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ABSTRACT

Conventional polymer networks are composed of strong, fixed covalent cross-links. The
covalent cross-links render polymer networks with outstanding mechanical properties, heat
stability, and chemical resistance; however, they also prevent polymer networks from being
decross-linked or/and recycled into similar-value products at the end of their life, leading to
environmental and economic concerns.

Polyurethanes (PUs) are one of the most widely used commodity polymers. However, the
effective recycling of PUs, especially the cross-linked ones, has never been well established. The
first part of this dissertation describes two approaches to improve the recyclability of PU and PU-
like network materials. In the first approach, the intrinsic dynamic nature of urethane linkages is
utilized to achieve excellent reprocessability of conventional PU networks. The property recovery
of PU networks after reprocessing is enhanced by judicious molecular design, off-stoichiometry
reactions, and proper choice of catalyst. In the second approach, polyhydroxyurethanes (PHUS),
which are a class of non-isocyanate PU-like materials, are synthesized from bio-based precursors.
Hydroxyurethane dynamic chemistry involves dual dissociative and associative mechanisms.
Exploiting this dynamic chemistry, we develop bio-based PHU networks that exhibit complete
recovery of cross-link density and tensile properties after multiple reprocessing cycles. We also
demonstrate that the mechanical and thermal properties of reprocessable PHU networks can be
enhanced by using polyhedral oligomeric silsesquioxanes (POSS) with cyclic carbonate end
groups as reactive nanofillers to fabricate dynamic PHU network composites. The intrinsic

reprocessability of PHU networks is not impacted by POSS incorporation. With up to 10 wt%



4
POSS loading, PHU-POSS network composites can undergo multiple reprocessing cycles with
100% recovery of cross-link density.

The second part of this dissertation focuses on understanding the residual stress relaxation
behavior and stiffness of supported acrylic random copolymer films. The residual stress relaxation
process in spin-coated poly(styrene/n-butyl acrylate) (P(S/nBA)) random copolymer films is
characterized by ellipsometry and fluorescence. Both techniques show that stress relaxation occurs
over a period of hours in the rubbery state and that the presence of a very small amount of nBA
units vastly changes the relaxation behavior from neat polystyrene films. Fluorescence
characterizations show that the interfacial stiffness of supported P(S/nBA) films is enhanced by
attractive hydrogen bonding interactions between polymer films and substrates. The length scale
over which substrate perturbations modify the average stiffness of a P(S/nBA) film near a
hydrophilic substrate interface increases with increasing nBA molar content. In contrast, studies
associated with supported poly(styrene/2-ethylhexyl acrylate) (P(S/EHA)) random copolymer
films reveal that the interfacial stiffness and stiffness gradient length scales in supported P(S/EHA)
films are independent of interfacial hydrogen bonding interactions. For P(S/EHA)s and P(S/nBA)s
with similar bulk glass transition temperatures, the stiffness gradient length scales associated with

P(S/EHA) films are substantially longer than those of P(S/nBA) films.



ACKNOWLEDGEMENT

There are many people who | need to acknowledge, but none more so than my advisor,
Professor John M. Torkelson. John has played an enormous role in both my professional and
personal development. His dedication to excellence has a profound influence on me. Without him,
| would not be where | am today. | am deeply grateful for his guidance and support during my time
in graduate school.

A special acknowledgement also goes out to the Dow scientists that | have worked with in
the Dow-Northwestern UPI project, namely, Dr. Sipei Zhang, Dr. Asghar Peera, Dr. Saswati Pujari,
Dr. Alan Nakatani, and Dr. John Reffner. This collaboration was a unique experience to me, and |
benefited a lot from it.

I would like to thank my parents, Hongli Tang and Fan Hu, for their love and support
during my past nine years studying abroad. | thank them for always being understanding and caring
about me. | am lucky to be their daughter.

Finally, I would like to thank all polymer crew members who | had the pleasure to meet
and work with, especially those | collaborated with, including Xi Chen, Tong Wei, Tong Wang,
Mohammed Bin Rusayyis, Nathan Purwanto, and Jeremy Wang. Graduate school would not have

been the same without you. | hope our paths cross again in the future.



TABLE OF CONTENTS
ABSTRACT .t bbbt bt bRt R e s e bbb bR e Rt b et bbb b n e 3
ACKNOWLEDGEMENT ..ottt ettt teasa s et esebessesnenreaneeneens 5
TABLE OF CONTENTS ..ottt sttt bbbt n e 6
LIST OF SCHEMES........coooioteie ittt sttt ne et et e ntesnenteeneane e 9
LIST OF FIGURES ...ttt bbbttt bbbt 10
LIST OF TABLES ...ttt ettt sa et e e e sbesteanenreereenes 13
CHAPTER L. INTrOTUCTION ...ttt sneesaeeneennee e 14
CHAPTER 2. BaACKQIOUNG.......oiiiiiieie ettt sttt saa et esteeste e sneeee s 21
2.1 Conventional and Reprocessable Cross-linked POIYMErS..........ccccoiiiiiieienencieseseias 21
2.1.1 Conventional cross-lnked POIYMErS ..........coiieiiiieii e 21
2.1.2 Dynamic covalent polymer NEtWOIKS ...........ccocuiiiiiieieiciee s 22
2.1.3 DYNamMIiC ChEMISIIIES ...c.vveiiciicciece st 23
2.2 Polyurethanes and Polyurethane-like MaterialS.............cccooiiiiiiiiiiiiic 27
2.2.1 Conventional POIYUIEtNANES ...........ccueiveiiiicieee e 27
2.2.2 POlyhydroXYUrEthaNES .........couiiiiiiieieete s 29
2.2.3 DYyNamic PUS aNd PHUS.........coovoiiiic ettt 30
CHAPTER 3. Dynamic Covalent Polyurethane Networks with Excellent Property and
Cross-link Density Recovery after RECYCHNG .......covviieiiiiciiccecc e 33
K201 A 111 0o [ od 1 o PSSR 33
B2 EXPEIIMENTAL ......oiiiiieee ettt et e et e e e te e r et te e eneens 36
B0 Y 1T =SSR 36
3.2.2 Synthesis of polyurethane (PU) NEtWOIKS ..........ccocoeiieiicicic e 36
3.2.3 REPIOCESSING PrOCEUUIE........etiitiititieiieie ettt b ettt sb bbb 37
3.2.4 Alcoholysis Of PU NEEWOIKS ........ccuiiiiiiieieiie sttt 37
KB O g - L= Tox (=] 4 1[0 o SR 37
3.3 RESUILS ANG DISCUSSION.....cuiiiieiieiieieieie sttt st sttt b sbesbesnesneaneas 39
K I O 0 Tod 1115 o] 1 PSSR 53
3.5 SUppOorting INfOrMatiON ........cooiiii e 54
CHAPTER 4. Bio-based Reprocessable Polyhydroxyurethane Networks: Full Recovery of
Cross-link Density with Three Concurrent Dynamic Chemistries .........coccoevvevieiieeiieinenn, 61
g I 1o 0o [ Tox 1 o oSSR 61
4.2 EXPEIIMENTAL ..ottt e e e e e e e be e e re e 65
O Y 1T =SSR 65
Y 011 0 1] SO 65
4.2.3 REPIrOCESSING PrOCEUUIE........eitiitiitietieiieie ettt bbb bbb b 68
R O g P 1 Tox (=] 4 1 ([0 o DT P PR 69
4.3 RESUILS aNd DISCUSSION........ceiuieiiiiieiiieiteaiesteeseesieseestaeseesseesseeseesseesseesseassesseeseaneesseesseaseenns 70
4.3.1 Synthesis of cyclic carbonate monomers and PHU networks ...........ccccevveiecieeinn, 70
4.3.2 Reprocessability and reprocessing mechanism of CSBO-based PHU networks ......... 75
4.3.3 Reprocessability of SEC-based PHU NEtWOIKS...........cccooveiiiieiiiienieneee e 82

A8 CONCIUSTONS .ottt e ettt e e et e e e e ettt e e e e e e e et eeeeeeeeasee e ereeeseeeaans 84



4.5 Supporting INFOrMALION ..........coii i re e 86
CHAPTER 5. Reprocessable Polyhydroxyurethane Networks Reinforced with Reactive
Polyhedral Oligomeric Silsequioxanes (POSS) and Exhibiting Excellent Elevated

Temperature Creep RESISTANCE ........c.cooiiiiiiieieie e 90
ST 1 (oo [0 o1 o] o TSRS PURRPRPRIN 90
5.2 EXPEITMENTAL ..ottt sb bt 95

B.2. 1 IMIALETTALS ...ttt bbbt bbb 95
5.2.2 Synthesis of POSS-CC and THPMTC ........ooiiiiiiieeicreee s 95
5.2.3 Synthesis of neat PHU network and PHU—POSS composites .........ccccvvervivieniiieeiinnnns 97
5.2.4 Reprocessing procedure for neat PHU network and PHU—POSS nanocomposites..... 97
5.2.5 Equilibrium swelling eXPeriments..........cccvcveiieieeiee i 98
5.2.6 CharaCteriZatION........cueiieieeie sttt e st e st e sreesbeeneesreenteeneenneeneas 98
5.3 RESUILS AN0 DISCUSSION.....cuiiviiiiaiieieiesie sttt bbbt sbe bbb ne e 100
5.3.1 Synthesis of POSS-CC and PHU-POSS network nanocomposites...........cc.ccoevrenene 100
5.3.2 Microstructure of PHU-POSS network nanoComMpPOSItES .........ccccoveveiieveerieiieieenns 101
5.3.3 Effect of POSS incorporation on thermal properties of PHU networks.................... 102
5.3.4 Effect of POSS incorporation on thermomechanical properties and reprocessability of
PHU NEIWOTKS. ...ttt sttt et e esbe et easeesbeeteaneesreeneeenee e 105
5.3.5 Effect of POSS incorporation on stress relaxation behavior of PHU networks. ........ 111
5.3.6 Creep performance of neat PHU network and PHU-POSS network composites....... 116
5.4 CONCIUSIONS ...ttt et b bbbt b e b e e e bbb be st beene e 119
5.5 SUpPOrting INFOMMATION .......oiuiiiiiiiie e 121

CHAPTER 6. BACKGIOUNG.......ocuiiiiieiecie ettt sttt ste e e sre e 127
6.1 Residual Stress in POlYyMEr FIIMS........cccooiiiiiiiie e 127
6.2 Stiffness in Bulk and Confined POIYMErS .........ccccviiieiiic e 129
6.3 FIUOIESCENCE SPECITOSCOPY ..vvveeveereerieiesiesteste st e eie ettt sttt sttt ettt sb ettt 132

6.3.1 BaSiCS Of FIUOMESCENCE ......oveiiieiieiieiee et 132
6.3.2 Sensitivity of pyrene to molecular caging and characterization of stiffness using
FIUOTESCRINCE ...ttt bbbt s ettt st st e be e ens 134

CHAPTER 7. Small Changes in Copolymer Composition Strongly Impact Residual Stress

Relaxation in Styrene/Acrylic Random Copolymer FilmS..........c.ccocviiiiiniiiinicee 137
% 1 oo [0 od o] o SRS 137
7.2 EXPerimental IMEtNOUS ........ooviiiiieee et 139

T 2.1 MALEITAIS ...ttt bbbt re et e beene s 139
7.2.2 Synthesis of P(S/NBA) random COPOIYMErS........cceviiiiiiiiiiiiiieiee e 140
7.2.3 Characterization of as-synthesized COPOIYMENS .........cooviiiiiiiiiiese e 140
7.2.4 SAMPIE PrEParALION .....ccviiviiiiiiieiieeee e bbbt 141
7. 2.5 EHHPSOMELIY ...ttt e e et e e e sre e e beeataeera e 141
7.2.6 FIUOTESCENCE ...ttt te et te e te et e sseenneenteeneennaenneas 142
7.3 RESUILS AN0 DISCUSSION......eiiiiiiieiiiiiieiteeie ettt sre e steeeesreesbe e e 143
04 Tod 1115 o] SR SSRSSN 151

CHAPTER 8. Effects of Attractive Interfacial Interactions on Local, Nanoscale Stiffness of

Supported Copolymer AdesiVe FIIMS ..o 152
8L INEIOTUCTION ...ttt b et e et e et e st e sbeesbeeneesreenbeenbens 152
8.2 EXperimental MEtNOUS .........c.oiieie et e e ene s 156

B.2. L MaAtEIAlS ..o 156



8.2.2 Synthesis of P(S/NBA) random COPOIYMENS.........cccvcvveiieieeieiiese e se e e 156
8.2.3 Characterization of as-synthesized P(S/nBA) random copolymers ............c.ccocvvvnnne 156
8.2.4 SUDSEIate PrepParation .........vccueiieieeie e re e e e e nne e e nre e e 158
8.2.5 FIlM Preparation .........cccoociiiiiiieieieit et 159
8.2.6 EHIPSOMELIY ... ..c ettt ta et e et e s reesteenesneenraenaeas 160
8.2.7 FIUOIESCENCE SPECLIOSCOPY ....vvvereeueenrerestestestesseeseeseesesbe st st bt e e ne s e sbenbeanesneeneas 161

8.3 RESUILS AN0 DISCUSSION.....c.uiitiiiieiiesieiesie sttt sttt ettt b e 161
B4 CONCIUSIONS ...ttt te st e st e be e st e ebeenteeneeaneeaneennens 170
CHAPTER 9. Interfacial Stiffness and Stiffness Gradient Length Scales Near Substrates in
Supported Poly(Styrene/2-Ethylhexyl acrylate) Films ... 171
TR g oo [0 od o] OSSOSO P PP URRPRPI 171
9.2 EXPerimental IMEtNOUS .........oviiiieeee e 173
0.2. 1 IMIALETTALS ...ttt bbbttt bbbt 173
9.2.2 Synthesis of P(S/EHA) random COPOIYMES ........cevieiiiiriiininieeeese e 173
9.2.3 Characterization of as-synthesized P(S/EHA) random copolymers............cccceevenene 173
9.2.4 SUDSEIate PreparatiOon ..........ccueieieiierieriesiesiesiesie ettt sn bbb eneas 175
9.2.5 FilM Preparation ..........cccoiiiiiiiieie ettt te e sae e reene s 176
9.2.6 EIIPSOMELIY.....oiiiiieeetee bbbt 177
9.2.7 FIUOreSCENCE SPECLIOSCOPY ...vveiveereerreiieiieeiesteesteesteeeesseesseessessaesseassesseesreessesssesreensens 178

9.3 RESUILS AN0 DISCUSSION......eiiuieieierieeiieiieeie ettt e ste et teesee s e sseeseeeneesreeeeaneesseensens 178
0.4 CONCIUSIONS ...ttt bbb bbb b e e b et et s benbenbeene e 185
CHAPTER 10. Conclusions and Recommendations for Future Work ..............ccccccevvenee. 187

REFERENGCES ... .ot b ettt b e n e 193



LIST OF SCHEMES
Scheme 2-1. Two mechanisms associated with urethane dynamic chemistry .........c.cccoceevvenenenn 30
Scheme 2-2. Two mechanisms associated with hydroxyurethane dynamic chemistry................. 31
Scheme 3-1. Mechanism of synthesis and rearrangement of PU networks ............cccccovvevveinenen. 41
Scheme 4-1. Reversible cyclic carbonate aminolysis, transcarbamoylation, and
transesterification reACTION. .........oceve i 65

Scheme 4-2. Mechanism of the synthesis and rearrangement of CSBO-based PHU networks....80
Scheme 4-S1. Schematic of the reaction of (a) ESBO with CO; to form CSBO and (b) SGE with

CO210 TOIM SEC. ...t ee e 86
Scheme 4-S2. Mechanism of the synthesis of SEC-based PHU networks............ccccccccevvevviiennen. 87
Scheme 8-1. Representative figures of hydrophilic glass substrates (left) and hydrophobic glass

SUDSEIAtES (FIGNT).....eiiieeiece ettt 158
Scheme 8-2. Representative figure of the bilayer film............cocooiii 160
Scheme 9-1. Representative figures of hydrophilic glass substrates (left) and hydrophobic glass

SUDSErAES (FIGNT)....cueeeeeiieeieie s 175

Scheme 9-2. Representative figure of the bilayer film...........c.cccoviiiei e, 177



10
LIST OF FIGURES

Figure 2-1. Schematic structures of linear polymers (thermoplastics) and cross-linked polymers

(polymer networks or thermMOSELS) ......ccvvveieeiieie e s 22
Figure 2-2. Dynamic chemistries in DCPNs or CANSs are divided into two groups:
(@) dissociative and (D) aSSOCIALIVE ..........ccveiiieiiiiiie e 24

