests that
they have more phase separated domains than RAFT networks.
Transmittance of light increases with increasing crosslinker
concentration, consistent with their faster kinetics of gelation, which

reduces the occurrence of phase separation...............cccccveereeinnnne 245
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Figure S5.Phase separation in polymer networks synthesized by RDRPs and
free radical copolymerizations.(A) Polymer networks imaged under a
bright field optical microscope show the presence of phase separated
domains when syhesized by RDRPs at all crosslinker concentrations.
(B) The phase separated domains are larger in ATRP networks than in
analogous RAFT networks, consistent with their lower transmittance of
1o ) SO PP 246

Figure S6. Solvent effect irpolymer networks synthesized by free radical
copolymerizations.(A) Polymer networks at similar nominal
concentration of crosslinker of 1.0 mol% synthesized in the presence or
in the absence of solvent by free radical copolymerization do not show
any phae separated domains under a bright field optical microscBpe. (
As such, the polymer networks show similar transmittance of light
throUugh themML. ... 247

Figure S7.Time-Temperature-Superposition of polymer networks synthesized
by RDRPsand free radical copolymerizations atA) 0.7 mol%,(B)
1.0 mol% andC) 2.0 mol% BDA. Free radical networks show higher
storage moduli, GO6, than anal ogous RDRI
RAFT or ATRP have similar viscoelastic properties within the

crosslnker regime probed.............cccciiiiiiiiee 248
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Figure S8.Stressstretch curves of polymer networks synthesized by RDRPs and
free radical copolymerizations at(A) 0.7 mol%,and(B) 2.0 mol%
BDA. Free radical networks have a higher modulus (computectas th
slope at 5% deformation shown in the inset) than analogous RDRPs at
low crosslinker concentration of 0.7 and 1.0 mol%. At high crosslinker
concentration of 2.0 mol%, the networks synthesized by RDRPs and free
radical have similar elastic MOAUIUS................eveiiiiiiieeniiiiiiiiccceeeee, 249
Figure S9. Densities of elastically active chains and entanglements in polymer
synthesized by RDRPs and free radical copolymerizationfA)
Stressstretch curves can be fitted within the Rubinsteanyukov
model (Equation S5 in modeand calculations section), to extract the
densities of crosslinks and entanglements in the polymer netwBjks. (
RDRPs have a lower density of elastically active chains, and
entanglements than analogous free radical networks, explaining their
lower elasiC MOAUIi.........uuiirieeee e 250
Figure S10.Swelling behavior of polymer networks synthesized by RDRPs and
free radical copolymerizations.Prestretch| o, of filler network
swollen to equilibrium in a bath of monomer/crosslinker, and
polymerized & form a double Nnetwork.............ccoevvvveiiieee e, 251
Figure S11.Multiple networks with filler networks synthesized by (A) free
radical, 8) RAFT and C) ATRP copolymerizations at 0.7 mol% BDA.
Stressstretch curves show enhancement of the mechanical properties

with increasing prestretch (1.62.5) of the filler networks................... 254
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Figure S12.Multiple networks with filler networks synt hesized by(A) free
radical, 8) RAFT and C) ATRP copolymerizations at 2.0 mol% BDA.
Stressstretch curves show enhancement of the mechanical properties
with increasing prestretch (1.€2.0) of the filler networks.................... 256
Figure S13.Renormalization of stressstretch curves by prestretch of filler
networks synthesized by RDRPs and free radical copolymerizations
at similar nominal concentration of BDA (A) 0.7 mol%, B) 1.0 mol%
and C) 2.0 mol%. Under these conditions, the free rddieavorks
strain harden earlier than the RDRP networks. Both the RAFT and
ATRP networks appear to strain harden at similar stretches, indicative of
their networks having similar limiting extensibilities.......................... 258
Figure S14.Gent fits with multiple networks of filler networks synthesized by
(A) free radical, B) RAFT and C) ATRP copolymerizations at 0.7
mol% BDA. The stresstretch curves at different pstretches can be
fitted wit helastic Bl (EquationtSy ip mmadelisd
calculations section) to extract the limiting extensibilities of the filler
LS ATV 2 SRS 260
Figure S15.Gent fits with multiple networks of filler networks synthesized by
(A) free radical, B) RAFT and C) ATRP copolymerizationat 1.0
mol% BDA. The stresstretch curves at different pstretches can be
fitted wit helastic @oelel (EquationtSy ip mmadels and
calculations section) to extract the limiting extensibilities of the filler
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Figure S16. Gent fits with multiple networks of filler networks synthesized by
(A) free radical, B) RAFT and C) ATRP copolymerizations at 2.0
mol% BDA. The stresstretch curves at different pstretches can be
fitted wi t helastic GoginEqdaton §7yinpnedels and
calculations section) to extract the limiting extensibilities of the filler
LS ATV TSR 264
Figure S17.Limiting extensibilities of filler networks synthesized by RDRPs and
free radical copolymerizations.At similar nominal concentration of
crosslinker, free radical networks are less extensible than analogous
RDRPs. Both RAFT and ATRP networks have similgegsibilities....265
Figure S18. Mechanical properties of polymer networks synthesized by RDRPs
and free radical copolymerizations at 1.0 and 0.5 mol% BDA
respectively.(A) Time-TemperatureSuperposition show that the three
polymern et wor ks have similar sBorage, GO,
Similarly, in uniaxial extension, their stresgetch curves overlap at low
deformations and the networks have similar elastic moduli ~0.86 .\N&&6.
Figure S19. Mechanial properties of polymer networks synthesized by RDRPs
and free radical copolymerizations at 1.5 and 1.0 mol% BDA
respectively.(A) Time-TemperatureSuperposition show that the three
pol ymer networks have similBr storage,
Similarly, in uniaxial extension, their stresgetch curves overlap at low

deformations and the networks have similar elastic moduli ~1.1 MP&7
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Figure S20.Mechanical properties of multiple networks with fillers synthesized
by (A) free radical, B) RAFT and C) ATRP with similar elastic moduli
~1.1 MPa. D) Renormalization of the stresfretch curves by the pre
stretch of the filler networks show differences in their large strain
properties. The RDRP networks undergo strain hamdezarlier than
the free radical analog...........ooveviiiiiiiiiic e 268
Figure S21. Chain length distribution of linear polymers obtained by RDRPs,
and free radical simulations.RDRPs have a narrower distribution of
chains unlike the free radical polymemtiba. ..............ccoeeeviiiiiiicceeeennn. 272
Figure S22. Percolation of polymer networks obtained by RDRPs and free
radical simulations at similar nominal concentration of BDA(A) 0.7
mol%, B) 1.0 mol% and@) 2.0 mol%. The point at which the reduced
degree of polgnerizations, RDP, reaches a maximum is taken as the
percolation threshold. RDRP networks undergo delayed percolation,
unlike free radical networks which percolate at very low conversions.
ATRP networks are characterized by higher percolation threshohs tha
RAFT networks. This picture is consistent with experimental
(0] 0 15T Y= 11 o] 1SS 275
Figure S23.Cluster size growth of polymer network crosslinked at 0.7 mol% at
(A) low conversions ~3.0%8( percolation threshold an€) high
converson ~98%. At low conversions until the percolation threshold,
the free radical networks have larger clusters that interconnect into the

final network structure, unlike the analogs synthesized using the RDRPs.
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Figure S24.Cluster size growth of polymer network crosslinked at 1.0 mol% at
(A) low conversions ~3.0%8( percolation threshold an@€) high
conversion ~98%. At low conversions until the percolation threshold,
the free radical networks have larger clusters that intercomtedhe
final network structure, unlike the analogs synthesized using the RESRPS.
Figure S25.Cluster size growth of polymer network crosslinked at 2.0 mol% at
(A) low conversions ~3.0%8( percolation threshold an@€) high
conversion ~98%. At low conversions until the percolation threshold,
the free radical networks have larger clusters that interconnect into the
final network structure, unlike the analogs synthesized using the RE&2Ps.
Figure S26.Structure factor of polymer networks crosslinked at 0.7 mol% at(A)
low conversions ~5.0%@8() percolation threshold an€) high
conversion ~98%. At the percolation threshold, the networks
synthesized by the RDRPs, namely RAFT and ATRP, show a peak in
thestructure factor indicative of phase separation, which is less
pronounced in the analogous free radical................cccccciieeeine 284
Figure S27. Structure factor of polymer networks crosslinked at 1.0 mol% atA)
low conversions ~5.0%8() percolation theshold and) high
conversion ~98%. At the percolation threshold, the networks
synthesized by the RDRPs, namely RAFT and ATRP, show a peak in
the structure factor indicative of phase separation, which is less

pronounced in the analogous free radical................ccoocciieeee s 286
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Figure S28.Structure factor of polymer networks crosslinked at 2.0 mol% at(A)
low conversions ~5.0%@8( percolation threshold an€) high
conversion ~98%. At the percolation threshold, the networks
synthesized by the RDRPs, ndynRAFT and ATRP, show a peak in
the structure factor indicative of phase separation, which is less
pronounced in the analogous free radical..............cccevvviieeen 288
Figure S29. Chain length distribution in polymer networks obtained by RDRPs
and freeradical simulations at similar nominal concentration of
BDA (A) 0.7 mol%, B) 1.0 mol% and) 2.0 mol%. Though the
differences in the distributions may appear slight, the free radical
networks have a higher density of elastically active chains than the
RDRPs. Both the RAFT and ATRP networks on the other hand have
similar densities of elastiC ChaiNS..............cceovvvviviieeen e, 290
Figure 30. Characterization of the chain length distribution in polymer networks
obtained by RDRPs and free radical simulations(A) The average
chain length decreases with increasing crosslinker concentration. At the
same nominal concentration of crosslinker, the free radical network on
average has longer chains than the RDRB)sT e dispersity of the
chain lengths is much higher the free radical than in the RDRP
LS ATV 2 SRS 291
Figure S31.Elastic moduli of polymer networks obtained by RDRPs and free
radical simulations. The elastic modulus can be calculated from the

density of elastic chains & 0 & "Y..oooooooeveee e, 292
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Figure S32. Distribution of dangling side chains in polymer networks obtained
by RDRPs and free radical simulations at similar nominal
concentration of BDA (A) 0.7 mol%, B) 1.0 mol% and@) 2.0 mol%.
RDRP networks have significantly more dangling siderchthan free
FAdICAl NEIWOIKS......ceiiiiiiiiiiie et ereer e e e e e 294

Figure S33.Topological defects in in polymer networks obtained by RDRPs and
free radical simulations.(A) RDRP networks have a higher density of
dangling side chains than analogous free radiedorks. The density
of dangling side chains remains more or less constant at the different
crosslinker concentration8B) Irrespective of the polymerization
mechanism, the networks have similar densities of loops. The density of
loops increases with ineasing crosslinker concentration................... 294