Figure 3-1. Dynamic mechanical responses of DMAP-containing (a) Triol-OOH, (b) Triol-
200H, (c) Tetraol-00H and (d) Tetraol-200H networks: E' and tan ¢ (E"/E") as
functions of temperature for as-synthesized, 1st molded, and 2nd molded samples.
Inset: zoomed-in rubbery plateau moduli as a function of temperature ................ 43

Figure 3-2. High-temperature dynamic mechanical responses of as-synthesized PU networks
containing DMAP: E' as a function of temperature. Inset: zoomed-in E' results
with Triow labeled for each sample ..., 48

Figure 3-3. (a) E' and tan ¢ (E"/E") as functions of temperature for as-synthesized, 1st molded,
and 2nd molded Tetraol-200H-Tin samples. Inset: zoomed-in rubbery plateau
moduli as a function of temperature. (b) High-temperature dynamic mechanical
response of the as-synthesized Tetraol-200H-Tin network: E' as a function of

temperature. ("Tin" refers to the DBTDL catalyst.). ......ccccevvreienineninicieee, 51
Figure 3-4. Alcoholysis of the as-synthesized Tetraol-200H network in ethylene glycol........... 52
Figure 3-S1. FTIR spectrum Of PPG DIiSOCYANALE. .........cccerviriiiiriiiieieieesie e 56
Figure 3-S2. FTIR spectra of (a) Triol-OOH and (b) Triol-200H networks.............cccccvevveiveennenn. 56
Figure 3-S3. FTIR spectra of (a) Tetraol-OOH and (b) Tetraol-200H networks. ...........ccccccevenee. 57

Figure 3-S4. E" as a function of temperature for as-synthesized and molded (a) Triol-OOH, (b)
Triol-200H, (c) Tetraol-OOH, and (d) Tetraol-200H networks. (All samples used

DMAP @S CALAIYSL.) ..c.veeiiiiciiesie ettt ene s 58
Figure 3-S5. Image of a PU sample after the high-temperature DMA test. ...........ccocvvovrivvierienn, 58
Figure 3-S6. Images of 1st molded Tetraol-200H-Tin networks reprocessed under different
conditions: (a) 140 °C, 70 min; (b) 120 °C, 15 MiN....cccoiiiiiiiiieneneneseeeeeeee 59
Figure 3-S7. E" as a function of temperature for as-synthesized and molded Tetraol-200H-Tin
networks. (“Tin” refers to DBTDL as catalyst.) ........cccovvvviiiieneniicsinieeeee, 59
Figure 3-S8. FTIR spectra of Tetraol-200H-Tin networks. Inset: zoomed-in spectra for
characteristic peaks of the urethane linkage. ...........c.cccoveeiiieeci i, 60
Figure 4-1. Monomers used for the synthesis of PHU networks. ..........cccoovviiniinininiiicen, 68
Figure 4-2. (a) Stacked FTIR transmittance of ESBO and CSBO. *H NMR spectra of (b) ESBO
and CSBO, and (C) SGE and SEC. ..o 72
Figure 4-3. Stacked FTIR transmittance of the original (as-synthesized) (a) CSBO-DGBE and
CSBO-1074 networks, and (b) SEC-DGBE and SEC-1074 networks. ................. 74
Figure 4-4. CSBO-DGBE networks, original (as synthesized) and remolded sample. ................ 75

Figure 4-5. Dynamic mechanical responses of (a) CSBO-DGBE networks and (b) CSBO-1074
networks: E' and tan ¢ as functions of temperature for the 1% molded (squares), 2"

molded (circles), and 3 molded (triangles) SAMPIES ............cvvevvcvreeriererrireenians 77
Figure 4-6. ESBO-SH> networks, original (as synthesized) and remolded samples. ................... 82
Figure 4-7. SEC-DGBE networks, original (as synthesized) and remolded sample. ................... 83
Figure 4-S1. Representative tensile stress-strain curves for 1%, 2" and 3 molded (a) CSBO-

DGBE networks and (b) CSBO-1074 NetWOIKS. .........coceivvereiieieeie e seese e 88

Figure 4-S2. FTIR transmittance of the unreacted and reacted ESBO-hexanedithiol networks ..89



Figure 5-1. Structures of the compounds used for PHU—POSS synthesis............cccccuevverreieenenn, 96
Figure 5-2. Glass transition temperatures of as-synthesized neat PHU and PHU—-POSS network
composites determined by differential scanning calorimetry ..........cccccoeevevenen. 104
Figure 5-3. Thermogravimetric analysis of as-synthesized neat PHU and PHU—-POSS network
(01000 0 L0 LY 1 SR PSSSRSI 105
Figure 5-4. Transcarbamoylation and reversible cyclic carbonate aminolysis reactions .......... 105

Figure 5-5. Dynamic mechanical analysis results of 1% and 2"* molded neat PHU networks....106
Figure 5-6. Dynamic mechanical analysis results of 13 and 2" molded PHU-POSS-5 samples

...................................................................................................................................................... 107
Figure 5-7. Dynamic mechanical analysis results of 13 and 2" molded PHU-POSS-10 samples
...................................................................................................................................................... 109
Figure 5-8. Temperature dependence of the storage moduli of 1% molded neat PHU, PHU-
POSS-5%, and PHU-POSS-1090........cccccuriirmiiinieieisesieesie e eenens 111
Figure 5-9. Stress relaxation curves of neat PHU networks and PHU-POSS network composites
at (a) 140 °C, (b) 150 °C, (c) 160 °C, and (d) 170 °C.....cccovrerreivrerrrieesierieenns 113
Figure 5-10. Arrhenius apparent activation energy of stress relaxation for the neat PHU
networks and PHU-POSS network COMPOSILES ........cccevvevieiieiieie e 116
Figure 5-11. Creep responses for the neat PHU network and PHU-POSS network composites at
(@) 80 °C and () 90 °C ..ot e 118
Figure 5-S1. Synthesis route to the PHU—POSS network COmMpOoSItes ...........cocoovvereninieienen, 121
Figure 5-S2. *H NMR spectrum of POSS-CC (with 1,2,4,5-tetrachlorobenzene)...................... 121
Figure 5-S3.H NMR spectrum of THPMTC ......c.cceviirieiieeieiceieteeeee et 122
Figure 5-S4. FTIR spectra of as-synthesized and reprocessed PHU-POSS-10% samples......... 122
Figure 5-S5. FTIR spectra of as-synthesized and reprocessed PHU-POSS-5% samples........... 123
Figure 5-S6. XRD WAXS patterns of 1% molded neat PHU network and PHU—-POSS network
(0101001 01017 (=2 F USRS RU TPV P URPRORRPTPRIN 123
Figure 5-S7. SEM images of 1% molded PHU-POSS-5 (A and B) and 1% molded PHU-POSS-10
(CANA D). bbbt 124
Figure 5-S8. ~10% loss in rubbery plateau E’ from the 1% molded PHU-POSS-10 to the 2"
MOIded PHU-POSS-10 .....ccooiiiiieeiie e nnees 124

Figure 6-1. (a) Jablonski diagram illustrating fluorescence as a competing decay pathway with
internal conversion process (vibrational or rotational motions). (b) Electronic
transitions between different energy levels correspond to different vibronic bands
in fluorescence emiSSioN SPECIIUM ......c.cciiiiiiieiie i 134

Figure 6-2. Pyrene fluorescence emission spectra in four solvents with increasing polarity from
n-hexane, n-butanol, methanol, and acetonitrile. 11/I3 represents the ratio of the
first vibronic peak intensity to the third vibronic peak intensity. ...........ccccceeuenee. 135

Figure 7-1. Ellipsometry measurement of thickness as a function of anneal time for bulk (400-
nm-thick) (a) PS, (b) 98/2 P(S/nBA) and (c) 95/5 P(S/nBA) films at Tk +
~30 °C and for (d) 95/5 P(S/NBA) at T™"!K + ~45 °C .....ooovveeirceeeeeeee e, 144

Figure 7-2. Fluorescence emission spectra of a 514-nm, pyrene-labeled, single-layer 400-nm-
thick 95/5 P(S/nBA) film during isothermal annealing at 115 °C. Spectra are
normalized relative to 11 at O h. The value of 11/13 decreases with increasing
ANNEALING TIME ...ttt nb e nre s 146



Figure 7-3.

Figure 7-4.

Figure 8-1.

Figure 8-2.

Figure 8-3.

Figure 9-1.

Figure 9-2.

Figure 9-3.

12

Fluorescence characterization of 11/13 values as a function of anneal time for bulk (a)
PS, (b) 98/2 P(S/NBA), and (c) 95/5 P(S/nBA) films at T4 + ~30 °C and for (d)

95/5 P(S/NBA) at TgPUK + ~45 °C......ovveevceereeeeseeeee e en st 147
Fluorescence characterization of 11/l3 values as a function of anneal time for ultrathin
98/2 and 95/5 P(S/NBA) film at 130 °C......cccceviiiiiiiececiee e 149

Fluorescence emission spectra at 80 °C for MPy-labeled 59/41 P(S/nBA) layers
placed directly adjacent to the substrate within bilayer films. Locations of the first
and third vibronic peaks are indicated. Intensities are normalized relative to 11.163

Fluorescence l1/I3 values as a function of MPy-labeled substrate-layer thickness
within bilayer films of (a) 95/5 P(S/nBA), (b) 59/41 P(S/nBA), (c) 33/67
P(S/nBA), and (d) 5/95 P(S/nBA) films supported on hydrophilic glass substrates.
Measurements were taken in both the rubbery and the glassy state for 95/5 and
59/41 P(S/nBA)s and only in the rubbery state for 33/67 and 5/95 P(S/nBA)s.
Error bars are associated with three measurements on three separate samples.
Dashed lines indicate the 11/13 values for the thickest films in each data set......165

Fluorescence l1/I3 values as a function of MPy-labeled-layer thickness within bilayer
films of (a) 59/41 P(S/nBA), (b) 33/67 P(S/nBA), and (c) 5/95 P(S/nBA) films
supported on hydrophobic glass. Measurements were taken in both the rubbery
and glassy state for 59/41 P(S/nBA) and only in the rubbery state for 33/67 and
5/95 P(S/nBA). Error bars are associated with three measurements on three
separate samples. Dashed lines indicate the 11/13 values for the thickest films in
BACKN TALA SBL....e.veeeieiie ettt nre s 167

Fluorescence emission spectra at 70 °C for MPy-labeled 75/25 P(S/EHA) layers
placed directly adjacent to the substrate within bilayer films. Locations of the first
and third vibronic peaks are indicated. Intensities are normalized relative to 11. 179

Fluorescence I1/l3 values as a function of MPy-labeled substrate-layer thickness
within bilayer films of a) 94/6 P(S/EHA), b) 75/25 P(S/EHA), and ¢) 27/73
P(S/EHA) films supported on hydrophilic glass substrates. Error bars are
associated with three measurements on three separate samples. Dashed lines
indicate the 11/13 values for the thickest films in each data set ..............cccce...... 181

Fluorescence I1/l3 values as a function of MPy-labeled substrate-layer thickness
within bilayer films of a) 94/6 and b) 75/25 P(S/EHA) films supported on
hydrophobic glass substrates. Error bars are associated with three measurements
on three separate samples. Dashed lines indicate the 11/13 values for the thickest
FIIMS iN €aCH data SEL.......cveiieii e 184



13

LIST OF TABLES
Table 3-1. Rubbery-plateau tensile storage moduli and room-temperature tensile properties of
as-synthesized and molded PU NEtWOIKS..........cocviiriieniiienieeee e 44
Table 3-S1. Formulations for the synthesis of PU Networks. ..o 54
Table 3-S2. Swelling ratio and gel content of as-synthesized and molded PU networks............. 55
Table 4-1. Rubbery plateau storage modulus at 80 °C and cross-link density of CSBO-based
NEEWOTKS ...ttt sttt et et e et e sbe e be e s e nneenre e e anes 78
Table 4-2. Room-temperature tensile properties of 1% 2", and 3@ molded CSBO-DGBE and
CSBO-1074 SAMPIES ...t 78
Table 4-S1. Swelling ratio and gel content of as-synthesized PHU samples...........c.cccccovevvenenne. 89
Table 5-1. Rubbery plateau moduli (E’) of the neat PHU network and PHU-POSS network
composites at 60 °C, 70 °C, and 80 °C .......ccviiieiieiicieiiese e 106
Table 5-2. <> at 140 °C and apparent activation energy of stress relaxation of the 1%t molded
neat PHU network and PHU-POSS network composites..........ccccovevveieeieenennnnn 116
Table 5-3. Creep strain, Ag, of neat PHU network and PHU-POSS network composites at
different temperatures under a constant creep stress of 3.0 kPa...........cccccccvenee. 118
Table 5-S1. Swelling ratio and gel content of as-synthesized and molded neat PHU network and
PHU—POSS Network COMPOSITES........ccueiiiieiieieiie e 125
Table 5-S2. Tq and Tg breadth of as-synthesized neat PHU network and PHU—POSS network
COMPOSITES. ...ttt ettt ettt e st e st e e st e e te e e s be e teese e s beeaeantestaeteeneeareenteaneennes 125
Table 5-S3. Thermogravimetric analysis of neat PHU networks and PHU—POSS network
COMPOSITES. ...ttt ittt ettt ettt e e st et e e s be e te e e e s beebeensesbeeteensesbeenbeansenaes 126

Table 5-S4. Stress relaxation fitting parameters from single exponential decay and stretched
exponential decay for 1% molded neat PHU networks and PHU—POSS network

(0101001 01017 (=2 F USRS RU TPV P URPRORRPTPRIN 126
Table 7-1. Summary of properties of P(S/nBA)s used in this study ............cccccveveiieveciieiienen, 141
Table 8-1. Summary of properties for P(S/nBA)s used in this Study............ccccevveririininieicnnenn 157

Table 8-2. Summary of length scales over which substrate perturbations modify the stiffness
response of P(S/nBA)s extending from the polymer—substrate interface on
hydrophilic and hydrophobic glass SUDSLrates ............cccocvevviieicieve e 166

Table 9-1. Summary of properties for P(S/EHA)s used in this study .........ccccoeveviieveeieiieneen, 174

Table 9-2. Summary of length scales over which substrate perturbations modify the stiffness
response of P(S/EHA) and P(S/nBA)s extending from the polymer—substrate
interface on hydrophilic and hydrophobic glass substrates. Results for P(S/nBA)
are re-tabulated from Chapter 8..........coov e 183



14
CHAPTER 1

Introduction

Covalently cross-linked polymers are used in a broad range of high-value applications. The
covalent cross-links in these materials render them with outstanding mechanical properties, heat
stability, and chemical resistance (Sperling, 2006). Unfortunately, the covalent linkages also
prevent cross-linked polymers from being reprocessed or recycled into similar value products,
leading to significant sustainability and economic losses (Chen et al., 2002; Denissen et al., 2016;
Kloxin et al., 2010; Montarnal et al., 2011; Scheutz et al., 2019; Zou et al., 2017). Therefore,
developing materials with both desired properties and excellent recyclability remains a scientific
and technological challenge.

In recent years, much effort has focused on the development of reprocessable polymer
networks, also known as covalent adaptable networks (CANs) (Kloxin et al., 2010; Kloxin &
Bowman, 2013) or dynamic covalent polymer networks (DCPNs) (Zou et al., 2017), which contain
sufficient dynamic bonds or structures that allow the cross-linked polymers to change their
chemical structures or physical shapes under certain conditions (Brandt et al., 2014; Chakma &
Konkolewicz, 2019; Denissen et al., 2016; Kloxin et al., 2010; Kloxin & Bowman, 2013; McBride
et al., 2019; Podgorski et al., 2020; Schneiderman & Hillmyer, 2017; Wojtecki et al., 2011; Y.
Yang et al., 2015; Zou et al., 2017). Since the landmark study by Wudl and coworkers on a
thermally re-mendable network designed with the Diels—Alder (DA) reaction (X. Chen et al.,
2002), there has been considerable progress in developing CANs with numerous dynamic
chemistries. These include dissociative chemistries such as hindered urea exchange (Bin Rusayyis

& Torkelson, 2022; Ying et al., 2014; Y. Zhang et al., 2016), alkoxyamine chemistry (Jin et al.,
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2016; Li et al., 2021; Otsuka, 2013), and bis(hindered amino) disulfide chemistry (Bin Rusayyis
& Torkelson, 2021; Bin Rusayyis & Torkelson, 2020), and associative chemistries such as
transesterification (Li et al., 2018; Montarnal et al., 2011; Snyder et al., 2018; B. Zhang et al.,
2018), boronic ester interchange (Y. Chen et al., 2018; Soman & Evans, 2021; Tajbakhsh et al.,
2021), and transamination of vinylogous urethanes (Denissen et al., 2015, 2017), among others
(Anaya et al., 2021; Y. Hu et al., 2021; Ishibashi & Kalow, 2018; Li et al., 2020). However, many
of the published studies on CANs require complicated, multi-step synthesis, and full recovery of
properties associated with cross-link density after reprocessing has been achieved only in limited
cases.

The first part of this dissertation is focused on developing simple strategies to achieve
excellent property recovery of CANs after reprocessing. Studies are primarily focused on
polyurethanes (PUs) and PU-like materials. Polyurethanes are one of the most widely used
commodity polymers; however, efficient recycling of PUs, especially the cross-linked ones, has
never been well established. Urethane linkages are intrinsically dynamic, and the dynamic process
involves both associative and dissociative mechanisms (X. Chen et al., 2020; Scheutz et al., 2019).
Because isocyanate groups liberated from the dissociative reactions at the reprocessing conditions
are active and prone to side reactions, PU networks commonly suffer from property loss after
reprocessing. Some studies have tried to incorporate extrinsic dynamic functionalities such as
hindered urea bonds and disulfide bonds into PU networks to improve the reprocessability (J.-H.
Chen, Hu, Li, Meng, et al., 2018; Gao et al., 2018; Y. Zhang et al., 2016; Z. P. Zhang et al., 2018);
however, this strategy typically involves complicated monomer synthesis, which is not ideal for
industrial applications. Therefore, the main objective of the first part of this dissertation is to

develop simple strategies to improve the reprocessability of PU and PU-like network materials.
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The second part of this dissertation is focused on understanding the role of the substrate
interface in perturbing the stiffness of supported acrylic random copolymer films. Nanoconfined
polymers typically do not exhibit bulk properties, and research has shown that surfaces and
interfacial effects are responsible for such behavior. Confinement effects on modulus and stiffness
have been investigated for more than two decades, and numerous techniques have been employed
to study stiffness-confinement effects for a variety of polymer—substrate pairs (Askar et al., 2015;
Askar & Torkelson, 2016; Brune et al., 2016; Cheng et al., 2007; Delcambre et al., 2010; Evans et
al., 2012; Forrest et al., 1998; Gomopoulos et al., 2010; Inoue et al., 2005; Song et al., 2019;
Stafford et al., 2004, 2006; Tweedie et al., 2007; Watcharotone et al., 2011; Xia et al., 2016; Ye et
al., 2015). In 2016, Askar and Torkelson (Askar & Torkelson, 2016) used fluorescence to
characterize perturbations associated with substrate and free-surface interfaces to stiffness of
polystyrene films supported on glass and demonstrated that deviations in polymer stiffness upon
confinement originate from the combined perturbations from the substrate and free-surface
interfaces. The perturbations were attributed to a general phenomenon of molecular caging and
were related to the rigidity of substrates (Askar & Torkelson, 2016). The role of interfacial
interactions between polymer films and substrates on polymer stiffness has never been studied. A
major motivation of the second part of this dissertation is to understand substrate perturbations to
stiffness of polymer films when attractive interfacial interactions are present in the
polymer—substrate interfacial region.
Chapter 2 introduces and provides background on the core concepts involved in this
dissertation regarding dynamic covalent polymer networks, PUs, and PU-like materials. Chapter
3, 4, and 5 focus on the development of strategies to improve the reprocessability and

thermomechanical properties of PU and PU-like network materials. In Chapter 3, we demonstrate
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that the intrinsic dynamic nature of urethane linkages can be utilized to achieve excellent
reprocessability of cross-linked PU networks. We discovered that the property recovery and
thermal stability of dynamic PU networks can be enhanced by incorporating excess free hydroxyl
groups or increasing the cross-linker functionality from three to four (X. Chen et al., 2020). While
free hydroxyl groups suppress the reversion of urethane linkages and minimize side reactions
associated with isocyanate groups generated from the dissociative reactions during reprocessing,
tetrafunctional cross-linkers help to maintain network integrity in the presence of small levels of
side reactions. Using these strategies, we demonstrated via a model PU network that the intrinsic
dynamic nature of urethane linkages enables full recovery of cross-link density and tensile
properties of PU networks after multiple reprocessing cycles. We also showed via a proof-of-
principle demonstration that PU networks can be depolymerized by alcoholysis under relatively
mild conditions, which can potentially lead to monomer recovery and help to achieve a closed loop
recycling of PUs.

Besides recycling, PU synthesis involves another problem which is the use of isocyanates.
Isocyanates are hazardous and have been facing increasing constraints on storage and
transportations in recent years. In Chapter 4, we employed bio-based feedstocks to synthesize
polyhydroxyurethane (PHU) networks, which are a class of non-isocyanate PU materials. Besides
the non-isocyanate nature, PHU has an additional important advantage which is that the dynamic
nature of hydroxyurethane linkages can be utilized to achieve reprocessability of PHU networks.
In Chapter 4, renewable, dynamic PHU networks were synthesized by reacting bio-derived
polyfunctional cyclic carbonates, carbonated soybean oil (CSBO) and sorbitol ether carbonate
(SEC), with either a synthetic diamine or a bio-based diamine (S. Hu et al., 2019). With relatively

mild reprocessing conditions, CSBO-based PHU networks exhibit complete recovery of cross-link
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density and associated properties after multiple melt-state reprocessing steps, which is achieved
via three concurrent dynamic chemistries. In contrast to the excellent property recovery achieved
by CSBO-based PHU networks, as a result of disadvantageous monomer molecular design, SEC-
based networks exhibit poor reprocessability even with increased catalyst load and reprocessing
temperature and time. This work reveals the important role of monomer structure on the
reprocessability of dynamic polymer networks and highlights the effectiveness of CSBO to serve
as a precursor of robust, sustainable non-isocyanate polyurethane (NIPU) networks with excellent
reprocessability.

The rapid development of CANs shows promise for addressing the long-standing recycling
issue associated with conventional, permanently cross-linked polymers. At the same time, it is
important to demonstrate that properties of CANs can be optimized to meet the ongoing demands
for high-performance materials. In Chapter 5, we demonstrate that the properties of reprocessable
PHU networks can be enhanced by using reactive polyhedral oligomeric silsesquioxane (POSS)
as reinforcing fillers to fabricate dynamic PHU network composite. With functionalized POSS
serving as both nanofillers and a fraction of the cross-linkers, the PHU—POSS network composites
exhibit significantly enhanced storage modulus and thermal stability relative to the neat PHU
network. With up to 10 wt% POSS loading, the network composites can undergo melt-state
reprocessing at 140 °C with 100% property recovery associated with cross-link density. We also
show that hydroxyurethane dynamic chemistry leads to excellent creep resistance at elevated
temperature up to 90 °C and is unaffected by reactive incorporation of POSS. This study
demonstrates the effectiveness of POSS as nanofillers for designing high-performance, dynamic

PHU networks with excellent reprocessability.
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Chapter 6 introduces core concepts involved in this dissertation regarding residual stress,
stiffness, and stiffness-confinement effects in polymers. Chapter 7, 8 and 9 focus on developing
an understanding of effects of substrate interface on stiffness of supported acrylic random
copolymer films in the interfacial region. Stiffness characterizations described in this dissertation
were achieved using a fluorescence technique, which relies on the sensitivity of a measurable
intensity ratio 11/13 of a pyrenyl label that is responsive to molecular caging. For a pyrene-labeled
polymer film, 11/13 values are influenced by both the stress state and the stiffness of a material
(Askar et al., 2015); therefore, prior to stiffness characterization, sufficient annealing in the
rubbery state needs to be done to ensure all residual stresses in polymer films are apparently
removed, so that I1/ls values only reflect information on stiffness. Chapter 7 demonstrates that
residual stress relaxation in spin-coated polymer films can be characterized using both
ellipsometry and fluorescence technigques. We show that the residual stress relaxation timescale of
bulk poly(styrene/n-butyl acrylate) (P(S/nBA)) random copolymer films depends significantly on
the molar content of nBA in the copolymers.

Chapter 8 focuses on investigating the role of substrate interface in perturbing the local
stiffness of supported P(S/nBA) films when attractive hydrogen bonding interactions are present
in the interfacial region. We discovered that the stiffness of P(S/nBA) films is enhanced near
hydrophilic substrates, and the length scale over which substrate perturbations enhance the average
stiffness is highly dependent on nBA content due to the ability of ester groups in nBA units to
form hydrogen bonds with hydroxyl groups on a hydrophilic glass surface. When the hydroxyl
groups on the glass surface are removed, the perturbation length scales decrease and become

independent of nBA content. Thus, our study shows that in addition to substrate rigidity, interfacial
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effects are another important contributor to stiffness-confinement effects in supported polymer
films.

Chapter 9 focuses on understanding the effect of a slight change in monomer structure on
stiffness and stiffness gradient lengths scales of acrylic-based random copolymer films in the
interfacial region. We investigated the substrate perturbations to stiffness of another acrylic-based
random copolymer, poly(styrene/2-ethylhexyl acrylate) (P(S/EHA)), and compared the results
with those of P(S/nBA)s. We discovered that for P(S/EHA)s and P(S/nBA)s with similar bulk
glass transition temperatures, the stiffness gradient length scales near the substrate interface
associated with P(S/EHA) films are substantially longer than those of P(S/nBA)s. The stiffness
gradient length scales in P(S/EHA)s remain constant regardless of whether attractive hydrogen
bonding interactions are possible or not in the interfacial region.

Finally, Chapter 10 provides a summary of this dissertation and offers recommendations

for future studies.
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CHAPTER 2

Background

This chapter introduces core concepts involved in this dissertation regarding dynamic

covalent polymer networks and polyurethanes.

2.1 Conventional and Reprocessable Cross-linked Polymers
2.1.1 Conventional cross-linked polymers

Polymers can be divided into two types based on their response to heating: thermoplastics
and thermosets (Brazel & Rosen, 2012; Chanda, 2013; Rubinstein & Colby, 2003). The primary
physical difference between these two types of materials is that thermoplastics can be re-melted
back into a liquid when heated above the glass transition temperature, Tg, if amorphous or above
the melt transition temperature, or Tm, if semi-crystalline. In contrast, thermosets remain in a
permanent solid state once they are cured. The reason why thermoplastics and thermosets behave
differently is that they have different structures. Thermoplastics are typically made of linear or
sometimes branched polymer chains. The chains can slide past each other upon heating and allow
thermoplastics to be remolded and recycled without affecting their material properties. Thermosets,
on the other hand, have covalent cross-links. These cross-links often afford thermosets properties
that are superior to thermoplastics, including improved mechanical properties, better heat stability,
and solvent resistance (Brazel & Rosen, 2012). A schematic representation of thermoplastics and
thermosets is given in Figure 2-1.

Thermosets are synthesized by three general routes (Sperling, 2006). The first route is step-

growth polymerization with at least one monomer species having a functionality greater than two
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(Flory, 1953; Lodge & Hiemenz, 2020). A typical example is the reaction between diisocyanates
and multifunctional polyols to form polyurethane network materials (Akindoyo et al., 2016). The
second route is chain-growth polymerization which involves polymerizing monomers with
multiple polymerizable moieties which can serve as branching units (Rubinstein & Colby, 2003).
One example is the copolymerization of styrene and ethylene glycol dimethacrylate, the latter of
which contains two carbon-carbon bonds and serves as the branching unit. Finally, thermosets can
also be achieved through post-polymerization modifications. For example, the vulcanization
process in the tire industry uses sulfur to cross-link linear polymers of polyisoprene or styrene-

butadiene copolymers and make the tires more durable (Coran, 2003).

Cross-link

4

Thermoplastic Thermoset

Figure 2-1. Schematic structures of linear polymers (thermoplastics) and cross-linked polymers
(polymer networks or thermosets).
2.1.2 Dynamic covalent polymer networks

Despite their high durability, thermosets have one major disadvantage which is that they
cannot be recycled for high-value applications because the permanent, fixed cross-links that make
these materials strong and useful also prevent them from being melt-reprocessed. This has led to
significant economic losses and environmental concerns. To address the problems associated with

the recycling of conventional thermosets, research began over a decade ago to develop dynamic
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covalent polymer networks (DCPNs) (Zou et al., 2017), also known as covalent adaptable
networks (CANs) (Kloxin et al., 2010; Kloxin & Bowman, 2013) or reprocessable polymer
networks, that are self-healable or recyclable (Brandt et al., 2014; Chakma & Konkolewicz, 2019;
Denissen et al., 2016; Kloxin et al., 2010; Kloxin & Bowman, 2013; McBride et al., 2019;
Podgorski et al., 2020; Scheutz et al., 2019; Schneiderman & Hillmyer, 2017; Wojtecki et al., 2011;
Y. Yang et al., 2015; Zou et al., 2017). DCPNs are polymer networks that contain sufficient
dynamic covalent bonds or structures that allow the materials to reconfigure or rearrange under
appropriate conditions. Such materials can change their structures and shapes in response to
external stimuli (e.g., heat, light, pH) and have the potential to be recycled in an analogous way to
thermoplastics.

2.1.3 Dynamic chemistries

Dynamic covalent polymer networks have generally been considered to undergo structural
reconfiguration by one of two general mechanisms (Denissen et al., 2016; Kloxin et al., 2010;
Scheutz et al., 2019) (Figure 2-2). The first is a dissociative bond exchange mechanism in which
dynamic bonds break under an applied stimulus such as high temperature or light; after that, the
network segment that bears the reactive moiety will diffuse through the network until it encounters
its complementary reactive moiety and forms a new bond there (Scheutz et al., 2019). This
dissociation, diffusion, and association process occurs repeatedly until the applied stimulus is
removed from the system. The second mechanism is an associative bond exchange mechanism, in
which case free reactive groups in the network system can undergo substitution reactions with
existing cross-links in the system (Scheutz et al., 2019). In this case, bond breaking and bond
forming always happen simultaneously; therefore, the total number of cross-links is considered to

remain constant during the entire process. In most cases, DCPNs undergo structure reconfiguration
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by only one of the two mechanisms, although a few studies show that some specific types of
dynamic chemistries involve dual dissociative and associative mechanisms; examples include
urethane chemistry (X. Chen et al., 2020), thiourethane chemistry (Li et al., 2019; Wen et al., 2020)
and hydroxyurethane chemistry (X. Chen et al., 2017; S. Hu et al., 2019). DCPNs based solely on
associative bond exchange are termed “vitrimers” by Leibler and coworkers (Capelot, Montarnal,
et al., 2012). Regardless of the underlying mechanism, in the absence of external stimuli, the
dynamic process in DCPNs are commonly considered to be dormant, which allows DCPNs to be

used as conventional cross-linked polymers.

a) Dissociative CAN [ Loss of network integrity
Sl X

b) Associative CAN ’—) Fixed cross-link density

b

Figure 2-2. Dynamic chemistries in DCPNs or CANSs are divided into two groups: (a) dissociative
and (b) associative. (Figure adapted from reference ((Denissen et al., 2016)).)

2.1.3.1 Dissociative dynamic chemistry

In DCPNs based on dissociative mechanisms, upon proper external stimulus (in most cases,
heat), the dynamic bonds will dissociate and reach a new dynamic equilibrium between the
dissociated moieties and the combined moieties (Scheutz et al., 2019). At sufficiently high

temperatures, the dynamic equilibrium highly favors the cross-link dissociation, which leads to the



25
partial decross-linking of the networks. As a result, the fully cross-linked polymer transitions to a
system with many branched and linear chains which can flow under stress like thermoplastics and
therefore are intrinsically reprocessable.
Many dissociative chemistries such as Diels—Alder (DA) cycloadditions (X. Chen et al.,
2002), hindered urea exchange (Bin Rusayyis & Torkelson, 2022; Ying et al., 2014; Y. Zhang et
al., 2016), aminal bond exchange (Chao & Zhang, 2019), and persistent radical approaches using
nitroxide (Jin et al., 2016) or thionitroxide (Bin Rusayyis & Torkelson, 2020; Takahashi et al.,
2017) radicals have been explored and used successfully for DCPN synthesis. DA reactions are
one the earliest and most commonly used dynamic chemistries for dissociative DCPNSs. In 2002,
Wudl and coworkers designed a thermally re-mendable network using DA cycloaddition of multi-
furan and multi-maleimide monomers; this work is considered as the seminal study in the research
field of DCPNs (X. Chen et al., 2002). Since this work, numerous DA-crosslinked materials with
various reconfiguration abilities have been developed for different applications (Adzima et al.,
2008; Bai et al., 2015; Oehlenschlaeger et al., 2014; Polgar et al., 2015; Reutenauer et al., 2009;
Tanasi et al., 2019; Toncelli et al., 2012; Truong et al., 2019; Yamashiro et al., 2008).
Radical-based approaches involving nitroxide or thionitroxide radicals are dissociative
dynamic chemistries that are also very effective in developing DCPNs with excellent
reprocessability. Jin et al. (Jin et al., 2016) developed a one-step strategy that can be used to
synthesize recyclable cross-linked polymers from any monomers or polymers that contain carbon—
carbon double bonds using a polymerizable nitroxide radical 2,2,6,6-tetramethyl-1-piperidinyloxy
methacrylate (TEMPO methacrylate). The nitroxide radicals incorporated in the network can
reversibly cap/uncap, thus allowing the material to undergo thermally triggered dissociation-

combination reactions and achieve reprocessability. More recently, Bin Rusayyis and Torkelson
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(Bin Rusayyis & Torkelson, 2020) developed a reprocessable polymethacrylate network using a
bifunctional bis(dialkylamino) disulfide cross-linker (BITEMPS methacrylate), which is a sulfur
analogue of TEMPO methacrylate. BITEMPS can dissociate into thionitroxide radicals upon
heating, allowing the network to undergo multiple melt-reprocessing steps with full recovery of
cross-link density. One particular advantage of the BITEMPS methacrylate over the TEMPO
methacrylate is that networks cross-linked with BITEMPS do not generate any carbon-centered
radicals during reprocessing; therefore, the irreversible termination of carbon-centered radicals
that potentially leads to property loss of TEMPO-methacrylate-cross-linked networks is prevented
(Bin Rusayyis & Torkelson, 2020).
2.1.3.2 Associative dynamic chemistry

Dynamic covalent polymer networks based on associative bond exchange mechanisms are
cross-linked polymers with exchangeable covalent bonds that enter a dynamic equilibrium for
cross-link exchange when activated (Scheutz et al., 2019). Unlike DCPNs based on dissociative
chemistries, bond breaking and bond forming in associative DCPNs occur simultaneously in a
single-step exchange reaction rather than in discrete dissociation, diffusion, and association steps.
Significant research effort has been devoted to design healable or reprocessable materials based
on associative dynamic chemistries. Because of the nature of exchange reactions, the chemical
entities on both sides of the equilibrium are essentially the same, so neither side of the reaction is
thermodynamically favored. At higher temperatures, only the exchange rate is accelerated.