Chapter 5

Figure 1. Optical and mechanical properties of initial filler and multiple
networks. (A) Fillers synthesized by RDRPs are translucent and phase
separated into crosslinker rich and crossling@yr phases as seen under
a bright field optical microscopeB) The three filler networks
synthesized by free radical, RAFT and ATRP copolymerizations have
similar mechanical properties in the low deformation regime. All three
fillers have a similar elast modulus ~0.8 MPa, and thus a similar
density of elastically active chain€)(Multiple networks serve to probe
the large strain mechanical properties of the brittle filler networks. The
onset of strain hardening in the renormalized plots indicatentiiténly
extensibility of the filler networks. The RDRP fillers strain harden

earlier and are [eSS eXtEeNSINLE. ... ..veeie e 310
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Figure 2. Small and large strain mechanical properties of double networks(A)
Filler networks are swollen in a babhmonomer, crosslinker and
initiator to prestretch their chains. They are then locked in thek pre
stretched state by polymerizing the bath to form double netwdks. (
Double networks resulting from the filler networks with similar elastic
modulus, shoveimilar storage and loss moduli in linear rheolo@). (
The double networks also have similar elastic modulus but strain harden
at different stretches. Fillers synthesized by RDRPs are less extenSikie.
Figure 3. Rate- and temperature-dependent fracture of double networks(A) All
three double networks become more brittle with increasing temperature.
(B) The fracture toughness of double networks decreases with increasing
temperature as friction between polymer chains becomamalin(C)
Similarly, all three double networks become more brittle with decreasing
stretch rates ) The fracture toughness decreases with decreasing

stretch rate, as molecular friction becomes suppressed.................. 316
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Figure 4. Damage infiller networks embedded in double networks: Effect of
temperature. (A) Damageinduced fluorescence is observed in all three
fillers pre-stretched td o ~ 1.6 at different temperatures. Fillers
synthesized using RDPRs are more damaged than the analdigous fi
obtained from free radical polymerization. Higher temperatures,
characterized by decreased molecular friction ahead of the crack tip,
result in a decrease in damage in the three fillBjsFluorescence
profile can be converted to a corresponding agenprofile. Phase
separated fillers synthesized using RDRPs undergo more bond scission
than the nofphase separated filler resulting from free radical
copolymerization. All three fillers show a coupling between scission and
1[0 £ o PP 319

Figure 5. Damage in filler networks embedded in double networks: Effect of
rate. (A) Damagenduced fluorescence is observed in all three fillers
pre-stretched td o ~ 1.6 at different rates. Fillers synthesized using
RDPRs are more damaged thaa #malogous filler obtained from free
radical polymerization. Slower rates, characterized by decreased
molecular friction ahead of the crack tip, result in a decrease in damage
in the three fillers.B) Fluorescence profile can be converted to a
corresponthg damage profile. Phase separated fillers synthesized using
RDRPs undergo more bond scission than thepi@se separated filler
resulting from free radical copolymerization. All three fillers show a

coupling between scission and friction...............ooevvvvvimmeeeeeeeeeeeennns 320
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Figure 6. Damage in filler networks embedded in double networkqgA) The size
of the damage zone as measured by the number of Lake and Thomas
monolayers decreases with increasing temperatures as the material
becomes less viscoelastiB) (Similarly, the size of the damage zone
decreases as with decreasing stretch rates as molecular friction between
the chains becomes negligible. All three fillers show & &atd
temperaturedependent damage, and are characterized by this inherent
coupling ketween scission and friction. Phase separated fillers obtained
using RDRPs are more damaged than the analogoushase separated
analog resulting from free radical polymerization........................c.. 323

Figure 7. Coupling between scission and friction in filler networks(A) All three
fillers irrespective of their architecture are viscoelastic in fracture. Filler
networks obtained using RDRPs are phase separated, more brittle and
more damaged than analogous fresaa synthesized filler network.
Through polymer mechanochemistry, we can now use damage as a
measure of the nelmear viscoelasticity of the process zone ahead of
the cracktip.B) When pol ymer chains break at
extensibility, theyare more likely to have undergone correlated bond
scission, and form bigger damage zones, as shown in filler networks
Synthesized DY RDRPS.........uuuiiiiiiiiiiiiiiieeeiiiie et 325

Figure S1.Swelling ratio of filler networks. All three filler networks show similar

pre-stretch of their chains upon swelling in monomer EA................. 335
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Figure S2.Fracture properties of multiple networks composed of filler networks
synthesized byA) free radical B) RAFT and C) ATRP
copolymerizations. Multiple networksecome tougher and more
resistant to crack propagation with increasinggiretch..................... 337

Figure S3.Fracture energies of the multiple networks at different prestretches.

(A) Fracture toughness of the multiple networks increasteedsler
networks are more and more teetched, in all three families. The
architectural differences do not seem to impact the scaling of the fracture
toughness with the pigtretch. B) All three fillers also exhibit similar
scaling when the fractuteughness is plotted as a function of the critical
stretch felt by the fillers at crack propagation. This suggests that the
scaling is a function of the crosslinking density of the filler or). (

When the critical stretch of the fillers is renormalibgctheir limiting
extensibilities, it is seen, that the RDRP fillers fail closer to their limiting
extensibility as opposed to the free radical analag.............cccccoce..e.e. 339

Figure S4. Step loading of double networkdrrespective of filler network
architecture, all three double networks show no hysteresis and are
=3 = 1S o 339

Figure S5.Time Temperature Superposition shift factors of double networks.
Irrespective of filler network architecture, all three double networks
showsimilar values of aat the different temperatures....................... 340

Figure S6. Crack propagation at different temperaturesn double networks with
fillers synthesized byX) free radical, B) RAFT and C) ATRP. An
increase in temperature isc@mpanied by a lower resistance to crack
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Figure S7.Crack propagation at different ratesin double networks with fillers
synthesized byA) free radical, B) RAFT and C) ATRP. A decrease in
stretch rate is accompanied by a lower resistance to crack propaga&th.

Figure S8.Linear properties of double networksat different ) temperatures and
(B) stretch rateslastic modulus of the doubletmerks remains more
or less constant at different temperatures but shows a slight increase with
INCreasing SretCh ratesS. . ... 343

Figure S9.Critical stretch of crack propagation in double networksat different
(A) temperatures an®] stretch ratesCritical stretch of crack
propagation increases with decreasing temperature and increasing stretch
rate. Under most conditions, critical stretch of crack propagation is
lower in double networks with filler networks synthesized by RDRP344

Figure S10.Size of process zone (i.e. elastmhesive length) in double networks
at different A) temperatures an®] stretch ratesl'he elasteadhesive
length increases with decreasing temperature and increasing stretch rate.
Under most conditions, double networks with filler networks
synthesized by RDRPs, have much smaller process zanes............. 345

Figure S11.Fracture energies as a function of shifted velocitgf double networks.
Irrespective of filler netwdr architecture, the three double networks

show similar viscoelasticity in fracture, withn............oooeeiiiiiiiieeen. 346
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Figure S12.Mechanical properties of filler networks without (-) and with (+)
mechanophoresynthesized byA) free radical, B) RAFT and(C)
ATRP copolymerizations. Filler networks with and without
mechanophores have similar elastic modulus and fracture toughness.
Solid lines represent umotched samples and dashed lines represent
NotChed SAMPIES.........oiiiii e 349
Figure S13.Mechanical properties of double networks made from filler
networks without (-) and with (+) mechanophoresynthesized byA)
free radical, B) RAFT and C) ATRP copolymerizations. Presence of
mechanophores in the filler network does not affect the elasticilom
or the fracture toughness of double networks. Solid lines represent un
notched samples and dashed lines represent notched samples.....351
Figure S14.Calibration of fluorescence intensity with fluorophore concentration.
(A) Fluorescence intensity increases with increasing concentration of
fluorophore molecule B) Sample calibration curve shows a linear
relationship between intensity and fluorophore concentration. Slope of
tNE lINE ISA. e 351
Figure S15. Gack surfaces of double networks with filler networks synthesized
by free radical, RAFT and ATRP copolymerizations at different
temperatures. Fluorescence intensities decrease with increasing
temperatures in all three double networks irrespective of fidavork
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Figure S16. Fraction of broken bonds in filler networks synthesized bfA) free
radical, (B) RAFT and (C) ATRP copolymerizations at different
temperatures.Damage deceases with increasing temperaturas in
three fillers, irrespective of architectural differences........................ 354
Figure S17, Crack surfaces of double networks with filler networks synthesized
by free radical, RAFT and ATRP copolymerizations at different
stretch rates.Fluorescace intensities decrease with deceasing rates in
all three double networks irrespective of filler network architecture.354
Figure S18. Fraction of broken bonds in filler networks synthesized bfA) free
radical, (B) RAFT and (C) ATRP copolymerizations at different
stretch rates.Damage deceases with decreasing rates in all three fillers,
irrespective of architectural differences..............cccccviviieemniciiiiinnnne.
Figure S19.Damage in filler networks synthesized by free radical, RAFT ad
ATRP copolymerizations.Phase separated fillers obtained from

RDRPs undergo more damage than the analog made using free radical
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43



Figure S20.Macroscopic and molecular picture of fracture in filler networks

Figure S21.

syrthesized by free radical, RAFT and ATRR) (Fracture toughness
increases as bulk strain in the material increases, and polymer chains
approach their limiting extensibilities mor&)(The increase in strain

both in the bulk and at the crack tip, resuttsriore extended polymer
chains that undergo more scission, as seen through their damage profile.
The filler networks obtained from RDRPs experience more damage due
to their highly crosslinked phase separated domains that readily
concentrate stress and bteBlowever, they dissipate a lower amount of
energy due to the scission of shorter chains in their architectures...357
Phasaeparation in filler networks synthesized by free radical,

RAFT and ATRP. (A) Networks synthesized by RDRPs are phase
separated. When embedded into double network, the respective fillers
made by RDRPs result in phase separated struct&)eshé clustesize

of the phase separated domains barely changes as the filler network
undergoes swelling to form a double network, All three fillers are pre
stretched td o, ~ 1.6, but locally, the phase separated domains in the
networks synthesized by RDRPs only-pteetch tol o ~ 1.1. As such,

the swelling is more homogeneous in filler networks obtained by free

radical COpOlYMEriZatioN..........coooviiiiiiiiiie e 358
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List of lllustrations