Examples of associative chemistries include transesterification (Li et al., 2018; Montarnal
et al., 2011; Snyder et al., 2018; B. Zhang et al., 2018), transamination (Denissen et al., 2015,
2017), boronic ester interchange (Y. Chen et al., 2018; Soman & Evans, 2021; Tajbakhsh et al.,

2021), sulfide exchange reaction (Li et al., 2020; Rekondo et al., 2014), trans-siloxanification (P.
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Zheng & McCarthy, 2012), and olefin metathesis (Lu et al., 2012; Lu & Guan, 2012). The most-
commonly studied associative chemistry to date is the transesterification reactions of esters in the
presence of free alcohols, commonly catalyzed by Lewis acids or organocatalysts. In 2011, Leibler
and coworkers first developed a transesterification-based DCPN containing a Zn(acac), catalyst
(Montarnal et al., 2011). This DCPN can be reprocessed to yield materials with properties similar
to the as-synthesized resins. In a later study, Leibler and coworkers coined the term “vitrimers” to
describe DCPNs solely based on associative exchange reactions to highlight the Arrhenius
relationship between viscosity and temperature (Capelot, Montarnal, et al., 2012), although later
others questioned the use of this term because the viscosity of most dissociative DCPNs seems to
also exhibit an Arrhenius dependence of temperature over broad temperature ranges typically used

for reprocessing (Elling & Dichtel, 2020).

2.2 Polyurethanes and Polyurethane-like Materials
2.2.1 Conventional polyurethanes

Polyurethanes (PUs) were first developed in 1937 by Dr. Otto Bayer and coworkers in
Germany (Bayer, 1947). Polyurethanes are among the most widely used commaodity polymers.
World-wide production of PUs accounts for approximately 5% of global polymer production
(Blattmann et al., 2014; Delebecq et al., 2013; Engels et al., 2013). Polyurethanes are synthesized
from the step-growth polymerization of isocyanates and alcohols. If both reactants are difunctional,
the resulting PUs are linear. If one or both reactants have a functionality that is greater than two,
the resulting PUs may be cross-linked. Isocyanates are highly reactive toward nucleophilic
reagents, because the electronegativity of the oxygen and nitrogen imparts a large electrophilic

character to the carbon in the isocyanate group (Chattopadhyay & Raju, 2007; Kathalewar et al.,



28
2013). Commonly used isocyanates for PU manufacturing include toluene diisocyanate (TDI),
methylene diphenylene isocyanate (MDI), xylene diisocyanate (XDI), isophorone diisocyanate
(IPDI), norbornane diisocyanate (NBDI), hydrogenated MDI (HMDI), etc. Commonly used
polyols for PU manufacturing include polyethylene glycol (PEG), polypropylene glycol (PPG),
poly(tetramethylene ether) glycol (PTMEG), etc. Because there are many possible combinations
of the isocyanates and alcohols, a broad range of PUs with different properties can be obtained,
and these materials are used in a broad array of applications such as foams, coatings, sealants, and
adhesives (Blattmann et al., 2014; Nohra et al., 2013).

Polyurethane foams constitute 67% of global PU production (Engels et al., 2013). Two
main types of blowing agents used for PU foams production are (i) physical blowing agents such
as low-boiling-point solvent which blows the polymers by vaporization, and (ii) chemical blowing
agents such as water which blows the polymers by reacting with isocyanates to form amines and
carbon dioxide (Gama et al., 2018). Depending on the molecular weight and functionality of the
reactants, PU foams are classified as flexible foams and rigid foams. Flexible foams are mostly
used for fabricating furniture cushions, mattresses, and acoustic dampers (Engels et al., 2013).
Rigid foams exhibit excellent insulating properties and are commonly used as structural materials
(Engels et al., 2013).

Polyurethane elastomers are also a very important class of PUs although their global
production is much lower than that of PU foams. Polyurethane elastomers are typically segmented
and consist of alternating soft and hard segments (Engels et al., 2013). Soft segments consist of
polyols, and hard segments consist of all non-polyol components. Because of rigidity and hydrogen

bonding, hard segments associate into hard domains which act as physical cross-links to afford
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PUs elastomeric characteristics. PU elastomers are, thus, two-phase polymers, and their
elastomeric properties are highly dependent on the degree of the phase separation.
2.2.2 Polyhydroxyurethanes

The synthesis of conventional PUs involves isocyanates, which present serious issues for
human health. Overexposure to isocyanates may cause sensitization and occupational asthma
(Elms et al., 2001; Fisseler-Eckhoff et al., 2011). Due to these health concerns, many isocyanates
are listed as dangerous chemicals and are under increasing regulatory scrutiny regarding safe
transport and use. In view of the trend toward green chemistry, research efforts have intensified in
recent years to find routes to non-isocyanate PU (NIPU) materials (Blattmann et al., 2014; Guan
et al., 2011; Kathalewar et al., 2013). Common reactions include transurethanization between
alcohols and carbamates (Deng et al., 2014; Ochiai & Utsuno, 2013; Z. Wang et al., 2016) and
cyclic carbonate aminolysis reaction between cyclic carbonates and amines (Beniah, Chen, et al.,
2017; Beniah et al., 2016; Beniah, Fortman, et al., 2017; Beniah, Heath, et al., 2017; Beniah, Uno,
etal., 2017; Leitsch et al., 2016; Lombardo et al., 2015; Nohra et al., 2013; Steblyanko et al., 2000;
Tomita et al., 2001).

The cyclic carbonate aminolysis reaction is nowadays seen as one of the most promising
approaches to synthesize NIPUs (Blattmann et al., 2014; Cornille, Auvergne, et al., 2017; Guan et
al., 2011; Kathalewar et al., 2013; Maisonneuve et al., 2015). The five-, six-, seven-, or eight-
membered cyclic carbonates undergo reactions with amines resulting in the formation of
polyhydroxyurethanes (PHUSs), which are structurally similar to PUs, except that there is a pendent
primary or secondary hydroxyl group next to each urethane linkage in PHUs. The cyclic carbonate

aminolysis reaction has significant sustainability benefits, not only because it circumvents the use
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of isocyanates, but also because five-membered cyclic carbonates can be easily obtained by
sequestering carbon dioxide into epoxies, so this chemistry also contributes to carbon neutrality.
2.2.3 Dynamic PUs and PHUs

Conventional cross-linked PUs cannot be effectively remolded or reprocessed when
reaching their end of life. The urethane bond is a dynamic bond, and its dynamic chemistry has a
dual-mechanism nature (Scheme 2-1). When exposed to heat, dynamic urethane bonds can
undergo simultaneous dissociative and associative reactions; the urethane linkages can dissociative
into isocyanate and alcohol moieties, and if there are free hydroxyl groups present in the system,
these free hydroxyl groups can undergo associative transcarbamoylation exchange reactions with
urethane linkages (X. Chen et al.,, 2020). Both mechanisms can be utilized to achieve
reprocessability of cross-linked PUs. However, because transcarbamoylation reactions are
“sluggish” (Fortman et al., 2015), and isocyanate groups generated from the dissociative reactions
are reactive and are prone to side reactions, PU thermosets commonly suffer from property loss
after recycling. To solve this problem, many studies have incorporated extrinsic dynamic bonds
such as hindered urea bonds and disulfide bonds to enhance the recyclability of cross-linked PUs
(J.-H. Chen, Hu, Li, Meng, et al., 2018; Gao et al., 2018; Y. Zhang et al., 2016; Z. P. Zhang et al.,
2018); however, these synthetic strategies usually involve complicated monomer synthesis and
sometimes can even lead to changes in bulk properties relative to neat PUs, which is impractical

for commercial applications.
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Scheme 2-1. Two mechanisms associated with urethane dynamic chemistry.

As one of the most promising alternatives for conventional PUs, PHUs have the potential
to become an important class of DCPNs and provide an alternative approach to achieve
reprocessability of PU-like materials. Similar to urethane linkages, hydroxyurethane linkages are
also intrinsically dynamic. Cyclic carbonate aminolysis reactions are reversible. In addition, the
pendent, secondary S-hydroxyl groups or methylol groups along the PHU backbones can undergo
associative transcarbamoylation exchange reactions with the urethane linkages (X. Chen et al.,
2017; S. Hu et al., 2019) (Scheme 2-2). Because the cyclic carbonate aminolysis route completely
bypasses the use of isocyanates, side reactions associated with isocyanates that lead to property
loss of dynamic PU networks after reprocessing no longer present an issue for PHU reprocessing.
In addition, catalysts can be embedded into the polymers to accelerate the transcarbamoylation
exchange reactions during the reprocessing process. Therefore, PHUs generally exhibit an

enhanced intrinsic reprocessability relative to conventional PUs.
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Scheme 2-2. Two mechanisms associated with hydroxyurethane dynamic chemistry.
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In 2015, Dichtel, Hillmyer, and coworkers first reported that PHU networks derived from
bis(six-membered cyclic carbonates) and amines can undergo network rearrangement at elevated
temperatures via associative transcarbamoylation exchange reactions between the carbamate
groups and the free hydroxyl groups (Fortman et al., 2015). In 2017, Torkelson and coworkers
discovered that in addition to the transcarbamoylation reactions, PHU networks also undergo
reversible cyclic carbonate aminolysis reactions at the reprocessing condition, so the dynamic
process of PHUs has a dual-mechanism nature and involves concurrent dissociative and
associative dynamic reactions (X. Chen et al., 2017). In the presence of a catalyst 4-
(dimethylamino)pyridine (DMAP), they developed a PHU network that exhibits full property

recovery associated with cross-link density after multiple reprocessing steps (X. Chen et al., 2017).
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CHAPTER 3
Dynamic Covalent Polyurethane Networks
with Excellent Property and Cross-link Density Recovery after Recycling

and Potential for Monomer Recovery

3.1 Introduction

Cross-linked polymers are used in many high-value applications owing to their outstanding
stability and performance. However, permanent covalent bonds in traditional cross-linked
polymers prevent them from being reprocessed in the melt state, leading to major sustainability
and economic losses. To address this problem, research has been dedicated to incorporating
dynamic covalent bonds into polymer networks, which enable the rearrangement of network chains
under proper stimulus, thus allowing for reprocessing or recycling of these cross-linked polymers
(Chakma & Konkolewicz, 2019; Denissen et al., 2016; Kloxin & Bowman, 2013; McBride et al.,
2019; Scheutz et al., 2019; Zou et al., 2017). The dynamic chemistries are commonly classified
into two types: (1) dissociative dynamic chemistries based on dissociative reversible reactions,
including Diels—Alder addition (X. Chen et al., 2002; Trovatti et al., 2015) and alkoxyamine
chemistry (Jin et al., 2016; Otsuka, 2013); (2) associative dynamic chemistries based on
associative exchange reactions, including transesterification (Li et al., 2018; Lossada et al., 2020;
Montarnal et al., 2011; Self et al., 2018), transamination (Denissen et al., 2015; Lessard et al., 2019)
and dioxaborolane metathesis (Rottger et al., 2017; Wu et al., 2020). In some cases, the dynamic
chemistry involves both dissociative and associative mechanisms, e.g., hydroxyurethane (X. Chen

et al., 2017; X. Chen, Li, & Torkelson, 2019; X. Chen, Li, Wei, & Torkelson, 2019; X. Chen, Li,
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Wei, Venerus, et al., 2019; S. Hu et al., 2019) and thiourethane (Li et al., 2019; Wen et al., 2020)
dynamic chemistries.

Polyurethanes (PUs) are among the most widely used polymers worldwide, with 2020
annual production estimated to be ~29 billion kg (Hicks & Austin, 2017). The applications of PUs
include elastomers, adhesives, coatings and foams, and commonly involve cross-linked
architectures (Akindoyo et al., 2016; Engels et al., 2013). To address the recycling issue associated
with PU thermosets reaching their end of life, many previous studies have adopted different
extrinsic dynamic chemistries to achieve reprocessability in cross-linked PU or PU-like materials
(J.-H. Chen, Hu, Li, Zhu, et al., 2018; L. Chen et al., 2020; Fortman et al., 2015; Fortman, Snyder,
et al., 2018; Fu et al., 2018; Gao et al., 2018; W.-X. Liu et al., 2017; Y. Zhang et al., 2016; Z. P.
Zhang et al., 2018). In some studies, PU networks are synthesized from the traditional isocyanate—
alcohol reaction, with additional dynamic functional groups incorporated during synthesis, e.g.,
hindered urea bonds (L. Chen et al., 2020; Y. Zhang et al., 2016), reversible C—C bonds (Z. P.
Zhang et al., 2018) and disulfide bonds (J.-H. Chen, Hu, Li, Zhu, et al., 2018; Gao et al., 2018). In
other studies, reprocessable PU-like materials are synthesized with formation of dynamic covalent
bonds that have some structurally similarity to urethanes groups, e.g., hydroxyurethane bonds (X.
Chenetal., 2017; X. Chen, Li, & Torkelson, 2019; X. Chen, Li, Wei, & Torkelson, 2019; X. Chen,
Li, Wei, Venerus, et al., 2019; Fortman et al., 2015; S. Hu et al., 2019), thiourethane bonds (Li et
al., 2019; Wen et al., 2020) and oxime—carbamate bonds (Fu et al., 2018; W.-X. Liu et al., 2017).
However, these synthetic strategies lead to changes in molecular structure and sometimes bulk
properties relative to conventional cross-linked PUs, and some strategies involve complicated
monomer synthesis (Fortman, Snyder, etal., 2018; W.-X. Liuetal., 2017; Z. P. Zhang et al., 2018).

It would be ideal, especially for the commercial PU industry, if excellent reprocessability could be
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achieved in PU networks solely by taking advantage of the intrinsic dynamic nature of
conventional urethane linkages.

Stress relaxation of PU networks at elevated temperatures was first reported by Tobolsky
and co-workers in 1956 (Offenbach & Tobolsky, 1956), which was attributed to the dissociation
of urethane linkages to isocyanates and alcohols (Colodny & Tobolsky, 1957; Offenbach &
Tobolsky, 1956). Recently, the dynamic nature of urethane bonds has been exploited to achieve
advanced characteristics in conventional PU networks, including self-healing (Kuhl et al., 2018;
Bonab et al., 2019), plasticity (Wen et al., 2018; N. Zheng et al., 2016, 2017), and reprocessability
(although without full property and cross-link density recovery) (Fortman et al., 2019; W. Liu et
al., 2019; Y. Wang et al., 2019; Yan et al., 2017). For example, Lei and co-workers reported that
multifunctional PU-vitrimers synthesized from renewable castor oil can be reprocessed at 180 °C
in 2 h with the presence of dibutyltin dilaurate (DBTDL) catalyst (Yan et al., 2017). Dichtel and
co-workers investigated the use of several Lewis acid catalysts in cross-linked PU networks to
achieve reprocessability under mild conditions (Fortman et al., 2019). The use of phenol-
carbamate bonds has also been explored, which involves non-traditional synthesis of PU networks
from phenols (Shi et al., 2019, 2020). Despite these efforts attempting to develop PU networks
with intrinsic reprocessability, no study has reported full recovery of cross-link density and tensile
properties after reprocessing. Here, we have investigated factors that affect the property recovery
of PU networks after reprocessing and accordingly have developed a PU network that exhibits full
property recovery within error after multiple reprocessing steps. We have also demonstrated the
alcoholysis of the PU network toward the potential recovery of alcohol monomers under relatively

mild conditions.
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3.2 Experimental
3.2.1 Materials

Tolylene 2,4-diisocyanate terminated poly(propylene glycol) (PPG Diisocyanate, average
Mn ~2,300 g/mol, narrow molecular weight distribution, isocyanate group ~3.6 wt%),
trimethylolpropane (Triol, >98.0%), pentaerythritol (Tetraol, 99%), 4-(dimethylamino)pyridine
(DMAP, ReagentPlus®, >99%), dibutyltin dilaurate (DBTDL, >96.0%), ethylene glycol
(anhydrous, 99.8%), N,N-dimethylformamide (DMF, anhydrous, 99.8%), tetrahydrofuran (THF,
anhydrous, 99.9%), and dichloromethane (DCM, anhydrous, 99.8%) were from Sigma-Aldrich.
All chemicals were used without further purification. PPG Diisocyanate, DBTDL and DMF were
dried on molecular sieves before use.
3.2.2 Synthesis of polyurethane (PU) networks

In a typical synthesis of Tetraol-200H network, 250 mg Tetraol and 149.6 mg DMAP were
added to a 20-mL scintillation vial with the total mass of vial + cap recorded prior to weighing.
Then 5 mL DMF was added into the vial, and the mixture was heated on a hot plate at 125 °C until
complete dissolution to obtain a Tetraol stock solution. The mass of stock solution was determined
by subtracting the mass of empty vial from the total mass of solution and vial. The proper amount
of stock solution (containing 230.9 mg Tetraol and 138.1 mg DMAP) was then weighed in a
Max20 cup (Flacktek) containing 6.5 g PPG Diisocyanate. The concentration of isocyanate groups
was adjusted to 1 M by adding another 1.03 mL DMF into the cup, assuming the density of stock
solution is 1 g/mL. The reactant mixture was then homogenized in a speed mixer (Flacktek DAC
150.1 FVZ-K) at 3200 rmp for 1 min. Afterward, the reactant mixture was poured into an
aluminum pan (96 mm diameter) and cured on a hot plate at 60 °C. After gelation (typically within

minutes), the sample was transferred to an oven at 80 °C for overnight reaction and then dried for
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48 h at 80 °C under vacuum. For details on the formulation of other PU networks, please refer to
Table 3-S1.
3.2.3 Reprocessing procedure

Reprocessing of PU networks was performed using a PHI hot press. After obtaining DMA
or tensile test samples from as-synthesized materials, residual materials were cut into small pieces
and then pressed into ~1 mm thick sheets using a 7-ton ram force, which were considered as 1st
molded samples. Similarly, 1st molded materials were then cut into small pieces and pressed again
to obtain 2nd molded materials. All PU networks containing DMAP were reprocessed at 140 °C
for 70 min. The PU network containing DBTDL was reprocessed at 120 °C for 15 min.
3.2.4 Alcoholysis of PU networks

In a 20 mL scintillation vial, ~300 mg of the as-synthesized Tetraol-200H network was
added, together with 15.4 mg DMAP (0.5 eq with respect to urethane groups in the PU network)
and 1 mL ethylene glycol. The mixture was heated on a hot plate at 130 °C for 8 h, during which
time the network materials were gradually “dissolved”.
3.2.5 Characterization

Dynamic mechanical analysis (DMA) was performed with a TA Instruments RSA TII.
Specifically, storage modulus (E'), loss modulus (E"), and damping ratio tano (E"/E’) were
recorded as functions of temperature on the heating scan from —60 to 60 °C at a 3 °C/min heating
rate. The measurement was performed in tension mode under a 0.03% oscillatory strain at 1 Hz
frequency. For each sample, at least three measurements were performed, and the E' value at 40 °C
was reported as the average rubbery plateau modulus with errors given by standard deviations. The
high-temperature DMA measurement was performed on as-synthesized PU samples, in which

samples underwent temperature ramps set from —60 to 300 °C. The measurement was stopped



38
when the equipment started to report inconsistent results due to the flow of sample. The
corresponding temperature was recorded as Trow Of the material.

Uniaxial tensile testing was performed with a TA Instruments RSA-G2 at room
temperature. Dog-bone-shaped samples were cut from as-synthesized and molded films using a
Dewes-Gumb die. Samples underwent a uniaxial extension at a rate of 1 mm/s until break, with
the data collected at a 40 pts/s rate. Tensile properties including Young’s modulus, tensile strength
and elongation at break were reported as average values of at least five specimens with errors
representing the standard deviations.

Attenuated total reflectance—Fourier transform infrared (ATR-FTIR) spectroscopy was
performed using a Bruker Tensor 37 FTIR spectrophotometer equipped with a diamond/ZnSe ATR
attachment. All samples were scanned at a resolution of 2 cm™, and 16 scans were collected in the
range of 4000-600 cm™. Spectra were normalized with respect to the aliphatic ether stretching
peak at ~1100 cm™,

Swelling tests were carried out for all as-synthesized and molded PU networks to determine
the swelling ratio and gel fraction. Samples (~100 mg) were immersed in 20 mL of DCM in glass
vials and were left to swell at room temperature for 72 h. The liquid phase was replaced with fresh
DCM every day. After swelling, the liquid phase was decanted, and the residual solvent on sample
surface was carefully wiped off using filter paper. Masses of swollen networks were recorded.
Samples were then dried at 60 °C under vacuum until no weight change could be measured. For
each sample, three specimens were measured. The gel fraction was determined as ma/mo, and the
swelling ratio was calculated as (ms—mgq)/mq, where mo is the original mass of the sample before

swelling and ms and mq are the masses of the swollen sample and dried sample, respectively.



39
3.3 Results and Discussion

As shown in Scheme 3-1, PU networks were synthesized from a poly(propylene-glycol)-
based diisocyanate (PPG Diisocyanate) and a trifunctional alcohol trimethylolpropane (Triol) or a
tetrafunctional alcohol pentaerythritol (Tetraol). For each type of cross-linker, the reaction was
performed both at stoichiometric balance (OOH) and with 20 mol% hydroxyl group in excess
(200H). Urethane dynamic chemistry involves both associative and dissociative mechanisms
(Scheutz et al., 2019). When excess free hydroxyl groups are present, associative
transcarbamoylation exchange reactions can occur between carbamate groups and hydroxyl groups
(Fortman et al., 2015). As well, urethane linkages can dissociate, thereby forming alcohols and
isocyanates at elevated temperature (Fortman et al., 2019; Wen et al., 2018). Here, we consider
that this dual-mechanism nature exists in both 0OH and 200H samples because the reversion of
urethane bonds releases free hydroxyl groups that can participate in the associative pathway
(Scheme 3-1).

All PU networks were synthesized with 20 mol% 4-(dimethylamino)pyridine (DMAP)
catalyst with respect to isocyanate functional groups, which accounts for ~2 wt% of the total
material. As-synthesized samples were obtained by curing the reactant mixture (some minutes at
60 °C and then overnight at 80 °C) in an aluminum pan, followed by 48-h vacuum drying at 80 °C
to remove solvent. The isocyanate peak at ~2270 cm™* observed in the Fourier-transform infrared
(FTIR) spectrum of PPG Diisocyanate (Figure 3-S1) disappeared in all as-synthesized PU
networks (Figure 3-S2, 3-S3), indicating complete conversion within error of isocyanate groups.
The as-synthesized materials were reprocessed for two cycles at 140 °C for 70 min using
compression molding. The same reprocessing condition was applied for all samples to ensure fair

comparison of reprocessability and resulting properties. In all cases, consolidated and
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homogeneous films were obtained after reprocessing, indicating effective network rearrangement
enabled by the dynamic chemistry. Images of as-synthesized (top) and reprocessed (bottom)
Tetraol-200H samples are shown in Scheme 3-1. We note that the surface of network samples
became rougher after reprocessing, which is likely due to the thermodynamic incompatibility
between PU networks and the polyimide substrate film used during reprocessing via compression
molding. In our previous studies on dynamic polyhydroxyurethane and polythiourethane networks
(X. Chen et al., 2017; X. Chen, Li, & Torkelson, 2019; X. Chen, Li, Wei, & Torkelson, 2019; X.
Chen, Li, Wei, Venerus, et al., 2019; S. Hu et al., 2019), we observed similar surface roughness
after reprocessing, which did not affect the property recovery of remolded samples.

Figure 3-1(a) shows the dynamic mechanical analysis (DMA) results of as-synthesized, 1st
molded and 2nd molded Triol-OOH networks. In all three samples, a rubbery plateau in the storage
tensile modulus E' is observed at temperatures well above the glass transition temperature (Tg),
confirming their cross-linked nature. The E' rubbery plateau moduli determined at 40 °C are
summarized in Table 3-1, which indicate a 76% recovery in the 1st molding step (relative to the
as-synthesized material) and a 67% recovery in the 2nd molding step (relative to the 1st molded
sample). According to ideal rubbery elasticity theory, at constant temperature the rubbery plateau
modulus is proportional to cross-link density (Flory, 1953). This incomplete cross-link density
recovery after reprocessing is likely due to side reactions associated with isocyanate groups at
elevated temperatures. During the molding process at 140 °C, highly reactive free isocyanate
groups are generated from the dissociative reaction of urethanes. These liberated isocyanate groups
may then undergo undesired side reactions in the presence of moisture (in air and absorbed by the
network) at high temperature, leading to property losses in molded Triol-OOH networks. We tried

to minimize the contact between PU samples and moisture by drying all reactants on activated
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molecular sieves and molding as-synthesized materials right after the vacuum drying process, but
it would be nearly impossible to completely eliminate the occurrence of side reactions given that

we performed multiple molding and sample-cutting processes for each PU network sample.
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Scheme 3-1. Mechanism of synthesis and rearrangement of PU networks.
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To suppress side reactions of isocyanate groups during reprocessing, we incorporated 20

mol% free hydroxyl groups in the PU network by running the reaction slightly off-stoichiometry,
similar to the strategy that Li et al. adopted to achieve reprocessable thiourethane networks with
full cross-link density recovery (Li et al., 2019). The DMA results of as-synthesized and molded
Triol-200H networks are shown in Figure 3-1(b). Compared with the Triol-OOH network, the as-
synthesized Triol-200H network has a slightly decreased E' rubbery plateau modulus because of
the unbalanced stoichiometry. However, we obtained much better recovery of E' rubbery plateau
modulus and thus cross-link density (86% in the 1st molding (relative to as-synthesized) and 93%

in the 2nd molding (relative to the 1st molding)) in molded Triol-200H networks; see Table 3-1.
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Figure 3-1. Dynamic mechanical responses of DMAP-containing (a) Triol-OOH, (b) Triol-200H,
(c) Tetraol-OOH and (d) Tetraol-200H networks: E' and tan o (E"/E") as functions of temperature
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as a function of temperature.



Table 3-1. Rubbery-plateau tensile storage moduli and room-temperature tensile properties of as-

synthesized and molded PU networks.

. o Young’s Tensile Strain at
Sample E (?\Blég) ¢ modulus strength break
(MPa) (MPa) (%)
As-synthesized | 1.30 £ 0.04 1.46 £ 0.04 1.12+£0.03 349 +12
Triol-
00OH 1st molded 0.99 £0.05 1.19+0.03 0.67 £0.10 212 + 52
2nd molded 0.66 £ 0.04 0.92+£0.10 0.57+0.04 243 + 36
As-synthesized | 1.13 +£0.04 1.20 £ 0.03 1.05 +0.03 464 + 43
Triol-
1st molded 0.97 £0.03 1.19 £ 0.02 0.85 £ 0.03 344 + 45
200H
2nd molded 0.90 £ 0.07 0.99 £ 0.03 0.81 £ 0.08 326 £ 45
As-synthesized | 2.00 £ 0.04 2.35+0.07 1.35+0.11 195+ 14
T%t(;a;l’" 1stmolded | 1.72+001  2.37 +0.09 117+004  162+21
2nd molded 1.53+0.05 2.13 +£0.03 1.01 +0.07 138+ 21
As-synthesized | 1.79 £ 0.03 1.90 +£0.03 1.16 £ 0.07 200+ 19
Tetraol- o ided | 1764005 201 +0.10 1194017  152+20
200H
2nd molded 1.71 +0.06 1.99+0.12 1.11 + 0.07 157 + 27
As-synthesized | 2.16 £0.05 2.23+0.01 1.68 +0.04 228+ 8
Tetraol-
200H- 1st molded 0.96 £ 0.02 0.94 £ 0.00 0.64 £0.04 212 + 20
Tin
2nd molded 0.50+0.01 0.40 £ 0.03 0.33+0.02 249 + 22
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The presence of free hydroxyl groups during reprocessing is expected to have two effects.
First, hydroxyl groups could reduce side reactions by reacting promptly with free isocyanate
groups released in the dissociative reaction and pushing the reaction equilibrium toward urethane
moieties. Second, hydroxyl groups would promote the associative mechanism relative to the
dissociative mechanism of urethane bonds and thereby reduce the level of side reactions. Thus,
adding free hydroxyl groups beyond stoichiometric balance is an effective way to enhance cross-
link density and property recovery of PU networks after reprocessing.

Polyurethane networks were also synthesized using a tetrafunctional alcohol Tetraol as the
cross-linker. Figure 3-1(c) shows DMA results of Tetraol-OOH samples synthesized at
stoichiometric balance. By increasing the cross-linker functionality from three to four, the E'
rubbery plateau modulus (at 40 °C) of the resulting as-synthesized PU network increases from 1.30
MPa to 2.00 MPa (Table 3-1). More importantly, as evidenced by E' plateau values, the property
recovery of recycled Tetraol-OOH networks is improved compared with recycled Triol-OOH
networks. The use of Tetraol cross-linker is beneficial for property recovery in two ways. First,
compared to networks formed with trifunctional cross-linker, at the reprocessing condition,
networks formed with tetrafunctional cross-linker have a higher fraction of chains that remain
cross-linked and a lower fraction of free-moving linear chains generated from the dissociative
reaction. As a result, the networks have more restricted mobility, and isocyanate groups are less
exposed to conditions that may induce side reactions. Second, the network structure formed with
tetrafunctional cross-linker has more tolerance towards side reactions. Even if one of the four
branches at the junction point cannot be recovered due to the loss of isocyanate functionality during
reprocessing, the remaining three branches still afford a cross-linked structure, and the resulting

network would not exhibit significant reduction in properties associated with cross-link density.



46
In contrast, if the network formed with trifunctional cross-linker loses one branch at the junction
point, the cross-linked structure would become a (locally) linear structure, leading to substantial
property losses. Thus, the property recovery of recycled PU networks can also be improved by
replacing trifunctional cross-linker with tetrafunctional cross-linker.

We then prepared a Tetraol-200H PU network, which is formed using the tetrafunctional
cross-linker and contains 20 mol% free hydroxyl groups in excess. As shown in Figure 3-1(d) and
Table 3-1, within error, the Tetraol-200H network exhibits full recovery of the rubbery plateau E'
value after multiple reprocessing steps. Although average E' values at 40 °C are different from
each other, when taking into account the error bars (which represent standard deviations from at
least three measurements), these results are identical. This very positive outcome is in contrast
with outcomes obtained in the other three PU networks and indicates that replacing the
trifunctional cross-linker with a tetrafunctional cross-linker and adding a small amount of excess
free hydroxyl groups can lead to full property and cross-link density recovery in reprocessable PU
networks. Even if degradation happens in one chain of some tetrafunctional cross-linkers during
reprocessing, changes in mechanical properties of the bulk network may not be significant enough
to be determined outside of experimental error.

Also, the inset of Figure 3-1(d) shows a linear increase in storage modulus with increasing
temperature. This is in accordance with Flory’s ideal rubber elasticity theory, which predicts that
the rubbery plateau tensile modulus, E, is proportional to absolute temperature in the rubbery
plateau regime (Flory, 1953). Since the values of E" are negligibly small compared with E" in the
rubbery plateau regime, the rubbery plateau E' values are essentially the same as E.

Notably, we observed no apparent changes in FTIR spectra (Figure 3-S2, 3-S3) and Ty

values (from the peak of E" curves, Figure 3-S4) of all four PU networks after reprocessing.
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Despite evident reductions observed in E' plateau moduli of recycled Triol-OOH, Triol-200H and
Tetraol-O0OH samples, changes in molecular structures of these samples may be insufficient to
cause differences in FTIR spectra and Tgs.