Chapter 1

Scheme 1Elementary steps in a chain growth polymerizationlinitiator, |,
decomposes in initiation to from an active species, I* with a rate
constant k Active species react with monomers, M, to start a
propagating chain,Pwith a rate constant,kTermination occurs if
a propagating chain meets another actpecies to couple ¢§ or
dISPrOPOrtIONALE [Hs) .-« vveeeeeeeeeeeeeeeiiiieiiiimme e 57

Scheme 2Reversible deactivation of polymer chainsUnlike conventional free
radical polymerizations, in BRPs the polymer chains can be
deactivated through the use of a nitroxide, chain transfer agent or a
halogen. NMP and ATRP involve the reversible termination of
polymer chains whereas RAFT revolves around the reversible
transfer of radicals from an actit@ a dormant chain. This allows all
chains to grow at the same rate to target molecular weight with a
NAIOW AISPEISIEY....iiiiieeeeeiee i eeee e eeeeaee bbb 59

Scheme 3. Steps of a freadical polymerization. Initiator, I, decomposes in
initiation to from radical, | Radicals react with monomers, M, to
start a propagating chaing FSide reactions such as chain transfer
(ch) can occur during propagation. Termination can occur if two
propagating chains couple (co), or two propagating chains meet and

diSProportioNate (iS)e.....ccuveeeeeeeeiiiiiieiiiee e 61
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Scheme 4. Steps of a RAFT polymerizationnitiator, |, decomposes imitiation to
from radical, . Radicals react with monomers, M, to start a
propagating chain,? The propagating chain reacts with a
thiocarbonate and enters an equilibrium to generate a dormant chain
and a radical, RThis radical can also propagatetain, Ry, which
can also participate in the equilibrium. Termination is minimal but
can occur if a propagating chain meets a free radical or two
propagating Chains COUPIE............uuuiiiiiiiiiiieeeiiiiiieeieee e 62
Scheme 5. Steps of an ATRP polymerizatiotdalogenated initiator, #r, couples
with the copper/ligand catalyst to oxidize the copper and generate a
radical, R The radical reacts with monomers, M, to start a
propagating chain,? The prgagating chain can react with the
copper/ligand catalyst to enter an equilibrium, and the chain is
reversibly terminated as the copper is oxidized. Termination can
occur if a propagating chain meets a free radical........................ 63
Scheme 6Steps of the Vandenberg/Lynd catalyzed organrmetallic
polymerization. Initiator, I, couples with a hydrogen from the
solvent or monomer to reach an activated statd]¥l The activated
initiator then reacts with a monomer, M, to start propagation, and
form polymer chains, P*. It should be noted that the concentration of
active species remains constant throughout the propagation steps,
and every single propagation step can be reversibldfingsin
depolymerization, &. Termination is absent in these
polymerizations, and only occurs upon exposure to oxygen, water or

alcohols to quench the reactian.............cccoooeiiiiicecciicciiiie e, 67
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Scheme 7. Synthesis of polymer network®olymer networks can be synthesized by
either @A) crosslinking a polymer melt/solution d)(
copolymerizing low viscosity solution of monomer andssimker.
Both strategies yield polymer networks that deviate from the ideal
picture, and are pervaded by defects such as loops, entanglements
and dangling Side ChaiNS............covviiiiiiiiiieee e 69
Scheme 8Reversible deactivation copolymerization of polymer networks.
Polymer networks synthesized by reversible deactivation radical
copolymerizations prevent the formation of dead clusters and allow
the formation of a more homogeneous Strieetur................ooeeeiees 71
Scheme 9. Length of a polymer chaing.he bonds in a polymer chain are not
aligned but instead have a bond angle between them.................73
Scheme 10Random walk of a polymer chainsThe bonds in a polymer chain are
randomly oriented with respect to one another, and interactions
between the different segments of the chairgroflauses the
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Scheme 11. Mechanical properties of entangled polymer network@) In
uniaxial extension, at low strains, the entanglements ezld
untangle, observed as strain softening in the sgts&ch curves at
low to intermediate strains. At high deformation, the chains approach
their limiting extensibilities, and the material shows strain hardening
prior to failure. B) Thereduced stress, f*{, plotted as a function of
1/1, often referred to as a Moon&vlin plot, shows the two
regimes of strain softening and strain hardening. The minimum point
of the curve represents the shear modulus resulting from the
elastically actre chains and can be used to compute the
corresponding elastic MOdUIUS.................uueeiiiiiieeciiiiiiiieeeeeeeeeeen 78
Scheme 12Fracture of polymer networks. The crack propagates through the
material onlywhen the energy release rate reaches a critical value.
The zone ahead of the crack tip, known as the process zone,
constitutes the area where the material undergoe$imear
deformation, and dissipates energy by friction and scissian........ 82
Scheme 13. Synthesis of multiple network84ultiple networks comprise a stiff and
brittle network, filler network, embedded into a loosely crosslinked
matrix network. The fillenetwork is swollen to equilibrium in a
bath of monomer and crosslinker where the polymer chains untangle
and become prstretched| o. Upon polymerization under UV, the
filler network is locked in its prstretched state. This not only
reinforces the mat&l but allows us to probe large strain properties
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Scheme 14. Mechanophores in polymer network§A) Spiropyran is aon-scissile
mechanophore that undergoes a color change upon loading and can
be used to map stress distributior®). Bis(adamantyl) 1 2lioxetane
Is a scissile mechanophore that when stretched, releases a moiety
that generates a blue light. It can be usedsualize bond scission
in real time. C) p-extended anthracene is also a scissile
me c hanophor e-exteridedtfluorescent adtlsracéné with a
high quantum yield, and phegtability. This mechanophore is ideal
for mapping and quantifying damagestmortem.............ccccc..evueeees 92
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Scheme 1Evolution of network architecture with monomer conversion.
Vandenberg polymerizations yield networks with simdansities of
entanglements and chemical crtisks, whereas Lynd
polymerizations, instead, yield more homogeneous networks
pervaded by elastiC ChaiNS. ... 125

Chapter 3

Scheme 1Multi -scale picture of fracture of PEGE networksllustrating a
transition from a friction(l) to a damageominated (IIl) regime....173

Chapter 4
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Scheme 1. The major difference between free radical polymerization and RDRPs
is the presence of elementary steps that reversibly deactivate the
propagating radicals. This step slows the rate of polymerization
and allows for the synthesis of linear polymerthwiarrow
dispersity and weltlefined molecular weight. The two RDRPs,
RAFT and ATRP, differ in their reversible deactivation step, which
involves fragmentation of a chain transfer agent in RAFT and

electron transfer to a copper catalyst in ATRP............ccccviiieee. 212
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Scheme 2Competition between gelation and phase separation in polymer
networks. (i) Monomercrosslinker copolymerizations undergo
gelation when the clusters grow faahd the excluded volume
interactions, 1/dy, are weak. This situation corresponds to free
radical copolymerizations, where nume
interconnect into a network at low conversions. Instead, the (ii)
copolymerizations can gel clotethe binodal when the clusters
grow slower, but the excluded volume interactions are stronger,
namely, when the clusters grow to higher molecular weights before
gelation. In this situation, the copolymerizations can cross the
binodal at high conversionand the networks evolve mesoscopic
features within their architecture. This situation corresponds to
RDRP copolymerizations conducted at intermediate crosslinker
concentrations. Finally, (iii) if the clusters grow too slowly and the
excluded volume intecdions are too strong, the copolymerizations
phase separate into polyriezh and polymepoor phases before
turning into a macroscopic, spaspanning network. This situation
was only observed for ATRP copolymerizations at high crosslinker
(o0] g ot =] g1 i =1 10 o 1SS 223

Scheme 3Synthesis of multiplenetworks by swelling and copolymerization.
Swelling polymer networks with an athermal solvent like ethyl

acrylateextends the chains closer to their contour length........... 227
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Scheme 4Polymer networks synthesized by RDRP suffer from phase separation

Chapter 5

after gelation, and offer a diferent trade-off between smal and
large-strain mechanical properties.When composed of a similar
density of elastically active chains, these networks comprise
narrower distributions of elastically active chains and are less

extensible at the moleCularae.........ccooe v 233

Scheme 1Architecture is key for fracture properties. RDRP fillers produce

double networks that are phase separated, less extensible, and more
brittle. Crosslinker rich phases in filler networks synthesized by
RDRPs readily concentrate stress and undergo correlated bond
scission. The filler network becomes heavily damaged, and
embrittled, unable to sustain stress. Moreover, the scission of such
short chains in the highly crosslinked clusters does not release a
significant amount of energy as opposed to longer chains present in
fillers synthesized by free radical. Fillers synthesized by RDRPs are

thus more damaged, and yet more brittle................cccooieeniiinnns 329
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Chapter 1: Leveraging living copolymerizations to tailor the
architecture and mechanical properties of polymer networks

Aaliyah Z.Dookhith and Gabriel E. Sanoja*
McKetta Department of Chemical Engineerifigpe University of Texas at Austin,
Austin, TX 78712, USA

Introduction

Polymer networks find widespread use in applications that require large reversible
deformations. These appli@ans include elastomers in rubber tires, dampers, and seals;
hydrogels in contact lenses and superabsorbent diapers; and psesmitige adhesives
in tapes? The origins of these materials date back to th® déntury when Mayan
civilizations first produced brittle and unstable rubbersdacting latex sap from rubber
trees with oxygen from the &irOver time, Charles Goodyegioneered the vulcanization
of natural rubbemith sulfur, while researchers at I.G. Farbponlymerized styrene and
butadiene to introducStyreneButadieneRubber (SBRY. Despite being integral to our
daily lives, polymer networksemainchallenging to design due toe elusive relationship
between synthesis, architecture, and bulk mechanical properties.

The elusive nature of this relationship primarily stems from the complex
architecture of polymer networksSynthesized eithdsy crosslinking a polymer melt or
solution orthrough the reaction of monomer and a crosslinker, polymer networks are
heterogeneous across multiple length scafdésthe moleular leve] they comprise
topological defects like loops and dangling side chawtsle at the mesoscopic level
pronounced concentration fluctuatiomsin emerge The kiretics of gelation and

thermodynamics of phase separation dictate the architecture of polymer networks. Yet,
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controlling these processes with statehe-art synthetic methods is challenging and often
involvesextensive triaanderror.

In contrast, the sythesis of linear polymers with controlled architectures is now
possible with living polymerizations. Techniques like NMR, RAFT, ATRP, ionic, and
pseudeionic polymerizations are often used to synthesize styrenic, acrylic, and
methacrylic polymers of nawo dispersity and weltlefined molecular weights. These
techniques are characterized for having fast initiation, slow propagation and negligible
terminationor, in other words, for procuringontrol over the kinetics of chain growth.
However, they remain I&ively unexplored for synthesizing polymer networks through
monomercrosslinker copolymerization.