We also performed high-temperature DMA on the as-synthesized PU network samples; see
Figure 3-2. At temperatures between 25 °C and 150 °C, rubbery plateaus can be observed in all
samples. In the rubbery plateau regime, E' values increase with increasing temperature, consistent
with expectations from the ideal rubber elasticity theory. With increasing temperature above
150 °C, E' values start to decrease gradually, indicating losses in the total number of cross-links.
At sufficiently high temperature, the rates of dynamic chemistries become more rapid, and the
cross-link density change resulting from the dissociative reaction manifests in the sample moduli.
As temperature is further increased, the material loses mechanical integrity and flows like a liquid,
with the DMA equipment reporting inconsistent E' values. Measurements were stopped at this
point, and the corresponding temperature recorded as Triow. Figure 3-S5 shows a PU sample after
the high-temperature DMA test, in which the deformation and flow is clearly evident.

Compared with the Triol-OOH sample, which has Triow = 234 °C, the Triow Values of Triol-
200H and Tetraol-00H are enhanced by ~28 °C, and the Trow 0Of Tetraol-200H is enhanced by
41 °C. These results indicate that the thermal stability of PU networks can be enhanced by
incorporating excess free hydroxyl groups in the network and/or by replacing Triol with Tetraol.
In the presence of free hydroxyl groups, the reversion of urethane is suppressed, and more chains
remain in the cross-linked network at elevated temperatures. With Tetraol replacing Triol, the
network can withstand the loss of more chains in the dissociative reaction while maintaining a
cross-linked nature, thereby remaining mechanically robust to somewhat higher temperature.

These thermal stability results are in good agreement with the property recovery results.
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Figure 3-2. High-temperature dynamic mechanical responses of as-synthesized PU networks
containing DMAP: E' as a function of temperature. Inset: zoomed-in E' results with Trow labeled
for each sample.

In addition to DMA measurements, we also used tensile and swelling tests to evaluate the
recovery of mechanical properties and cross-link density in PU networks. Table 3-1 gives Young’s
modulus, tensile strength, and strain at break results of as-synthesized and molded PU networks.
Among the four networks, Tetraol-200H shows the best property recovery after reprocessing, with
the 2nd molded sample fully recovering all properties within experimental error. In accordance
with DMA results, both Tetraol-OOH and Triol-200H networks exhibit moderate recovery of
Young’s modulus and tensile strength after reprocessing, and the Triol-OOH network exhibits the
worst property recovery. Because the tensile tests were performed at room temperature, which is
substantially higher than Tgs of all PU networks, these mechanical property results describe
elastomeric responses that are related to cross-links. Table 3-S2 shows swelling ratio and gel
fraction results of as-synthesized and molded PU networks. Due to its highest susceptibility to side

reactions, Triol-OOH is the only network that exhibits an increase in swelling ratio and decrease
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in gel content after reprocessing, consistent with a significant loss in cross-links. In spite of the
stoichiometric imbalance in synthesis, the Tetraol-200H network is in a highly effectively cross-
linked state (gel fraction = 99%), which was maintained after each molding cycle. In all, with the
incorporation of excess hydroxyl groups and the substitution of the trifunctional cross-linker by
the tetrafunctional cross-linker, fully reprocessable, conventional PU networks can be obtained
with excellent recovery of cross-link density and tensile properties after multiple molding cycles.
This is the first time that the full recovery of both cross-link density and tensile properties is
achieved in conventional PU networks.

In previous studies on reprocessable, conventional PU networks (which were done at
stoichiometric balance of hydroxyl and isocyanate groups and did not result in full cross-link
density recovery after reprocessing), DBTDL catalyst was commonly used to achieve the dynamic
characteristic of urethane linkages (Fortman et al., 2019; W. Liu et al., 2019; Y. Wang et al., 2019;
Yan et al., 2017). We explored the use of this catalyst in our best-performing PU network (with
excess hydroxyl groups) and synthesized a Tetraol-200H-Tin network containing 1 mol% DBTDL
with respect to isocyanate groups. We used the same level of DBTDL as Fortman et al. applied in
their study, in which an 83% recovery of cross-link density was obtained after the 1st reprocessing
step (Fortman et al., 2019). We first applied the same condition (140 °C, 70 min) to reprocess this
Tetraol-200H-Tin network. However, the sample became very sticky and was hardly able to be
removed from the Kapton substrate film without breaking (Figure 3-S6(a)), suggesting a
significant extent of decross-linking during reprocessing. Thus, we used a milder condition (120 °C,
15 min) to obtain intact molded films (Figure 3-S6(b)).

The Tetraol-200H-Tin network shows poor recovery of properties after reprocessing,

which is evidenced by major reductions in rubbery plateau E' values (Figure 3-3(a) and Table 3-
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1), the shifting of tan ¢ and E" peaks (Figure 3-S7) towards lower temperatures, the loss in tensile
properties (Table 3-1), and the increase in swelling ratio as well as decrease in gel fraction (Table
3-S2). In addition, compared with the Tetraol-200H network, Trow Of the as-synthesized Tetraol-
200H-Tin network decreases by 91 °C (Figure 3-3(b)). The poor thermal stability and property
retention are possibly due to the overly strong catalytic activity of DBTDL for the urethane
dynamic chemistry, leading to significant levels of side reactions and loss of urethane cross-links
during reprocessing. The FTIR spectra of Tetraol-200H-Tin networks (Figure 3-S8) reveal
obvious decreases in characteristic peaks of urethane linkages after reprocessing, including the
C=0 stretching band at 1728 cm ™, the amide II combination band at 1533 cm™2, and the amide III
combination band at 1225 cm™. The significant difference between property recovery efficiencies
of Tetraol-200H and Tetraol-200H-Tin networks suggests the importance of catalyst selection in
forming dynamic PU networks with good reprocessability. Moreover, our Tetraol-200H-Tin
network gives much inferior property recovery compared with the previous study which used the
same level of DBTDL catalyst but involved a different molecular structure (Fortman et al., 2019).
Future studies will be focused on investigating the effect of molecular structures and catalyst uses

on reprocessability of PU networks.
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2nd molded Tetraol-200H-Tin samples. Inset: zoomed-in rubbery plateau moduli as a function of
temperature. (b) High-temperature dynamic mechanical response of the as-synthesized Tetraol-
200H-Tin network: E' as a function of temperature. ("Tin" refers to the DBTDL catalyst.)

Apart from reprocessability, we have shown via a proof-of-principle demonstration that

the dynamic nature of urethane bonds can also be used to decross-link or depolymerize the network,
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which could potentially lead to recovery of alcohol monomers. We mixed 300 mg of as-
synthesized Tetraol-200H with 0.5 eq DMAP (with respect to urethane linkages) and 1 mL
ethylene glycol and heated the mixture at 130 °C for 8 h. As shown in Figure 3-4, a phase-separated
liquid mixture was obtained after heating, which can be completely dissolved in tetrahydrofuran.
The decross-linking is a result of alcohols participating in dynamic chemistries at elevated
temperature. Compared with previous studies on alcoholysis of PU networks (Simon et al., 2018;
W. Yang et al., 2012), the condition we used in our study is much milder, likely due to the use of
DMAP catalyst and different molecular structures of PU networks. Future studies are warranted

to optimize decross- linking conditions and to purify and characterize alcoholysis products.

300 mg PU network
0.5 eq DMAP
1 mL Ethylene Glycol

130°C¢ 8h

Liquid mixture with
phase separation

THF ‘ dissolve

Alcoholysis of
Tetraol-200H network

Figure 3-4. Alcoholysis of the as-synthesized Tetraol-200H network in ethylene glycol.
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3.4 Conclusions
We have demonstrated that property recovery and thermal stability of reprocessable,
conventional PU networks made with DMAP catalyst can be improved by incorporating excess
free hydroxyl groups and/or replacing trifunctional cross-linker with tetrafunctional cross-linker.
We have developed a Tetraol-200H PU network that exhibits full recovery of cross-link density
and tensile properties within error after multiple reprocessing cycles. While such full recovery has
been reported recently for reprocessable polyhydroxyurethane networks and polythiourethane
networks, our study provides the first demonstration of full recovery of cross-link density and
tensile properties within error after reprocessing of conventional PU networks. When DMAP
catalyst is replaced by DBTDL, the resulting PU network shows poor property recovery after
reprocessing, indicating the important role of catalyst selection in preparing dynamic PU networks
with excellent reprocessability. We have also provided a proof-of-principle demonstration that
alcohol monomers in PU networks can potentially be recovered by alcoholysis under mild

conditions.
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3.5 Supporting Information

Table 3-S1. Formulations for the synthesis of PU networks.

sample PPG Triol Tetraol DMAP DBTDL DMF
Diisocyanate (g)  (mg) (mg) (mg) (mg) (mL)

Triol-OOH 6.5 252.8 0 138.1 0 5.65
Triol-200H 6.5 303.3 0 138.1 0 5.65
Tetraol-OOH 6.5 0 192.4 138.1 0 5.65
Tetraol-200H 6.5 0 230.9 138.1 0 5.65
Tetraol-200H-Tin 6.5 0 230.9 0 35.7 5.65




Table 3-S2. Swelling ratio and gel content of as-synthesized and molded PU networks.

Sample

Swelling ratio

Gel content (%)

(%)

As-
synthesized 731 + 16 97.0+ 0.2
Triol-00H 1st molded 760 + 41 93.7+0.7
2nd molded 879+ 18 904 +1.3

As-
synthesized 710+ 9 96.8+ 1.0
Triol-200H 1st molded 663 + 43 95.9 + 0.3
2nd molded 688 + 30 955+ 2.3

As-
synthesized 483 + 25 99.3+0.7
Tetraol-00OH 1st molded 483 + 25 98.8 + 0.2
2nd molded 498 + 8 098.3+0.6

As-
synthesized 481 + 60 99.1 + 0.4
Tetraol-200H 1st molded 481 + 19 99.2 + 0.4
2nd molded 505 + 14 98.8 + 0.9

As-
synthesized 430 +5 97.4+0.8

Tetraol-200H-

Tin 1st molded 585+38 88.4+28
2nd molded 798 + 40 78.3+7.8
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Figure 3-S5. Image of a PU sample after the high-temperature DMA test.
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(a) 140 °C, 70 min (b) 120 °C, 15 min

Figure 3-S6. Images of 1st molded Tetraol-200H-Tin networks reprocessed under different
conditions: (a) 140 °C, 70 min; (b) 120 °C, 15 min.
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Figure 3-S7. E" as a function of temperature for as-synthesized and molded Tetraol-200H-Tin
networks. (“Tin” refers to DBTDL as catalyst.)
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CHAPTER 4
Bio-based Reprocessable Polyhydroxyurethane Networks:

Full Recovery of Cross-link Density with Three Concurrent Dynamic Chemistries

4.1 Introduction

Polyurethane (PU) is a commercially important material, ranking sixth in overall
worldwide annual production among all polymer species (Delebecq et al., 2013; Engels et al., 2013;
Nohra et al., 2013). Because of the range of attainable material properties, PUs are used in a broad
array of applications such as coatings, foams, sealants, and adhesives (Delebecq et al., 2013;
Engelsetal., 2013; Nohra et al., 2013). Conventional PU synthesis involves the use of isocyanates,
which present issues for human health and are under increasing regulatory scrutiny regarding safe
transport and use (Beniah et al., 2016; Leitsch et al., 2016). In view of the trend toward green
chemistry, research efforts have intensified in finding routes to non-isocyanate PU (NIPU), with
cyclic carbonate aminolysis leading to polyhydroxyurethane (PHU) being a very promising
chemistry (Blattmann et al., 2014; Guan et al., 2011; Kathalewar et al., 2013; Maisonneuve et al.,
2015; Nohra et al., 2013). Besides circumventing the use of isocyanates, the cyclic carbonate
aminolysis synthetic route to PHU has an additional sustainability advantage of utilizing or
sequestering carbon dioxide, as cyclic carbonates are commonly prepared by carbon dioxide
fixation of epoxies (Blattmann et al., 2014; Darensbourg & Holtcamp, 1996; Foltran et al., 2012,
2013; North et al., 2010).

Because of a range of sustainability and economic driving forces, there is increasing
interest in developing renewable polymeric materials that reduce or eliminate the use of reactants

derived from petroleum or natural gas. Many studies have utilized renewable resources including
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epoxidized plant seed oils and other bio-derived compounds as intermediates to synthesize NIPUs
via cyclic carbonate aminolysis (Bahr et al., 2012; Bahr & Milhaupt, 2012; Cornille, Blain, et al.,
2017; Furtwengler & Avérous, 2018; Javni et al., 2013; Poussard et al., 2016; Schmidt et al., 2017;
Tamami et al., 2004). In 2004, Tamami et al. developed a set of cross-linked PHUs based on
carbonated soybean oil (Tamami et al., 2004). Depending on the functionality and molecular
weight of the amine curing agents, the resulting PHUs exhibited tensile strengths ranging from 0.4
to 1.6 MPa and elongation at break ranging from 40 to 200% (Tamami et al., 2004). In 2012,
Milhaupt and coworkers reported a route to synthesize linear or cross-linked terpene-based PHUs
from high purity limonene dioxide, which is a renewable material originated from orange peels
(Bahr et al., 2012). Limonene dicarbonate was obtained by carbon dioxide fixation of limonene
dioxide under tetrabutylammonium bromide catalysis and further cured with polyfunctional
amines to afford a variety of linear, branched and networked NIPUs. They reported increases in
both stiffness and Ty with increasing amine functionality (Bahr et al., 2012).

In addition to the use of bio-based reactants, the effective recycling and reprocessing of
networks for high-value reuse provides another means of improving the sustainability associated
with polymeric materials, albeit one with many challenges (Schneiderman & Hillmyer, 2017).
Conventional cross-linked polymeric materials have limited recyclability, and typically no
recyclability for high-value products, because the permanent, fixed covalent cross-links prevent
the materials from being melt-reprocessed (Wojtecki et al., 2011; Y. Yang et al., 2015). Beginning
more than fifteen years ago, numerous studies have addressed this challenge by incorporating
dynamic covalent bonds into cross-linked materials to form dynamic covalent polymer networks
(DCPNs) (Capelot, Montarnal, et al., 2012; Chakma & Konkolewicz, 2019; Denissen et al., 2016;

Fortman, Brutman, et al., 2018; Kloxin et al., 2010; Z. P. Zhang et al., 2018; Zou et al., 2017) (also
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called covalent adaptable networks (CANs) (Kloxin et al., 2010)) and network composites (de
Luzuriaga et al., 2016; Kuang et al., 2018; Y. Liu et al., 2018). Such networks have generally been
reported to undergo reconfiguration by one of two mechanisms (Denissen et al., 2016). The first
is a dissociative bond exchange mechanism in which dynamic bonds break under applied stimulus
(commonly high temperature) and reform with stimulus removal. Dissociative mechanisms
include the Diels—Alder reaction (Fang et al., 2018; Oehlenschlaeger et al., 2014; Polgar et al.,
2015; Shao et al., 2017) and alkoxyamine chemistry (Jin et al., 2016; Otsuka, 2013). The second
is an associative bond exchange mechanism, e.g., transesterification (Capelot, Montarnal, et al.,
2012; Lietal., 2018), in which dynamic bonds undergo exchange reactions so that the total number
of bonds remains invariant. DCPNs based solely on associative bond exchange are termed
vitrimers (Capelot, Montarnal, et al., 2012).

Unlike conventional PU networks, PHU networks synthesized by cyclic carbonate
aminolysis contain primary and secondary hydroxyl groups adjacent to urethane groups, which
afford the materials novel, high-levels of reprocessability that are not present with conventional
PU networks (Fortman et al., 2015, 2017). In 2015, Fortman et al. reported that PHU networks
synthesized from bis(six-membered cyclic carbonates) (6CCs) and polyfunctional amines
rearrange at elevated temperature via associative transcarbamoylation exchange reactions between
carbamate linkages and the free hydroxyl groups (Fortman et al., 2015). In 2017, the same research
team compared the reprocessability and stress relaxation of PHUs derived from difunctional 6CCs
and bis(five-membered cyclic carbonates) (5CCs) (Fortman et al., 2017). The authors concluded
that 5CC-derived PHUs are poor candidates for reprocessable networks due to thermal
decomposition and side reactions accompanying transcarbamoylation at elevated temperature

(Fortman et al., 2017). In 2017, Chen et al. demonstrated that 5CC-derived PHU networks with
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appropriate catalysis exhibit both transcarbamoylation exchange chemistry and reversible cyclic
carbonate aminolysis chemistry (X. Chen et al., 2017) (Scheme 4-1). Importantly, this work also
shows that such PHU networks can undergo multiple reprocessing steps with full property
retention associated with cross-link density. Thus, PHU networks that do not fall strictly in the
category of vitrimers because of the presence of concurrent dissociative and associative dynamic
reactions can exhibit reprocessability with complete cross-link density recovery.

Despite past efforts aimed at exploiting green, bio-derived precursors and improving the
recyclability of PHU networks, no single study has yet addressed the reprocessability of bio-based
PHU networks, which could lead to further advances in the sustainability of NIPU networks and
network composites. Here, we have investigated the reprocessability of four PHU networks
prepared with two types of bio-based cyclic carbonates, carbonated soybean oil (CSBO) and
sorbitol ether carbonate (SEC), and two types of amines, Priamine™ 1074 (1074) and diethylene
glycol bis(3-aminopropyl) ether (DGBE). Priamine™ 1074 is a bio-based difunctional amine
derived from oleic and/or linoleic acid (Duval et al., 2016), so PHU networks synthesized with
1074 in this study are fully bio-based. We find that CSBO-based PHU networks can undergo
multiple reprocessing steps with full property recovery related to cross-link density. In addition,
besides the simultaneous presence of the reversible cyclic carbonate aminolysis and
transcarbamoylation exchange reactions, CSBO-based PHU networks also undergo a third
dynamic chemistry based on transesterification exchange reactions between ester groups in the
CSBO backbone and the free hydroxyl groups. Finally, by comparison of CSBO-based and SEC-
based networks we show that cross-link density/architecture of monomers can play a major role in
the reprocessability of dynamic polymer networks, sometimes making otherwise fully

reprocessable networks unable to achieve full reprocessability.
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4.2 Experimental
4.2.1 Materials

Epoxidized soybean oil (Paraplex G-62, oxirane oxygen content 7.13 wt%), subsequently
referred to as ESBO, was supplied by Hallstar. Tetrabutylammonium iodide (TBAI, reagent grade,
98%), N,N-dimethylacetamide (DMAc, anhydrous, 99.8%), 4-(dimethylamino)pyridine (DMAP),
chloroform-d (CDClz, 99.8 atom % D), dimethyl sulfoxide (DMSO, anhydrous, >99.9%),
dimethylformamide (DMF, anhydrous, 99.8%), 1,6-hexanedithol (96%) and tetrahydrofuran (THF,
anhydrous, >99.9%) were from Sigma-Aldrich. Diethylene glycol bis(3-aminopropyl ether (>98%)
was from TCI America. D-Sorbitol polyglycidyl ether (SGE) was purchased from Carbosynth.
Priamine™ 1074 was supplied by Croda. Chemicals were used as received.
4.2.2 Synthesis
Synthesis of Multifunctional Cyclic Carbonate Monomers

Carbonated soybean oil was prepared by catalytic CO> fixation of ESBO in the presence
of TBAI (5 mol% with respect to epoxy groups). In a typical synthesis, ESBO (20.0 g, containing

89.1 mmol of epoxy groups) and TBAI (1.65 g, 4.47 mmol) were placed in a test tube along with
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5 mL DMACc that helped to dissolve TBAI, and the mixture was heated in an oil bath at 110 °C.
CO2 gas was then bubbled through the mixture until complete conversion of epoxy groups to
carbonate groups was achieved (~70 h). The level of conversion was monitored via both FTIR and
'H NMR spectroscopy by the disappearance of the band or proton signals associated with the
epoxy moiety. Upon completion, TBAI was removed by dissolving the mixture in ethyl acetate
and extracting five times with distilled water. *H NMR spectroscopy confirmed the complete
removal of TBAI. The organic layer was then rotary evaporated and placed overnight in an 80 °C
vacuum oven to remove all remaining solvent. The dried CSBO was collected and stored for use.
Sorbitol ether carbonate was prepared by catalytic CO> fixation of SGE in the presence of

TBAI (10 wt% with respect to SEC). In a typical synthesis, SGE (20.0 g) and TBAI (2.00 g) were
placed in a test tube along with 15 mL DMACc that helped to dilute the reaction mixture. The test
tube was heated to 80 °C in an oil bath. CO2 gas was then bubbled through the mixture until
achievement of complete conversion of epoxy groups to carbonate groups. The conversion level
was monitored by *H NMR spectroscopy via the disappearance of bands or peaks associated with
the epoxy group. After ~90 h, the mixture became a highly viscous liquid. To remove the solvent
and catalyst from the system, the mixture was diluted with 20 mL acetone and washed with 250
mL water for five cycles. Full removal of TBAI was confirmed by *H NMR spectroscopy. The
purified product was dried in a heated oven (80 °C) under vacuum overnight to remove all
remaining solvents and then stored. The carbonate content in SEC was characterized via *H NMR
spectroscopy using DMSO as solvent with 1,2,4,5-tetrachlorobenzene as an internal reference.

Equation 4-1 was used to calculate the moles of carbonate groups per gram of SEC (Schmidt 2017):

ref

1 Icc X
carbonate content [—] = et (4-1)
g T X MsEC
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where I¢c is the intensity of the peak associated with one of the three protons on cyclic carbonate
in SEC (~4.92 ppm), nref is the molar amount of 1,2,4,5-tetrachlorobenzene in the sample, lref is
the peak intensity associated with the two protons on 1,2,4,5-tetrachlorobenzene (~8.07 ppm), and
msec is the weight of SEC in the sample.

Synthesis of PHU Networks

Preparation of all PHU networks was performed by reacting equivalent weights of
multifunctional carbonate monomer with difunctional amine under DMAP catalysis. In a typical
synthesis of CSBO-DGBE network, 95.6 mg DMAP (0.78 mmol, 6 mol% with respect to cyclic
carbonate) was dissolved in 1.44 g DGBE (6.52 mmol) in a 20-mL scintillation vial. After
complete solubilization, 3.50 g CSBO (containing 13.04 mmol of cyclic carbonate) was added into
the vial. The mixture was reacted at 80 °C for 24 h with stirring to yield complete conversion
within error as determined by FTIR spectroscopy. The CSBO-1074 network was synthesized in a
similar manner. In a typical synthesis of SEC-DGBE network, 1.00 g SEC (containing 4.30 mmol
of cyclic carbonate) and 0.47 g of DGBE (2.15 mmol) were added to a 20-mL scintillation vial. 2
mL anhydrous DMF was then added to reduce the mixture viscosity and enable homogeneous
mixing. 94.5 mg DMAP (0.77 mmol, 18 mol% with respect to cyclic carbonate) was dissolved in
the solution, and the vial was transferred to a preheated oil bath at 80 °C. Within less than 2 h, the
sample formed gels, which were allowed to remain in oil bath for additional 20 h to ensure
complete crosslinking. The samples were then heated in an 80 °C oven under vacuum for 24 h to
evaporate any remaining solvent. Synthesis of SEC-1074 networks followed a procedure similar
to that of SEC-DGBE networks, except that THF instead of DMF was used as solvent to make the
polar SEC and non-polar Priamine ™ 1074 compatible with each other. Structures of all monomers

used for the synthesis of PHU networks are shown in Figure 4-1.
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Figure 4-1. Monomers used for the synthesis of PHU networks.
Synthesis of ESBO-SH> Network (Model Reaction)

The ESBO-SH2 network was prepared via thiol-epoxy click reaction by reacting ESBO
with a stoichiometric amount of 1,6-hexhanedithiol under DMAP catalysis. In a typical synthesis,
49.0 mg DMAP (6 mol% with respect to epoxide) was dissolved with 0.50 g dithiol in a FlackTek
cup, followed by adding 1.50 g of ESBO. This mixture was homogenized using a SpeedMixer
(FlackTek, DAC 150.1 FVZ-K) at 2500 rpm for 1 min and then transferred to a 20-mL scintillation
vial and allowed to react at 80 °C for 24 h to ensure full conversion.

4.2.3 Reprocessing procedure

Reprocessing of CSBO-based PHU networks was carried out by cutting networks into
small pieces and remolding in a PHI press (Model 0230C-X1) at 110 °C with a 7-ton ram force
(11 MPa). The minimum required reprocessing times were 30 min and 40 min for CSBO-DGBE
and CSBO-1074 networks, respectively. After remolding, samples were cooled to room

temperature in a cold compression mold with a 3-ton ram force.
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4.2.4 Characterization

'H NMR spectroscopy was done at room temperature using a Bruker Avance 111 500 MHz
NMR spectrometer with a direct cryoprobe. Solutions were in deuterated chloroform (CDCIs) or
dimethyl sulfoxide (DMSOQO), and spectra were reported relative to tetramethylsilane or
tetrachlorobenzene. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy employed a Bruker Tensor 37 MiID IR FTIR spectrophotometer with a
diamond/ZnSe attachment. Thirty-two scans were collected at room temperature over the 4000 to
600 cm ™! range with a 4 cm™ resolution. Conversion of cyclic carbonate groups was determined
by analyzing the carbonate peak at ~1780 cm™.

Dynamic mechanical analysis (DMA) employed a TA Instruments Rheometrics Stress
Analyzer-111. Samples measuring ~0.9 mm in thickness and ~7 mm in width were mounted and
underwent temperature ramps from —50 °C to 80 °C at a 3 °C/min heating rate. Tension-mode
measurements of the storage modulus (E"), loss modulus (E"), and tan 6 (E"/E") were done at 1 Hz
frequency and 0.03% strain.

Room-temperature tensile tests (ASTM D1780) were done using an MTS Sintech 20/G
tensile tester. Specimens were cut using a Dewes-Gumbs die from molded samples and subjected
to extension at a rate of 130 mm/min until break. Tensile properties are reported as average values
of at least five tests with error bars representing plus/minus one standard deviation.

The glass transition temperature (Tg) of each network was characterized by differential
scanning calorimetry (DSC) employing a Mettler Toledo DSC822e. Samples were maintained at
80 °C for 20 min, followed by cooling to —60 °C at a rate of —40 °C/min. The Tg4S were obtained

from a second heating ramp at a 10 °C /min rate using the 1/2 ACp method.
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Equilibrium swelling experiments were conducted at room temperature using chloroform

as swelling solvent. The samples were swollen for 3 days to equilibrium. Swollen samples were
weighed immediately after removing excess solvent at the surface of the samples with tissues.
Finally, the swollen samples were dried at 80 °C under vacuum for 3 days to evaporate the swelling
solvent and the weight of all de-swollen samples were recorded. The swelling ratio is estimated by
(Msw-mary)/Mary and the gel content is estimated by mary/mo, where mo, Msw, and mary are the masses

of the as-prepared samples, swollen samples, and dried samples, respectively.

4.3 Results and Discussion
4.3.1 Synthesis of cyclic carbonate monomers and PHU networks

Carbonated soybean oil is a commonly used, low-cost vegetable oil that has been employed
in several previous studies as a precursor for NIPU (Bahr & Milhaupt, 2012; Javni et al., 2013;
Poussard et al., 2016; Tamami et al., 2004). Here, CSBO was synthesized from its bio-based epoxy
precursor ESBO following Scheme 4-S1(a) by CO: fixation in the presence of TBAI catalyst.
Conversion was monitored as a function of time via FTIR and *H NMR spectroscopy, with
complete conversion being reached after ~70 h at 110 °C. Figure 4-2(a) shows the FTIR spectra
of the mixture before and after reaction. Epoxy groups underwent full conversion to cyclic
carbonate groups as characterized by the disappearance of oxirane C—O bands at 823 and 845 cm™*
(Tamami et al., 2004) as well as by appearance of a strong carbonate carbonyl stretching band at
1780 cm™L. Conversion of ESBO into CSBO was further confirmed by *H NMR spectroscopy by
the disappearance of peaks at 2.70-3.00 ppm associated with epoxy units and the appearance of
peaks at 4.50-4.87 ppm associated with the cyclic carbonate moiety as shown in Figure 4-2(b)

(Poussard et al., 2016).
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Only one previously published study has investigated the use of SEC as an intermediate in

NIPU synthesis (Schmidt et al., 2017). Here, SEC was prepared from its bio-based epoxy precursor
SGE (commercially available, synthesized from the reaction between sorbitol and epichlorohydrin)
following Scheme 4-S1(b) by CO: fixation in the presence of TBAI catalyst. Before reaction, 15
mL DMACc was added to ensure that CO, could flow well through the mixture when viscosity
increased with conversion. Complete conversion was reached after ~90 h at 80 °C, as indicated by
'H NMR spectra (Figure 4-2(c)), in which the proton signals associated with epoxide groups in
SGE at 3.10, 2.74, and 2.57 ppm disappeared and signals corresponding to cyclic carbonates at
4.92, 4.55, and 4.30 ppm appeared in the carbonated product. Cyclic carbonate content of the

purified SEC product was determined to be 0.0043 mol/g using Equation 4-1.
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Renewable PHU networks were prepared by reacting two types of bio-derived
multifunctional cyclic carbonate monomers, CSBO and SEC, with either a synthetic diamine,
DGBE, or a bio-based diamine, Priamine™ 1074. Chen et al. have shown that because of the
presence of the reversible cyclic carbonate aminolysis reaction, volatile components generated by
the reverse reaction can evaporate during the reprocessing step, which leads to limited
reprocessability of the material (X. Chen et al., 2017). To suppress or eliminate volatilization in
the present study, both types of diamine were chosen in consideration of their low volatility.
Synthesis of CSBO-based PHU networks was done via solvent-free bulk polymerization; in
contrast, with SEC-based PHU networks, synthesis was done via solution polymerization with
either DMF or THF as solvent. As reported previously (Schmidt et al., 2017), SEC has a high
functionality and short chain length between adjacent functional groups, which makes it a highly
reactive material as evidenced by the short gelation time when cured with multifunctional amines.
The rapid gelation rate, in addition to the high viscosity of SEC, makes it difficult to achieve a
homogeneous reaction mixture in the absence of solvent. Therefore, to ensure sufficient mixing, a
pre-calculated amount of DMF was added to all SEC-DGBE networks to adjust the initial reacting
group concentration to 2.15 M. In the case of SEC-1074 networks, in order to make the polar SEC
and non-polar Priamine™ 1074 compatible with each other, a minimal amount of THF was added
that allowed for miscibility of reactants and products during polymerization.

The synthesis of PHU networks was followed by FTIR spectroscopy. The spectra of the
as-synthesized CSBO-DGBE, CSBO-1074, SEC-DGBE, SEC-1074 networks are shown in Figure
4-3. For both CSBO-DGBE and CSBO-1074, complete conversion within error of cyclic carbonate
groups was achieved as indicated by the disappearance of the carbonate peak at ~1780 cm ™ and

the appearance of the urethane carbonyl stretch at 1700-1730 cm™* and the hydroxyl stretch at
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3500-3100 cm™. In contrast, in all cases of SEC-based networks, a small but significant amount
of unreacted cyclic carbonate remained in the dried sample as shown in the FTIR spectra (Figure
4-3(b)). The incomplete conversion of functional groups in SEC-based PHU networks could
possibly be attributed to the steric hindrance caused by the short chain length between adjacent

cyclic carbonate groups in SEC.
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4.3.2 Reprocessability and reprocessing mechanism of CSBO-based PHU networks
Reprocessing of PHU networks was achieved by cutting samples into small pieces and
compressing them into ~1 mm thick sheets at 110 °C with a 7-ton ram force using a PHI press.
The reprocessing times were 30 min and 40 min for CSBO-DGBE and CSBO-1074 networks,
respectively, which are minimum times required to yield well-consolidated films. Representative

images of CSBO-DGBE networks before and after reprocessing are shown in Figure 4-4.

110 °C, 30 min
11 MPa

Figure 4-4. CSBO-DGBE networks, original (as synthesized) and remolded sample.

The reprocessability of CSBO-based PHU networks was investigated using DMA. Figure
4-5(a) shows DMA results for the 1%, 2", and 3@ molded CSBO-DGBE networks. The E' curves
for all three samples display a rubbery plateau region above T4, which is in accordance with the
cross-linked nature of the materials. In the rubbery plateau region, all three curves show identical
E' values within error. Because the rubbery plateau modulus is proportional to the cross-link
density of polymer networks (Flory, 1953), this result indicates that CSBO-DGBE networks are
able to achieve full property recovery of cross-link density (relative to the 1% molded sample) after
multiple molding steps. The tan dcurves of all three samples also overlapped well, consistent with
unchanged glass transition behavior as a function of molding steps. This result was further

confirmed using DSC, with all three molded samples exhibiting an identical Tq4 value of —21 °C.
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Similar results were observed for the 100% bio-based CSBO-1074 networks. As shown in Figure
4-5(b), the E' and tan & curves for all three molded CSBO-1074 samples are very similar; DSC
analysis revealed that Tq = —14 °C was invariant with reprocessing steps. Values of E' in the
rubbery plateau region for the two CSBO-based PHU networks are summarized in Table 4-1 as a
function of molding step. The cross-link density (ve) can be directly calculated from the rubbery
plateau E' value according to Flory’s ideal rubber elasticity theory (Flory, 1953), and the values
are summarized in Table 4-1. Overall, these results indicate that CSBO is a highly effective starting
material for the synthesis of renewable PHU networks that exhibit excellent recyclability and

reprocessability with complete property recovery of cross-link density.