In previous investigations, Fukuda, Matyjaszewski, Billingham and Armes, and co
workers observed thatinder similar reaction conditionkying copolymereationshad
slower rates of copolymerization and higher percolation thresholds than conveiéenal
radical copolymerizations This observation led them to concluddat living
copolymerizations yiel@nore homogeneous polymer netwStRsHowever, their picture
raises several questions. Specifically, how such control over the Kkinetics of
copolymerizationsimpacts the formation of heterogeneities at the molecular and
mesoscopic scales, and the mechanical properties of the networks. This Ph.D. aims to
answer these questions by investigating the effect of (i) orgamoinum catalysts, (ii)
trithiocarbonate chain trasfer agents, and (iii) copper ligand catalysts on the architecture
and mechanical properties ofodel poly(ethyl glycidyl ether) and poly(ethyl acrylate)
networks.

In this chapter thefirst section explains themechanisms of polymerization in the
different systemsthe second section discusseseral models from polymer physics and

fracture mechanics employed to understand the architecture and mechanical properties of
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the polymer networksandthe last sectionntroducesnovel techniques to elucidateeth

relationship between architecture and fracture properties.

Polymer chemistry: From conventional methods to living and controlled
polymerizations

Polymeric materials have always played a vital noleociety, whether as the DNA
in our bodies, the cellake in plants, or the proteins in our diet. Yet, the concept of a
polymer remained unknown for centuries. The first synthetic polymer, Bakelite, emerged
in 1907 when Leo Baekeland reacted phenol with formaldéhyde1920, Hermann
Staudinger introducedhe groundbreaking idea that polymers are macromolecules,
composed of many mol ecules I|inked to one
hypothesis was later validated by Wallace Carothers, who laid the foundation of polymer
chemistry by demonstrating &h large molecules could be synthesized from smaller
molecules through repeating organic reactitnSince then, many advances in polymer
synthesis haveatilitated the use of polymeric materials in a range of technologies. Among
these advances, living polymerizations are noteworthy, as they have enabled the synthesis
of linear polymers with narrow dispersity and wedifined molecular weight.
Linear polymers

A polymer chairconsists of numerougpeating unitknown asmonomers andre
formed through two major synthetic routetep growth polymerization and chain growth
polymerization. These routes differ in the kinetics of propagation. In chain growth
polymerization, monomers add to a growing chain one at a time, whereas in step growth
polymerization, instead, monomers and oligomers couple to form the final p&lyhere
we focus on chain growth polymerizations, specifically radical and epoxid®pegng

polymerizations
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Chain growth polymerizations typically involve three elementary Stegd
Initiation: An active species is formed by initiator decomposition, (ii) Propagation: The
active species react with monomers to grow the polymer chains, and (iii) Termination: Two
growing chains coilmine or disproportionate to form a polymer (seeheme )1 The
molecular weight distribution depends on the rates of these steps and, even in the absence

of side reaction, can be broad.

Termination P, + P, —= P,~P,

Schemel. Elementary steps in achain growth polymerization. Initiator, |, decomposes
in initiation to from an active species, I* with a rate constanfktive
species react with monomers, M, to start a propagating chawjtR a
rate constantk Termination occurs if a propagatinigain meets another
active species to couplecgkor disproportionate ).

Chaingrowth polymerizations are typically fast and permitliék production of
polymers. Thesereactionscommonly involve free radicals and are tolerant to protic
solvents ad trace impurities. In addition, they are compatible with a wide range of acrylic,
methacrylic, and styrenic monomers. Hence, they are used to produce approximately 45%
of synthetic polymers, including poly(methyl methacrylate), poly(acrylonitrile),
poly(styrene), and poly(butadiene).

Free radical polymerizationgature slow initiation, fast propagation, arfdst
termination rates. Radicals are slowly and continuously generated in the initiation step,

resulting in a high concentration of free active catli(10*-102 M). Propagation is fast
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and when theheat of reaction is excessjwbe polymerizatiorautcaccelerags Drastic
changes in the viscosity alsdroduce diffusion limitations, particularly wheime reaction
is conducted in bulk or conceated solution.Chain termination by combination and
disproportionation makdree radical polymerizatianuncontrolled and preclude the
formation ofpolymer chains with weltlefined molecular weight$
In 1956, Michael Szwarz introduced the concept of controlled/living

polymerizations by initiating the anianipolymerization of styrene with sodium $alt
Over the years, the development of gratgmsfer polymerization, ding carbocationic
polymerization, living ringopening metathesis polymerization, or living transtmetat
catalyzed alkene polymerization, expanded living polymerizations to other monomers and
backbone chemistri&s While these techniques permitted the synthesis of polymers with
well-defined architectures (block, comb, star,-gndup functionality), precise molecular
weights and narrow distributions, it was not until much later that these became possibl
with radical polymerizations. In 1982, Otsu, was probably one of the first polymer chemists
to enable living radical polymerizations, usimgiators known asniferters to reversibly
deactivate growing chaitts

In the realm ofeversible deactivation radical polymerizations (RDRBsyide range
of techniques are available tod@geScheme 2. The three main techniques are Nitroxide
Mediated Polymerization (NMP), Reversible Additiéimagmentation Chain Transfer
(RAFT), and Atom Transfer Radical Polymerization (ATRP). All three techniques are
based on the reversible deactivation of polymer chains in very distinctdvays

) NMP entails theeversible termination of active chains through coupling with

a stable persistent radical, typically a nitroxide.
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(i) RAFT involves the reversible transfer of a group such as a thioester from one
chain to another, causing the chain without the thioester tunieactive and
the one receiving the group to become dormant.

(i)  ATRPis similar toNMP, but thereversibletermination occurs by the transfer

of a halogen group from the metaand complex to the propagating chain end.

NMP
R ot 5 R
P,-O-N —=_ P, + ON
Rq Kdeact Ukp 5
M
RAFT

S k S
. act .
Pm + Pn ‘SJLS/\,;\N - Pm .SJ'LS/\:-N + PH

——
U kp k(fr.‘ar:r U kf-’

M M

ATRP
kact
Pi—Br + cu-L ——=— P; + pBr-cu'L

Kdeact U kp

Scheme2. Reversible deactivation of polymer chainsUnlike conventional free radical
polymerizations, in RDRPs the polymer chains can be deactivated
through the use of a nitroxide, chain transfer agent or a halogen. NMP and
ATRP involve the reversible terminatiorf polymer chains whereas
RAFT revolves around the reversible transfer of radicals from an active
to a dormant chain. This allows all chains to grow at the same rate to target
molecular weight with a narrow dispersity.

In all of these RDRPs, initiation isa$t, propagation is slow, and irreversible
termination is negligibfé. The propagating radicals are temporarily converted to inactive
dormant species, suspending the growth of the polymer chain ends. As such, in RDRPs,
theradical lifetimeof a single propagating chais significantly lower (a few hours) than

in free radical polymerizations (a few second®)e interconversion between active and

dormant species is very fast compared to the rate of propagation, allowing all the
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propagating chains to growssentiallyat the sarma rate. Additionally, the higher
concentration of dormant chainsignificantly mitigates side reactions such as
disproportionation, chain transfer, and cyclization. As such, RDRPs offer polymers with
narrow dispersity and wetlefined molecular weight. Haver, it is important to note that,

even though these side reactions are suppressed, they are still present and occur at
extremely slow rates.

The major difference between the three techniques lies in their mechanisms of
deactivation and the inherent edgouilum constant that exists between the active and
dormant chains. Here, we focus mainly on RAFT and ATRP polymerizations. In ATRP,
the reversible termination reduces the number of propagating chains whereas in RAFT, the
reversible transfer maintains thencentration of propagating chain ends nearly constant.
Seminal investigations by Werner, Tang andwawkers report equilibrium constant
values, Kq for RAFT polymerizations to be much great&0*10°) than that of ATRP
polymerizations(10°-10%1617 As such, in ATRP polymerizations, during propagation,
the chains are mostly dormant. On the other hand, in RAFT polymerizations, the high
equilibrium constant combined with the reversitransfer of the active radical results in a
higher concentration of actively propagating chains. This increasegrabability of
irreversible termination reactions, which even though remains negligible compared to free
radical, is still more significarthan in ATRP polymerizations.

The mechanisms for free radical, RAFT and ATRP polymerizations, and their

respective rate equations anatlinedbelow.
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Free radical polymerization

o @i
Initiation I 2]
. kO
Propagation I+ M — P,
k
Pn + Pm _-.C” Pn + Pn
H H . - kﬂ‘ﬂ
Termination P + P, —m PP,
Ko
Pn + Prm —b-s P, + Pn

Scheme3. Stepsof a free radical polymerization.Initiator, |, decomposes in initiation to
from radical, 1. Radicals react with monomers, M, to start a propagating
chain, RB. Side reactions such as chain transfer (ch) can occur during
propagation. Termination can ocdfitwo propagating chains couple (co),
or two propagating chagmeet and disproportionate (dis).

In a free radical photpolymerization®, assumingherate of initiation is equal to the rate

of termination, the rate gfolymerizationis given by

— Q — 0 (Eq. 1)
The conversion of monomer as a function of time can then be obtained as follows,
® p — p QunQ —o (Eq. 2)

where [M] is the concentration of monomer at time t,M]the initial ©ncentration of
monomer, t is the timepks the propagation rate constalitjs the quantum yield of the

photcinitiator, lais the intensity of the lamp, and ik the termination rate constant

obtained from the sum ofkand kis.
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RAFTpolymerization

Initiation [T

Termination Pp o+ I — P

Schemed. Stepsof a RAFT polymerization. Initiator, I, decomposes in initiation to from
radical, |. Radicals react with monomers, M, to start a propagating chain,
Pn. The propagating chain reacts with a thibcawvate and enters an
equilibrium to generate a dormant chain and a radical,H& radical can
also propagate a chainyyPwhich can also participate in the equilibrium.
Termination is minimal but can occur if a propagating chain meets a free
radical orntwo propagating chains couple.

It is important to note the similarities that exrsthe mechanisms @fee radical and RAFT
polymerizatiors (compareScheme 3and Scheme 4. Both mechanisms maintain the
concentration of active species constant duringpggation, despite the existence of an
additional equilibrium step ilRAFT. This step involvesthe reversible transfer of the
thiocarbonate moiety from a dormant chain to an active chain such that the concentration
of active chains remains unchang@&terate equations should thus be similar. However,
RAFT polymerizations arexperimentallyslower. This observation ledana, Anasthasaki,
Konkolewicz, and cavorkers to empirically modifythe rate equation using an
intermediate radical termination model.e8pically, for a RAFT photepolymerization,

the rate is given b{?%

— O —— ) QnnQo (Eq. 3)
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And the monomer conversion:
W p — p QO ———— QwNnQo p (Eq. 4)
where [CTA] is the concentration of chain transfer ageris te initiator decomposition
rate constant anddgis the equilibrium constant between propagating and dormant chains
given as,
0 _— (Eq. 5)
with kactand keactrepresenting the rate constants for activation and deactivation of polymer

chains respectively.

Since k tends to be very small (~2&1), the equation&q. 24 can be simplified to

~
g

— 0 —— ¥ (Eqg. 6)
O p — p QonQ ——— 0 (Eq. 7)
ATRP polymerization
kaC
Initiation R-Br + cCu-L -.—"‘._' R + pBr-cu'L
_________________________ Mot
Propagation R+ M —kpn- "

Termination P + R —» PR

Schemeb. Steps of an ATRP polymerization Halogenated initiator, #8r, couples with
the copper/ligand catalyst to oxidize the copper and generate a radical,
R'. The radical reacts with monomers, M, to start a propagating chain,
Pn. The propagating chain can react with the copper/ligand catalyst
enter an equilibrium, and the chain is reversibly terminated as the copper
is oxidized. Termination can occur if a propagating chain meets a free
radical.
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Conversely in an ATRP polymerization, the rate of propagtismiven by
— Q0 0—0D (Eq. 8)

and conversion as a functiontohe then follows

® p — p Qo Qv 'O —0 (Eq. 9)
where [Ipis the initiator concentration, [(uand [CU] are the concentrations of copper (1)
activator and copper(ll) deactivator.

Both free radical polymerizations amRDRPs follow firstorder kinetics but the
evolution of the molecular weight with time is linear omyRDRPs. Thidinear evolution
is due to the presence of a reversible deactivation step that suppresses side reactions and
promotes all polymer chains goow at similar rates. The increase in molecular weight with
time is often used to confirm the controlled/living nature of the polymerization.

RDRPs comprise one of timeajorachievements in polymer science, enabling the
growth oflinear polymer chains oharrow dispersity and wetlefined molecular weight.
These techniques are used to synthesize a myriad of polysnetsas poly(acrylates),
poly(acrylamides), poly(acrylonitrile), poly(styrenes), poly(dienes) and many other vinyl
monomer¥’. The presence of the reversible deactivation step in these polymerizations
revolutionized polymer chemistry, and served to inspire the design of catalysts/initiators
tha today can be used to grow poly(olefins), poly(ethers), poly(lactones) and many others
through a controlled/living mechanistn

A class of polymer of padular interest are poly(ethers). Their oxygeh
backbone allows them to interact with many small molecules such as ions, gases, and
pharmaceuticals. As such, they are ubiquitous in our daily lives and find uses as polymer
electrolytes, gas separationembranes, and artificial tissue scafféfdsPoly(ethers)
typically result from the ionic polymerizations of epoxides or alkyl glycidyl ethers using
organometallic atalysts and are sensitive to the presence of oxygen and water in the
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atmospher®. In 1966, Dreyfuss and Dreyfuss first introductie living cationic
polymerizations of cyclic ethers by employing a hexafluorophosphate satiadaslystto
hindersuppress chain transfer and termination reactioHswever, the catalyst efficiency
was very low resulting in polymer chains with molecular weights 4 to 5 times greater than
the target making the polymerization uncontrolle@n the dter hand, E. J. Vandenberg
in 1968 took inspiration from the Ziegi®latta catalysts used in olefins polymerizations
and reacted alkyl aluminums with water and acetyl acetone todorarganealuminum
catalyst*. The Vandenberg catalyst can polymerize a wide range of monomers, rigcludi
epoxi des, al kyl glycidyl et her s, and | act ol
stereoselectivitymakes it well suited for industrial production of poly(ethers) in large
amounts rapidKip.

However, the Vandenberg catalyst suffers from one important limitation: It can
only produce polymer chains of high molecular weights, (M 1¢° Da), and high
di s per si (Thisdask of cantrot haghlirred the development of new systems. For
example, Carlotti and Deffieuweactednium salts with a trialkyl aluminuno activate the
ring-opening polymerization of propylene oxide monoth&r More recently,Lynd and
co-workers took inspiration from the Vandenberg catalyst and explored an aluminum
based catalyshitiator system for the polymerization of epoxiéf&s. The initiating and
catalyticspecies were formed from the reaction of an amine containing an alcohol ligand
and a trialkyl aluminum. Both these ionic initiating systems allowed for the synthesis of
poly(etherswithmo | ecul ar wei ghts wup to 100 kDa with
enabling investigation of the structypeoperty relationships in applications such as
cryopreservatiot?, polymer electrolyte$ and gas separation membraiies

It is important to note that while the mechanisms of these epoxide organometallic

catalyzed ring openg polymerizations are not wedistablished, they are chagnowth
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polymerizations with elementary steps involving initiation and propagation. Termination
tends to be absent in these mechanisms, and typicalyohae purposefully induced
through the adtlon of oxygen, water or alcohols. As such, despite their inherent
mechanistic differences, the Vandenberg and Lynd orgamainum catalysts share
similar concepts with the conventional free radical and the RDRPs. The fast kinetics of
polymerization andincontrolled nature of the Vandenberg catalyst is comparable to the
observations with conventional free radical polymerizations. On the other hand, the slower
rate of pol ymeri zati on, contr ol over mol ecu
observedwi h t he Lynd catalyst is reminiscent of
While the mechanisms of the Lynd and Vandenberg organoaluminum catalyst
systems remain poorly understood, both are based on the coordinagdion ring
opening of the epoxide through theadgst to grow the polymer chains. The first scheme
proposed by E. J. Vandenberg demonstrates the propagating chain and the unreacted
epoxide coordinating with two catalyst molecules to open the ring and continue
propagatioff. On the other hand, in the Lynd system, the proposed mechamiluded a
similar coordination and insertion between the epoxide and the catalyst, but in this case,
this propagation step was considered to be equilibrium liffitdd a noteworthy
investigationFerrierandcavor ker s, revi sited the Vandenber
established a similar equilibrium in the propagation 3tégowever, DFT calculations
showed that the free energy associated with the coordiAasgertion step in the
Vandenberg system is very low. In other words, the equilibrium constant is very high, and
the chains are corssttly propagating.
The mechanism for the Vandenberg and Lynd polymerizations, and their rate

equation are given below.
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Initiation I+ H — |[I-H]

Propagation ||—H]¢ + M == p#¥
kdp
Termination

Scheme6. Steps of the Vandenberg/Lynd catalyzed organmetallic polymerization.
Initiator, 1, couples with a hydrogen from the solvent or monomer to reach
an activated state, -H]*. The activated initiator then reacts with a
monomer, M, to start propagation, and form polymer chains, P*. It should
be noted that the concentration oftiee species remains constant
throughout the propagation steps, and every single propagation step can
be reversible, resulting in depolymerizatiog,. K ermination is absent in
these polymerizations, and only occurs upon exposure to oxygen, water
or alcdhols to quench the reaction.

It should be noted that both polymerizations follow fosfler kinetics. The rate of
propagation in a ring opening polymerization is given by,
— Qb 00 Qv (Eq. 10)
where [P*] is the concentration of aaly propagating species andyks the rate of
depolymerization.
At equilibrium,
— T (Eq. 11)
N Q0 (Eq. 12)
where [MLis the equilibrium concentration of monomer.
The rate equation can then be simplified and integratéallaws,
— Qo b 0 (Eq. 13)
® p — p — p QuQO O (Eq. 14)
While these techniques in both radical and coordination polymerizations have been
well exploited lately to grow linear chains of welkkfined architectureshey remain rather

67



unexplored when it comes to making polymer networks. In the section that follows, we
discuss the importance of these polymeric materials and the use of polymer chemistry in
their design.
Polymer networks

A polymer network is a -8limensonal structure formed by covalently linking
different polymer chains together to form a single molecule of infinite molecular weight.
These linkages between chains prevent the material from flowing, and make it a solid. An
important class of crosslinkecetworks are elastomers. These mateitiage low glass
transition temperatures anare rubbery, soft, and deformaldle Examples include
poly(isoprene), §~-7 0 , poly(digel1hyl sj| palanegt hyl ac
~-18 , and many ot her elelibrdnpoad mongmers that cambee x i st s
used to make polymer networks with different backbone cheesistind functionalies
However, controlling their mechanical properties from the point of synthesis remains
challenging

Such challenge stesifrom the heteogeneous structure of polymer networks.
Formed by either crosslinking a polymer meltoncentratedolution, or copolymerizing
a monomeicrosslinker mixture, polymer networks tend to have a broad distribution of
chain lengths betweetrosslinks, and contain defects such as loops, entanglements, and
dangling side chaifi§seeScheme 7. This distribution leads to a namiform mesh size
and impacts the Ibki mechanical propertiesSeveral investigations have focused on
understanding the relationship between the synthetic conditions and the molecular
architecture of polymer networks by elngking polymer chains of weltlefined molecular
weight and narrow gpersity.For instanceCohen and cavorkers explored the effect of
molecular weight and concentration of polymer chains on the densities of crosslinks and

entanglements in poly(dimethylsiloxane) netwdfkand Ferry, Creton, and -weorkers
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performed snilar studies on poly(butadierf@)and poly(urethanéj networks. In 2008,
Sakaiandcavor ker s were able to design an ideally
combining two symmetrical tetrahedretike macromonomers in poly(ethylene glycol)

hydrogel$’. These studies provided important insights into tailoring the network
architecture and served to refine molecular models on the elaSfiaitydling®® and

fracturé® of real polymer networks.

Monomer * Crosslinker Polymer chains

(A) Crosslinking polymer chains

B . ° Ideality Reality
: ¢ —- . h 4 . L)
(B) Copolymerizing monomer/crosslinker YTy N

L L]

L]

Scheme?7. Synthesisof polymer networks. Polymer networks can be synthesized by
either @) crosslinking a polymer mé#olution or B) copolymerizing low
viscosity solution of monomer and crosslinker. Both strategies yield
polymer networks that deviate from the ideal picture, and are pervaded by
defects such as loops, entanglements and dangling side chains.

In addition tothese molecular defects, polymer networks suffer from another
heterogeneity that can span natwmicroscopic length scales, namely phase sepatation
During thegelationprocess, the change of viscosity makes the reaction diffusion limited,
and accentuates concentration fluctuations. As the polymer chains crosslink or the
monomer crosslinker mixture react to form a swollen network, -nmanicroscopic

polymer solvent deming can occur before or after the gel point. At the gel point, these

phaseseparated domainsfreeze within the architecture. This proces<alled
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microsyneresiswas firstrecognizedby DuseK! and later observed in a wide variety of
networks including poly(acrylamide¥>“3 poly(hydroxy ethyl methacrylaté) and
poly(ethylene glycofP® gels, and bimodal poly(dimethylsiloxaf&j® The degree of
phase separatiagtrongly dependsn the rate at which the systéransitions from a liquid
to a solid, i.e. percolation. If the percolation line of the system lies closer to the phase
boundary, the system is likely to undergo more phase sepéralibe percolation
threshold can however be tuned throtigiacrosslinker concentration and temperattire
The phase boundary line on the other hand depends ortdtection energies between the
reactants, reactanpoducts and products in the system, and can be shifted through the
compatibility of the monomeerosslinker pair, or the monomsolvent interactior?§>1

The rate of gelation thus governs the architecture of polymer networks at the
molecular scale, their phase separation at the mesoscopic scale and their physical properties
at the macroscopic scale. Yet, the inability to control it through conventional sgnthet
methods has precluded a better understanding of how phase separation competes with
percolation to dictate the structypeoperty relationships. Many polymer networks are
synthesized by the chain growth copolymerization of monomers and crosslinkers using
conventional free radical polymerizations. These copolymerizations are typically
uncontroll ed, forming Adeado gels or <clust el
gel point into a network Moreover, they also suffer from static concentration fluctuations
and phase separate during geldttidh*4 Over the past decades, reversible deactivation
radical polymerizations (RDRPs) such as RAFT, ATRP, and NMP have emerged as
techniques to control the kinetics of chain growth, suppressing the coticenivé
propagating chain ends during polymerization and offering linear polymers of narrow
dispersity and weltlefined molecular weight. Nonetheless, they remain somewhat

unexplored for tailoring the architecture and mechanical properties of polymerketwo
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Scheme8. Reversible deactivation copolymerization of polymer networksPolymer
networks  synthesized by reversible  deactivation radical
copolymerizations prevent the formation of dead clusters and allow the
formation of anore homogeneous structure.

Ide and Fukuda firgbostulatedhe formation of more homogeneous architectures
by NMP copolymerizations as opposed to conventional free radical copolymerizations.
Model poly(styrene) gels synthesized from NMP copolymerizati@agured higher
percolation thresholds, and higher swelling ratios. These observations were attributed to
the reversible activation and deactivation of the propagating chains which (i) increases the
percolation threshold and (ii) promotes the formation aofmore homogeneous
nanostructur®. Since then, Zhu, , Billingham and Armes, Matyjaszewski, andarers
have extended these studies to other systems and have #ngu&kDRPs prevent the

formation of fdeado gels or clusters at

homogeneous distribution of fAidormanto gel s

71

ow

0]



at a higher threshott? (seeScheme § However,systematic studies on thedfect of
RDRPs on phase separati@main absent from the literature.

The complex architecture arising from (i) the higher percolation thresholds, and (ii)
the possibility of phase separation can be leveraged to design advanced polymer networks.
These include poly(olefins), poly(ethers) and poly(lactones), which can beycwed
into polymer networks using initiators/catalysts that permit the reversible deactivation of
chains and procure control over the growth of polymer chains and the percolation

threshold.

Polymer physics: From linear chains to complex @limensional polymer networks

With the emergence of synthetic toolsctuntrol the molecular structure of linear
and threadimensional polymersthere came a corresponding effort from the physics
community to develop several modelsdiescribe theimechanical propegs?. In 1934,
Werner Kuhn applied statistical mechanicsdescribe the viscosity of polymer solutions
and concluded that the chains exist as €oilsaterin 1949, Paul Floryintroduced the
concept of excludedolume?® whereby one part of the polymer chain cannot occupy the
space that is already occupied by another. Many other models explaining the elasticity,
swelling and fracture of polymers came about in the following yearse $6these models
are discussed in the section below.

Polymer chains

A polymer chainis comprised of a given number of monomexs;1, linked
together byN bonds of lengthlo. The maximum length of the polymer chain, if all the
bonds are aligned, knows &s contour lengthR., is then simply,

Y oGa (Eqg. 15)
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In reality, the bonds are not aligned but instead have a bond angle with respect to one

another (se&cheme Y, such that the maximum length of the polymer chaiay is given

by
Y ba AT © (Eq. 16)

whereq is the valence angle between the bonds.

el

ly

A 4

<
4

Scheme9. Length of a polymer chainsThe bonds in a polymer chain are not aligned but
instead have a bond angle between them.

A more appropriate definition of the polymer chain lengtitsiaverage end to end
distance Ro, at thermodynamic equilibrium. The chain is modeled as a random walk of
monomers through spatieat maximizegonformational entropy (se&&cheme 1D If each
segment of the chain is described by a vedaigithen tle endto-end vector of the polymer
chain,dYBQ'is defined as,

oye0' B ip (Eq. 17)
For many segmenttshe average of thendto-end vector is zero due tine random
orientationin spaceHowever, he mean squared eialend distance iinite and giverby
oy O ba (Eq. 18)
This endto-end distancés shorter than theontour lengthgonsistent with thehainbeing
curled in a compact random caihile maximizing entropy
In addition to the backbone rigidity, interactions between different segments often causes

coiling of the polymer chain such that all the possible conformations are not as probable.
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This probability, as calculated by W. Kuhn, follows a Gaussian distritiiti@nd

highlights the random nature of the polymercbasn or i ent ati on and conf
A correlation factor, known as the characteristic ratg,i€then introduced to account for

the random orientation of the monomers with respect to one aroffieis parameter is

given by:

(Eg. 19)

Schemel0. Random walk of a polymer chains.The bonds in a polymer chain are
randomly oriented with respect to one another, and interactions between
the different segments of the chain, often causepdlyener to coil.

The maximum extensibility of the polymer chaimit, is then dictated by the ratio of the

contour length and the Gaussian ¢oend distance as,
Al 6 — (Eg. 20)

- 5 0O
Polymer networks

A polymer network comprisepolymer chains linked to one another at crosslinking
points. This threelimensional structure also contains topological defects such as loops,
entanglements and dangling chaiitie simplest model to describe the elasticity of
polymer networks is the afie networkmodel| where the presence of topological defects
is neglectedf. Developed by Kuhn and Florthis model assumes that the bulk and the
individual polymes deform affinely and reversibly.
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If the material deforms in the x, y and z directions, its relative deformations in the different

planes are given by, | y andl .. The free energy of the system, DG is then defined as,
30 — o (Eq. 21)

where n is th@umber of elastic polymer chaing ik the Boltzmann constant, and T is the
absolute temperature.

For incompressible systems,
——- P (Eq. 22)

and for uniaxial extension in thedirection,

(Eq. 23)
— (Eq. 24)

The free enerngcan then be rewritten as,
30 — - O (Eq. 25)

The force, F, required to deform the material in thdirgction is given by the partial

derivative of the free energy with respect to the deformation.
0o — — — — (Eq. 26)

where Ly is the initial length in the-xlirection.

The engineering stress can then be calculated as,
” - — - - = - ' TQ"Y= - (Eq 27)

where ly and L; are the initial lengths in the yd zdirections, V is the specimen volume,
andny is the density of elastic chains.
The elastic modulus, E, is described as the derivative of the stress with respect to the strain,

at low deformations, or dsY 1 .
o — g QY (Eq. 28)
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Theabove equationEq. 2728 describe the elasticity of polymer network and, in
analogy to the ideal gas law, reveal that each elastically active chain contributes an equal
amountofenergykgsT, t o t he modulus E. The network is
If the material is isotropic and incompressible (Poisson ratio is 0.5), the shear modulus and
elastic modulus, E, are related as,

o ¢ (Eq. 29)

It is important to note that this relationship is in good agreement with experimental data
only at small s&ins. Experimentallyspecimensre tested in uniaxial extension and the
engineering stress,, and stetch |, are calculated from the fora@Bsplacement curve
according to

. - (Eq. 30)
— (Eq. 31)
where F is the measured force, A is the ceesgional area of the sample, L is the deformed
length of the sample andlis its initial length. At very small strains, rubber elasticity
applies and the elastic modulus can be estimated from the slope of thstséitebscurves.
At small to intermedite strains, real networks tend to show deviations from this
relationship due to the presence of defects such as loops, entanglements, and dangling side
chaing>%%",

Entanglements are present in most polymer networks if the molecular weight
between crosslinks is higher than the critical entanglement densitypafiyimeer chain®,
Entanglements are physical interactions between polymer chains that constrain their
motion and play a transient role in the modulus of the material. Upon deformation, the
entanglements can either relax or slide along the polymer chains, ma&mgtrainand
strainrate dependent. Polymer networks that contain entanglements typically exhibit strain

softening during their deformation, and this strain softening that occurs at low to
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intermediate strains can be used to estimate the density aofykmteents in the polymer
network.

Mooney and Rivlin provided an empirical motfelvhere the reduced stress,
with respect to the strain is attributed to two parametersard G, and serves to
understandhe crosslinks and entanglements contributions to the small strain modulus.

M — 6 — (Eg. 32)

This equation highlights the difference between a real polymer network and an ideal
polymer network that follows rubber elasticityo(€ 0). Most entangled polymers will
show G > 0 at low strains, i.e. strain softening, plateau once all the entanglements relax
and then strain harden, € Oas the large strain regime is approached and the polymer
chains approach their limiting extensibilitiee¢sScheme 1L This model however only
works for samples in tension and the parametarand G remain empirical with no

physical meaning regarding the material.
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Schemell Mechanical properties of entangled polymemetworks. (A) In uniaxial
extension, at low strains, the entanglements relax and untangle, observed
as strain softening in the strestsetch curves at low to intermediate
strains. At high deformation, the chains approach their limiting
extensibilities, ad the material shows strain hardening prior to failure.
(B) The reduced stress, ¥ plotted as a function of 1/ often referred
to as a MooneyRivlin plot, shows the two regimes of strain softening and
strain hardening. The minimum point of the curepresents the shear
modulus resulting from the elastically active chains and can be used to
compute the corresponding elastic modulus.
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To provide molecular rationale for the strain softeniRgbinstein and Panyukov
proposed a noaffine sliptube molecltar modet®. In this model, thgolymer chains are
confined in a tube and can undergo fluctuations of varying amplitudes dependent on the
strain experienced by the tube (elastic chains). The slip links along the tube, can slide along
the chain but cannot crosseoanother (entanglements). In uniaxial extensionstif@ss is
given by

.Y - (Eq. 33)

whereny andne are the crosslinking and entanglements densities respectively. This model
works well in both tension and camession (note that some geetors need to be altered

to account for biaxial strain), but shows good agreement with experimental data only in the
intermediate strain regime (0.1 < 10).

It should be noted that during the last couple of years, sewed#|s capturing the
contributions from other topological defects such as dangling side chains, and loops have
emerged to more accurately represent the architecture and behavior of real polymer
networks’.

At large strains, the polymer chains approach their limiting extensibility, and are
no longer in their random coil configuratiomstead, theyare oriented in théoading
direction As such, the polymer chains do not follow Gaussian statistics and all the
previously discussed models become inaccuratéarge strainsthe number of possible
conformations of the polymer chains is very low. As such, the mechanical properties are
no longerdominated by entropy, but instead depend on the enthalpy of the system, which
comprises the energies associated with the bonds in the network. The free energy required
to deform the chains becomes very high, and the material becomes stiffer with igcreasin

deformations, i.e. strain hardening.
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The finite extensibility of polymer chains can be modeled by combining non
Gaussian network theory and Langevin statistics, as shown by Arruda and®®Boyce
Gent®! also proposed an empirical expression that maps the limiting extensibility of
polymer chains as,

LT OYYe—— (Eq. 34)

where Jis the first strain invariant given by as
0 _ - © (Eg. 35)
and & is the maximum admissible value af Jhe limiting extensibility] n, can then be

computed as,
0 — O (Eq. 36)

This model fits both tension and compression data on polyratworks and can used to
guantify the limiting extensibility of polymer chains.

The imperfect nature of polymer networks makes it hard for a single model to
consider all the defects and elastically active chains, and predict the appropriate behavior
under different strain regimes. Howevenecan still make use of the different models for
the gain a better understanding of the network architecture, through its mechanical
properties.

While understanding how polymer networks behave at diffstesins is important
to ensure they can be used for the appropriate application, another key aspect to consider
is their resistance to failure

During fracture, the broad distribution of chain lengths readily leads to stress
concentrations and nucleatiohmicroscopic defects known as cracks. How the stress gets
distributed at the molecular scale depends on the architecture of polymer networks and the

interactions between the chains. However, as polymer networks are architecturally
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complex, it remains chiginging to predict and design (i) the stress distribution among the
chains, (ii) the energy dissipation, and (iii) and the fracture properties.
Fracture of polymer networks

The study of fracture in polymer networks revolves around measuring the amount
of energy required to propagate a crack. In linear elastic fracture mechanics, the material
is assumed perfectly elastic, except in a small region around the crack tip. This assumption,
referred to as smaficale yielding, reduces fracture to the creatiotwaf surfaces at a
strain energy release ra,

0 — (Eq. 37)
wheredWn is the change in the total mechanical energy per unit ddeaf the crack
surface. According to Griffith, the crack propagates through the material at the critical
energyrelease rate or fracture ener@y®2 Irwin expanded on LEFM and described the
stress concentration at the crack3jas
= (Eq. 38)

wheres is the stress at a given distance r from the crack tip and K is the stress intensity
factor. It follows from his description that the crack will propagate at a critical stress
intensity factor or fracture toughness, If the material is linearly elastic, the descriptions
in terms of energy and stress are equivalent to each other.

Linear elastic fracture mechanics works well with brittle materials such as glasses
but fails in soft polymer networRS Thislimitationis because $opolymer networks attain
high strains in the vicinity of cracks and do not obey sisdle yielding. Gent and Schultz
considered the fracture toughness of polymer netwaslssum ofi) the intrinsic fracture
energy of the materialz, and (i) any érm of dissipation occurring during crack

propagation, asxf(v,T), wheref(v,T) is a function denoting the rate and temperature

dependence of the dissipative processes $sbeme 12 The functionf(v,T) has been
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estimated from the linear viscoelastioperties of polymer networks but often times fails
to match experimental data due to the -finear behavior of the material during crack

propagatiof.

Crack initiation Crack propagation

S 1
G =G, !

= S

Process zone

o

Bond scission Molecular friction

—>

Schemel2. Fracture of polymer networks. The crack propagates through the material
only when the energy release rate reaches a critical value. The zone ahead
of the crack tip, knownsathe process zone, constitutes the area where the
material undergoes ndimear deformation, and dissipates energy by
friction and scission.

The intrinsic fracture energ@, has been predicted by Lake and Thdihamd it

is characterized as the energy released froradission of a monolayer of bonds ahead of

the crack tip. In the absence of viscoelastic dissipation, this molecular model assumes that

when a stretched chain breaks, the total energy in each bond is released. The minimum

energy required to break a stretdtodain then scales with the number e€E®onds in the

chain. If only the chains crossing the plane of the crack break during crack propagation,

then the intrinsic fracture energy, can be calculated as follows,

0 Y+ (Eq. 39)
where N is the numer of GC bonds in the chainslis the energy of € bond which is

around 350 kJ/mol, anflis the areal density of chains. The energy released frorCa C
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during chain scission has been recently revised by Craig awdrgers to be ~60 kJ/mol,
which ismuch lower than the homolytic scission of €C®ond®.
Nx can be estimated from the elastic modulus, E, and expressed in terms of the crosslinking
density,ny, as,
0 — — (Eq.40)
wherer is the density of the network AN s Avogadr o0 sistheunolecalar, and
weight of the monomer.
Additionally, the areal densitg can be expressed as,

b 029 — - i (Eq. 41)

By combining the equatiorisg. 39-41, the intrinsic fracture energy is shown to scale with

the crosslinking density & ~ n«? and hence, with the elastic modulusGas- E*2

6Yt — — ' XO- (Eq. 42)

This equation highlights amportant tradeoff in polymer networks, whereby the higher
the density of crosslinks, the stiffer the material, and the lower the material toughness. The
Lake and Thomas model shows good agreement with soft polymer networks in threshold
conditions when dcoelastic dissipation is negligible (high temperature or solvent
concentrations)' %, and the scaling of the fracture energy with the crosslinking density
provides insights into the processes occurring in the zone ahead of the crack tip.
Experimetally, the fracture energy can be measured using a sialgje notch test
which involves putting a notch of a given size into the sample, and stretching the sample
to induce crack propagation. The critical energy release Gtean then be calculated

usng the Greensmith modé&for a neeHookean elastomers in a singldge notch test, as
—_— (Eq. 43)
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wherel ¢ is the critical stretch at which the crack propagates, c is the initial length of the
notch in the sample, and W(is the strain energy density stored in the sample, which can
be obtained fromtheum ot c hed s astrptdheudveasst r es s
w_ . . Q_ (Eq. 44)

The one important assumption for using the Greensmith model is that the crack length
should be much smaller compared to the width of the sample, @rd arack propagation
should occur at small to moderate strainadourately measuréé fracture energylhe
model has some limitations worth highlighting. First, it does not reduce to linear elastic
fracture mechanics dsY 1 , and underestimates the fractu
Second, it works well with rubbers that obey the MoeResin model which fails in most
elastomers undergoing strain hardening at large deformétions

Over the recent years, several models have emerged to understand how defects such
as loops andangling side chainisnpact the fracture process in real polymer netw8riks
However, these modekspply only to polymer networks in threshold conditions when
viscoelastic dissipation is suppressed. While hydrogels are in such conditions as a result of
their highwater concentrations, elastomers are viscoelastic and dissipate considerable

energy by madcular friction during fracture.

Establishing the link between architecture and fracture properties: Multiple
networks and mechanochemistry

In the presence of a crack, a polymer network can dissipate energy either through
friction between polymer chains by scission of stretched polymer chains lying in the
zone ahead of the cratkThe amount of energy dissipated through either of these two
processes is small, and the toughness of soft polymer networks is &poth@0 J.nv.

Moreover, in threshold conditions, i.e. high temperatures or high solvent concentrations,
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when fricion is suppressed, the polymer networks can only dissipate energy by bond
scission and are extremely brittle (for example in gélsy 10 J.n?)®L. Their lack of
inherent dissipation mechanisms and heterogeneous architecture cause them to fail prior to
reaching theidimiting extensibilitieS. As such, they typically fail at low strairsda
molecular picture of theilargestrain behavior remairsbstract In order to circumvent
this tradeoff and design soft, elastic and tough polymer netw@&s- 1,000-10,000J.n1
2), the architecture of the polymer networks regecbe modified otailored to incorporate
some form oftrain and strairrate dependent energy dissipatibnthis section, we focus
on the latest tools used {0 toughen polymer networkgii) probe their large strain
mechanical properties and (iupderstand their fracture at the molecular scale.
Engineering dissipation mechanisms into the architecture

The need for such a tot probe the large strain behavior of polymer networks
might be perplexing, when a range of mechanical characterizations today exist to fully
understand the behavior of any novel materials. The reason is simple, as synthesized
polymer networks are defective and britt® ¢ 10-100 J.n¥). They readily concentrate
stress and nucleate cracks. As such, they fail prior to reaching their limiting extensibilities
and their large strain mechanical properties cannot be captured with current
characterization tools. Over the years, numerous efforts have focused on engitieerin
fracture properties of polymer networks by tailoring thmlecular architecture to
delocalize these stress concentratiansl delay the nucleation of microscopic cracks
Examplesof such architectureclude homogeneous tetREG hydrogefs:®74 and
cyclodextrinbased polyrotaxane slideng network$® 7.

Another typical strategy to toughgrolymer networkss to fill them with stiff
particles of carbon black or silica. The resulting materials, referred to as filled rubbers,

dissipate considerable strain energy by molecular friction between polymer chains and
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particles in the vicinity of cracks. However, they suffer from sohwtsomings worth

noting: (i) they require high shears and high temperatures to disperse the filler particles in

a high molecular weight, entangled, and viscous polymer melt, (ii) the filler particles are
very likely to agglomerate, scattering light an@guding transparency, (iii) they exhibit

rate and temperature dependent fracture and are moderately tough at high temperatures and
(iv) the relationship between polymparticle interactions, particle fractal structure, and
macroscopic mechanical propegiremains poorly understood. These materials, however,
served as a strong inspiration for Gatal to engineer a family of soft materials that are
remarkably tough at high temperatures and solvent concentrations: Multiple nétworks

(seeScheme 13
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Schemel13. Synthesis of multiple networks.Multiple networks comprise a stiff and
brittle network, filler network, embedded into a loosely crosslinked matrix
network. The filler network is swollen to equilibrium in a bath of
monomer and crosslinker where the polymer chains untangle and become
pre-stretched) o. Upon polymerization under UV, the filler network is
locked in its prestretched state. This not only reinforces the material but
allows us to probe large strain properties of the filler network.
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By interpenetrating a highly crosslinked ardf diller network into a loosely
crosslinked and soft matrix network; energy is dissipated in the vicinity of cracks by
scission of filler network bonds and the bulk exhibits an outstanding combination of
reversible elasticity and fracture toughrfé$s Since then, multiple networks have been
extensively studied in both gels and elastomers to gain a better understanding of their
fracture mechanism3auith their resemblance to conventional composites, these multiple
networks have also served as model systems to understand the fracture properties of
industrially relevant composites.

Irrespective of backbone chemistry, multiple networkstoaiay be applied to a
wide range of monomers using different polymerization techniques, and should yield soft
and tough materials, as long as the first network, the filler network, is stiff and the second
network, the matrix network, is soft and loosetgsslinked. Millereau et al carried out a
systematic study on a family of multiple networks synthesized by the copolymerization of
ethyl acrylate monomer and iitanediol diacrylate crosslinker and varied thegtretch
of the filler network using a mixre of monomer and solvent ethyl acetat@he pre
stretch of the filler in a multiple netvvquican be calculated as shown below.

EE— (Eq. 45)

where L is the final dimension of the multiple network ik the initial dimesion of the
starting filler network, mis the mass of the multiple network andimthe initial mass of
the filler. Note that the mass/volume fraction of the filler and itsspietch are related and
either parameter could be used to describe theddtéte multiple network.

The key observations from that study are that (i) the multiple networks exhibit
characteristic behavior at different p&etches, of the filler (strain hardening observed at

| 0 ~ 1.6, strain softening &b ~ 2 and necking dto ~ 3), and (ii) renormalization of the
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stressstretch curves of the multiple networks made from the same filler, by tistrpteh

of the filler, results in a master curve (¥6g. 1). This renormalization brings about an
important point about multiple heorks: their large strain mechanical properties are
governed by the prstretch of the filler network. In other words, multiple networks can be
used as a tool to probe large strain mechanical properties of filler networks. In this Ph.D.,
we use these mufie networks to not only toughen our brittle filler networks, but make

use of thigool to characterize theiespectivdimiting extensibilities.
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Figure 1. Mechanical properties of multiple networks.(A) At thedifferent prestretches,
lo, the corresponding multiple network displays the characteristic behavior,
strain hardening is observedlatO 1. 6, and slw©a2n0soTheni
higher the prestretch of the filler, the tougher the multiphetwork. 8)
Renormalization of the stressretch curves blyo, yields a master curve, with
the onset of strain hardening representing the limiting extensibility of the filler
chains, and the load transfer to the matrix network.

A clearer picture of fracture througbolymer mechanochemistry
While multiple networks provide insights into the limiting extensibilities of
polymer networks, understanding how the stresses are redistributed within the network

architecture, and how bond scission occurs in the material upore faemain important
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limitations in the design of soft and tough polymer networks. The complex architecture of
polymer networks makes it hard to predict the stress distribution, molecular friction and
bond scission in the material during fracture. Tdst Decade has seen a breakthrough in
elucidating the fracture mechanisms in soft polymer networks through the development of
polymer mechanochemisty?® Mechanophoresra force or damageactivated probes

that experience a change in color or fluorescence. They can be integrated into polymer
networks either as an initiator or a crosslinker. As the material is loaded, depending on
which mechanophores are being used, tiheefstress distribution can be captured or the
damage profile can be mapped. The high precision, sensitivity and quantum yield of
mechanophores makes them the perfect tool for bridging the gap between the architecture
and fracture properties of polymer wetks.

Mechanophores have historically been broadly used in molecular biology as
probe&®, but only recently found use in soft matter mechanics for detection of stress, strain
or bond scission. With the wide variety of rhaoophores available today, choosing the
right one for the specific study can be tricky. Mechanophores can be categorized into 3
main groups, depending on their optical detection technique: mechammism,
mechanechemiluminescence, and mechdhmrescece (see&scheme 14

Mechanechromism entails a change in the absorption spectrum with force, with
the color changes during the loading and unloading of the material, able to be directly
observed. A welcharacterized mechanophore in this category isgpian. Spiropyran is
a nonscissile mechanophore that upon loading or irradiation withfoivf)sa fluorescent
red merocyanine molecule.n 200 9, J. S. Moore and N.
mechanoresponsive polymeric materials with spiropyran bgtifumalizing poly(methyl
acrylate) chains in bulk polymers and by using it as a crosslinker in poly(methyl

methacrylate®f. Since then, spiropyran has been used in many studies to map the stress
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distribution in polymer glass&s and elastomet$®® including multiple networks, and
nanocomposites.

Mechanechemiluminescence involves the generation of a molecule that emits
photons without the need for addim excitation sources upon loading. These
mechanophores thus offer timesolved and dynamic information on the scission of bonds
occurring in the material during fracture. Bis(adamantyl}di¢gXetane, synthesized and
isolated by Kopecky and Mumford in989°, constitutes the only autaminescent
mechanophore known. While bis@dantyl) 1,2dioxetane has been in several
investigations to detect bond scission, one worth mentioning here is that done by E. Ducrot
et al in 2014, where this mechanophore was used to demonstrate for the first time
sacrificial/filler bond scission in mtiple network&®. It is important to note that
bis(adamantyl) 1,Zioxetane is a scissile mechanophore that can be used to map damage
in real time, but cannot be used to map stress distributions.

Mechanefluorescence, on the other hand, refers to the release of a fluorescent
molecule, a fluorophore, when ehmechanophore is subject to a mechanical load.
Fluorescence is a highly sensitive measurement and requires the molecule to have a high
guantum yield and high phetdeaching resistance, to detect bond scission in soft polymer
networks. Merocyanine obtaidevhen spiropyran is exposed to a mechanical load, is a
fluorescent molecule but its low quantum yield does not make it suitable to be used for
fluorescent measurements. A common mecHarmyophore reported for detection of bond
scission is Anthracermaleimide DielsAlder adduct. Upon loading, chain scission occurs
through a cycloreversion/retro DieAdder reaction to release a fluorescent anthracene and

a mal ei mi de. This mechanophore has been

us

e

chain scission ras in linear and threerm polymerfand by J. Mooreds gr ou

scission of bonds at the nanopartipl@lymer interfac¥. In 2016, R. Gostl and R. P.
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Sijbesma modified this system and imtra ¢ e dextemded anthracene mechanophore
which upon the retro Dield | der react i-extended iapthratene amd 9 °
maleimidé&®. This fluorophore is characterized by high quantum yield of 0.72, irreversible
activation, high photostability, and quantifiability, making it ideal forppiag and

guantifying damage.
(A) Spiropyran
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Schemel4. Mechanophores in polymer networks.(A) Spiropyran is a noscissile
mechanophore that undergoes a color change upon loading and can be
used to map stress distributionB) Bis(adamantyl)l,2-dioxetane is a
scissile mechanophore that when stretched, releases a moiety that
generates a blue light. It can be used to visualize bond scission in real
time. (C) p-extended anthracene is also a scissile mechanophore that
y i e | -dxgendBd fluoresce anthracene with a high quantum yield, and
photostability. This mechanophore is ideal for mapping and quantifying
damage postortem.

This mechanophore was successfully incorporated in the center of a linear

poly(methyl acrylate) and in a crosslinked lygbexyl methacrylate) to observe
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fluorescence/damage in the systems during sonication and compression of the materials.
However, it was not until 2020, that this mechanophore was finally used to quantify
damage in soft polymer networks. In a noteworthyestigation, Slootman et al., labeled
polymer networks with these damaaetivated fluorogenic probes, and unveiled the effect

of rate and temperature on chain scission and fr&étBg mapping and quantifying the
damag-induced fluorescence in the vicinity of fracture surfaces, this work demonstrated
that, contrary to longstanding considerations of fracture and adhesion in soft materials,
chain scission can extend notably beyond the mesh size, ca. 100 um, because of cha
friction. As such, polymer mechanochemistry can now be employed in polymer networks
with complex architectures and subject to a range of mechanical®tdgo gain a better

understanding of the molecular picture @idiure (se€ig. 2).
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Figure 2. Mapping damage in polymer networks using mechanochemistryThe p
extended anthracene maleimide mechanophore can be functionalized into
crosslinker that can then be integrated into polymer netwaken the
polymer networks are fractured, the mechanophore undergoesridtmed
scission to yield fluorophores. These fluorophores can be detected under a
confocal microscope, and the fluorescence can be converted to damage using
a calibration molecule.

It should be noted that during the last couple of years, other forms of
mechanophores (not discussed here) that release stored lengths or that behave as sacrificial
bonds%31% have been used to improve the fracture properties of polymer networks, rather

than being used as a tool for mapping damage.

Conclusions

Polymer networks comprise an important part of our daily lives. Despite their

ancient origns and the revolution of the rubber industry to enable these materials to have
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diverse functionality and desirable mechanical properties (soft, elastic and tough), today,
we still lack the fundamental understanding to synthetically control their archéeotd
mechanical properties.

This lack of understanding stems from the heterogeneous architecture of polymer
networks, arising from their synthesis. At the molecular scale, defects such as loops,
entanglements, and dangling side chains cafobeed, and at the mesoscopic scale,
phases separated domains resulting from concentration fluctuations or psbfussrt
demixing at gelation, might occurControl over his gelation process to fine tune the
architecture and mechanical properties of these polymer networks has since long precluded
us.

During the last decade, reversHaleactivation radical polymerizations or more
generally controlled/livingpolymerizatiors, have enabled the growth of linear chains with
well-defined molecular weights and dispersitfed ess explored in copolymerizations,
these controlled pgmerizations characterized by higher percolation thresholds and
postulated to yield more homogeneous architectucas bday be used to leverage control
over the gelation kinetics and the multi lengtiale architecture of polymer networks.

Such control over the architecture at different lerggthles offers access to fine
tune the tradeff in the mechanical properties dhese polymer networks. We focus
primarily on their largestrain/fracture properties which ultimately dictatesrttezhanical
lifetime of these materials. As synthesized polymer networks lack dissipation mechanisms,
and are brittle. They often fail at logtrains and their large strain behavior remains
unprobed. The multiple networks of Jian Ping Goft) resolved this paradigm, and
provided a way to toughen thgselymer networks and probe their large strain properties,
i.e., limiting extensibilities. On the other hand, the development of polymer

mechanochemistry brought a new milestone towards understanding the fracture of polymer
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networks at a molecular scd3le Molecular damage in different architectures under
different loads, can now be quantified allowing lestgnding models on fracture to be
validated or revisited.

This Ph.D. aims to combine these advances in polymer clmgnuetymer physics
and fracture mechanics to rationally design soft polymer networks. Chapter 1 and 2 focus
on epoxide systems, while Chapter 3 and 4 discuss acrylate systems. Controlled
polymerizations are employed to leverage control over gelationidsnend tailor the
architecture and mechanical properties of polymer networks. The link between the
architecture and larggtrain/fracture properties is then established by making use of
reinforced multiple networks, and polymer mechanochemistry. As suehhope to
elucidate the relationship between synthesis, architecture and mechanics of polymer

networks.
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