15t molded
2nd molded
a 3" molded

o

o

» 3" molded

s i () ()
20 40 60 80
Temperature (°C)
T T T T T T T i} T T 3-5
o 1tmolded |30
) 2nd molded 25

20 0 20 40 60

Temperature (°C)

77

Figure 4-5. Dynamic mechanical responses of (a) CSBO-DGBE networks and (b) CSBO-1074
networks: E' and tan § as functions of temperature for the 1 molded (squares), 2" molded (circles),

and 3" molded (triangles) samples.
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Table 4-1. Rubbery plateau storage modulus at 80 °C and cross-link density of CSBO-based
networks.

Sample Molding step E’ (MPa) ve x 10° (mol cm-®)
CSBO-DGBE 18t 0.69 + 0.03 79+0.4
2nd 0.67 +0.02 7.7+0.2
3 0.67 +0.02 76+0.2
CSBO-1074 18t 0.63+0.02 72+0.2
2nd 0.67 +0.03 76+04
3 0.67 +0.06 76+0.7

Room-temperature tensile properties are provided in Table 4-2 for the 1%, 2" and 3"
molded samples, showing behavior consistent with elastomeric polymer networks. CSBO-DGBE
samples exhibit Young’s modulus of ~0.8 MPa, tensile strength of ~0.9 MPa and elongation at
break of ~160 %. The tensile properties of CSBO-1074 samples are generally better than CSBO-
DGBE samples (Young’s modulus of ~1.2 MPa, tensile strength of ~1.1 MPa, and elongation at
break of ~220%), possibly associated with the slightly higher T4 of CSBO-1074. Within
experimental error, both CSBO-based networks are able to maintain consistent tensile properties
after multiple molding steps (representative stress-strain curves are shown in Figure 4-S1),

indicating excellent reproduction of mechanical response.

Table 4-2. Room-temperature tensile properties of 1%t 2" and 3@ molded CSBO-DGBE and
CSBO-1074 samples.

Sample Molding step Young’s Tensile strength ~ Elongation at
modulus (MPa) (MPa) break (%)

CSBO-DGBE 1% 0.85+0.04 0.85+0.08 145+ 3
2nd 0.78 £ 0.07 0.82£0.22 156 + 34

3 0.75+0.10 0.92 +0.12 174 + 28

CSBO-1074 1% 1.14+0.26 0.92 £ 0.09 233+8
2nd 1.34 +0.07 1.13+0.11 209 + 26

31 1.18 +0.27 1.22+0.19 216 + 27
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Scheme 4-2 shows the hypothesized formation and rearrangement mechanisms of CSBO-

based networks. Chen et al. has shown that, with appropriate catalysis, associative
transcarbamoylation reactions and dissociative reversible cyclic carbonate aminolysis reactions
are both present in the rearrangement of PHU networks (X. Chen et al., 2017). In the current study,
we hypothesize that there are three dynamic chemistries involved during the reprocessing step of
CSBO-based PHU networks. In addition to transcarbamoylation reactions and reversible cyclic
carbonate aminolysis, the ester groups present in CSBO should be able to undergo

transesterification reactions with pendent hydroxyl groups (see Scheme 4-1).
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Scheme 4-2. Mechanism of the synthesis and rearrangement of CSBO-based PHU networks.

To test our hypothesis that the transesterification reaction can occur in CSBO-based
networks under the experimental conditions used in our study, we designed a model experiment
based on thiol-epoxy “click” chemistry in which ESBO and 1,6-hexanedithiol were reacted in
stoichiometric balance under DMAP catalysis (6 mol% with respect to epoxide). Complete

conversion was confirmed by the disappearance of the thiol peak at ~2570 cm™* (Figure 4-S2). The
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resulting network was cut into pieces and reprocessed at 110 °C for 40 min. The catalyst
concentration and reprocessing temperature were exactly the same as in CSBO-DGBE networks.
The presence of transesterification reactions in soybean oil-based networks under these conditions
is confirmed if the broken pieces are able to form a consolidated film after being remolded, since
transesterification between ester groups in ESBO and hydroxyl groups generated during thiol-
epoxy reaction is the only possible dynamic chemistry involved in this system. As shown in Figure
4-6, after being remolded at 110 °C for 40 min, the sample formed a rough film with many cracks
or fractures, showing some signs of healing. We then increased the reprocessing time to 2 h. The
resulting sample became smoother and more robust than before, indicating that transesterification
was indeed happening under these experimental conditions, but at a relatively slow rate. When we
increased the reprocessing time to 8 h, an intact film was formed, indicating that the cross-linked
chains rearranged via transesterification so that dynamic covalent bonds were successfully
reformed at a 110 °C reprocessing temperature.

Based on the slow healing process observed in the model experiment, the shorter
reprocessing time and lower reprocessing temperature for CSBO-based PHU networks (30-40 min
at 110 °C) compared to previous studies on reprocessable PHU networks (X. Chen et al., 2017;
Fortman et al., 2015, 2017; Fortman, Snyder, et al., 2018) is unlikely to be caused by the presence
of the transesterification dynamic chemistry during CSBO-based network rearrangement. Instead,
it is likely that the relatively short-time, low-temperature reprocessing conditions needed for the
CSBO-based PHU networks are significantly associated with the more flexible CSBO structure
and the lower T4 values of the corresponding networks relative to the PHU networks investigated
in previous reprocessability studies (X. Chen et al., 2017; Fortman et al., 2015, 2017; Fortman,

Snyder, et al., 2018).
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110 °C, 11 MPa

Figure 4-6. ESBO-SH> networks, original (as synthesized) and remolded samples.

4.3.3 Reprocessability of SEC-based PHU networks

All SEC-based PHU networks were synthesized following Scheme 4-S2. Initially, SEC-
DGBE was prepared with 6 mol% DMAP (with respect to cyclic carbonate group) following the
procedures in the experimental session. The resulting network was cut into pieces and reprocessed.
After molding the broken pieces at 110 °C for 40 min, a poorly formed film resulted that broke
easily upon being touched. In an attempt to improve reprocessability, we increased the catalyst
load from 6 mol% to 18 mol%; however, a macroscopically similar sample was obtained after
reprocessing. Finally, we prepared the SEC-DGBE network with 18 mol% DMAP and reprocessed
it at 180 °C for 3 h. A rough film with significant cracks was formed, which was insufficiently
robust to withstand DMA characterization (Figure 4-7). Similar results were observed for the SEC-

1074 network.
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Figure 4-7. SEC-DGBE networks, original (as synthesized) and remolded sample.

The poor reprocessability of the SEC-based PHU network can be attributed to the SEC
molecular structure. Because of the high functionality of SEC, SEC-derived networks have the
potential for high cross-link density, which could result in higher T4s relative to CSBO-based
networks. In fact, DSC measurements indicate that the Ty of the as-synthesized SEC-DGBE
network is 10 °C, roughly 30 °C higher than that of the as-synthesized CSBO-DGBE network. A
direct comparison of the molecular structures of CSBO and SEC (Figure 4-1) indicate that
functional groups in CSBO are relatively far apart from each other, separated by long fatty acid
chains, whereas in SEC as many as six cyclic carbonate groups may be present in side chains on
adjacent carbon atoms in the SEC backbone. Thus, when some of these cyclic carbonate groups
participate in network formation, a highly dense and inflexible network structure is formed. Based
on steric effects and reduced mobility, that highly dense network structure will make it very
difficult for remaining unreacted cyclic carbonate groups to participate in reaction. These effects
are likely the cause of the incomplete conversion obtained in the as-synthesized SEC-based
networks (see Figure 4-3(b)), whereas complete conversion was obtained in the CSBO-based
networks. These effects make it much more difficult for SEC-based PHU networks to be

effectively reprocessed with cross-link density recovery than CSBO-based networks.
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Equilibrium swelling tests at room temperature were performed for the as-synthesized
CSBO-based networks and SEC-based networks to confirm their cross-linked architecture. After
immersing the samples in chloroform for 3 days, networks were insoluble and maintained their
intact forms, manifesting their cross-linked structures. The gel contents and swelling ratios are
detailed in Table 4-S1. The high gel content of SEC-based networks (~96%) further indicates that
the materials possess a high degree of cross-linking and that the incomplete conversion of cyclic
carbonate group observed in FTIR spectra was due to the inflexible nature of the network.

It will be important to consider structural factors in future studies of reprocessable polymer
networks. As demonstrated here, failure to achieve reprocessability of a dynamic polymer network
with full cross-link density recovery can occur not only because of deficiencies associated with
the chemistry but also because of steric effects and mobility issues associated with the molecular
design of the monomers. When the chemistry itself is intrinsically able to achieve full conversion
and recover cross-link density, as demonstrated with the well-designed CSBO monomer, poor
molecular design, as with SEC monomer, can limit conversion of as-synthesized networks and the

ability to recover cross-link density.

4.4 Conclusions

We have investigated the reprocessability and cross-link density recovery of four
renewable PHU networks derived from two bio-based polyfunctional carbonates, CSBO and SEC.
Both carbonates were prepared from their epoxy precursors by direct CO: fixation in the presence
of catalyst. DMA results have revealed that CSBO-based PHU networks are able to undergo
multiple reprocessing steps under mild conditions (110 °C, 30—40 min) with full property recovery

associated with cross-link density relative to the 1%t molded sample. Under the experimental
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condition used in this study and because of the presence of ester groups in the backbone of CSBO,
CSBO-based PHU networks are able to undergo network rearrangement via three dynamic
chemistries: reversible cyclic carbonate aminolysis, transcarbamoylation exchange reaction, and
transesterification exchange reaction. Further study is warranted to determine the rate and extent
of each reaction during reprocessing. In sharp contrast to the excellent reprocessability of CSBO-
based systems, SEC-based PHU networks exhibit poor reprocessability even with much higher
catalyst loading (18 mol% with respect to cyclic carbonate) and increased reprocessing time and
temperature (180 °C, 2 h). This poor reprocessability is attributed to the disadvantageous molecular
design of SEC, which combines a high functionality of groups involved in cross-linking with short
chain lengths between adjacent groups. This molecular design leads to steric effects and low chain
mobility after partial reaction which severely limit achievable functional group conversion during
synthesis and reprocessing. Thus, potential property advantages afforded by high cross-link
density related to high and dense functionality of a monomer may come at the expense of
reprocessability of dynamic covalent polymer networks. This finding applies not only to

reprocessable PHU networks but is applicable to reprocessable polymer networks in general.
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Scheme 4-S1. Schematic of the reaction of (a) ESBO with CO to form CSBO and (b) SGE with

CO» to form SEC.
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Table 4-S1. Swelling ratio and gel content of as-synthesized PHU samples.

Sample Swelling ratio (%) Gel content (%0)
CSBO-DGBE 556+ 2 976x15
CSBO-1074 852+8 96.7+2.2
SEC-DGBE 169+3 96.4+19
SEC-1074 247+ 6 95.2+34
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CHAPTER S
Reprocessable Polyhydroxyurethane Networks Reinforced with
Reactive Polyhedral Oligomeric Silsesquioxanes (POSS) and

Exhibiting Excellent Elevated Temperature Creep Resistance

5.1 Introduction

Thermosets have many advantages over thermoplastic materials including improved heat
stability, solvent resistance, and enhanced physical properties because of their permanent network
structures. However, the proper disposition of end-of-use thermosets remains a key challenge
because the permanent cross-links that make these materials strong and useful prevent them from
being melt-reprocessed or reshaped. In recent years, covalent adaptable networks (CANSs) (Kloxin
& Bowman, 2013; Kloxin et al., 2010), also called dynamic covalent polymer networks (DCPNs)
(Zou et al., 2017), have been developed to overcome the recyclability challenges associated with
conventional thermosets. CANs contain a sufficient number of dynamic linkages to allow the
materials to undergo network reconfiguration and thus to achieve recyclability under appropriate
conditions (Kloxin et al., 2010). Since the landmark study by Wudl and coworkers on a thermally
re-mendable network designed with the Diels—Alder (DA) reaction (X. Chen et al., 2002), there
has been considerable progress in developing CANs with numerous dynamic chemistries. These
include dissociative chemistries such as hindered urea exchange (Ying et al., 2014; Q. Zhang et
al., 2021; Y. Zhang et al., 2016), alkoxyamine chemistry (Jin et al., 2016; Li et al., 2021; Otsuka,
2013), and bis(hindered amino) disulfide chemistry (Bin Rusayyis & Torkelson, 2020, 2021), and
associative chemistries such as transesterification (Li et al., 2018; Montarnal et al., 2011; Snyder

et al., 2018; B. Zhang et al., 2018), boronic ester interchange (Y. Chen et al., 2018; Soman &
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Evans, 2021; Tajbakhsh et al., 2021), and transamination of vinylogous urethanes (Denissen et al.,
2015, 2017), among others (Anaya et al., 2021; Y. Hu et al., 2021, Ishibashi & Kalow, 2018; L. et
al., 2020). CANs based on associative dynamic chemistries are often called vitrimers (Montarnal
et al., 2011). Some CANs have dual dynamic chemistries, e.g., polyhydroxyurethanes undergo
associative transcarbamoylation and dissociative reversible cyclic carbonate aminolysis (X. Chen
et al., 2017), and polythiourethanes undergo associative exchange reactions with free thiols and
dissociative reversion to isocyanates and thiols (Li et al., 2019; Wen et al., 2020). The rapid
development of CANSs has bridged the gap between thermoplastics and thermosets (X. Chen et al.,
2020; McBride et al., 2019; Scheutz et al., 2019) and shown promise for addressing the long-
standing issue associated with the irreversible buildup of thermoset wastes. Reviews on the topic
of sustainable, recyclable CANs, DCPNs, and vitrimers include refs. (Denissen et al., 2016;
Fortman, Brutman, et al., 2018; Hayashi, 2021; McBride et al., 2019; Samanta et al., 2021; Scheutz
et al., 2019; Watuthanthrige et al., 2021; Wemyss et al., 2021; N. Zheng et al., 2021).

Fabrication of polymer nanocomposites by nanofiller incorporation is a common strategy
to enhance the properties of polymeric materials (lyer et al., 2015; Paul & Robeson, 2008; Qiu et
al., 2018; Valentin et al., 2010; Wei et al., 2019; Y. Yang et al., 2020). The performance of
nanocomposites is highly dependent on filler dispersion state and interfacial interactions between
fillers and the matrix (lyer & Torkelson, 2015; Legrand & Soulié-Ziakovic, 2016; Romo-Uribe &
Lichtenhan, 2021; Z. Tang et al., 2014). Covalent modification of the filler surface for
compatibilized polymer—filler interfaces is an effective method to achieve both high levels of filler
dispersion and strong interfacial adhesion (lyer & Torkelson, 2015; Y. Liu et al., 2018). However,
if CANs are used as the matrix, the restricted chain mobility induced by the improved adhesion of

polymer chains onto the filler surface can impede topological rearrangement which is essential for
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relaxation-related properties such as self-healing ability and reprocessability (Huang et al., 2018).
Under such circumstances, surface-modified nanofillers with relatively small surface-to-volume
ratios are desirable to balance the stress relaxation and mechanical property enhancement of
dynamic network composites.

Polyhedral oligomeric silsesquioxanes (POSS) comprise cage-like organosilicon core
(SiOw5)n and external functional groups attached to each silicon atom (Cordes et al., 2010; J. Wang
etal., 2021; Z. Xu et al., 2013). Because the average POSS core diameter is only ~0.5 nm, POSS
are considered to be the smallest possible particles of silica (Z. Xu et al., 2013). POSS are
important building blocks to obtain organic—inorganic nanocomposites with enhanced properties
because the reactive functional groups attached to the core provide a unique advantage for POSS
molecules to be covalently bonded to the matrix and thus prevent filler aggregation. Several studies
have applied functionalized POSS as reinforcing fillers to fabricate dynamic network composites.
Xu et al. (Z. Xu et al.,, 2013) reported a tough, thermally mendable POSS nanocomposite
synthesized from bismaleimide and octafunctional furan-terminated POSS via the DA reaction.
Because of the thermally reversible nature of the DA reaction, upon being cracked, the
nanocomposite self-healed at appropriate temperatures. Zhou et al. (Zhou et al., 2019) developed
a mechanically strong, disulfide-based self-healable network composite by oxidative coupling of
small-molecule thiols and octathiol-POSS. Although the composite relaxed stress more slowly
than the matrix at lower temperatures, the difference in relaxation rate was lessened above 140 °C.
As a result, the composite could be fully healed at higher temperatures or with longer healing time.
Yang et al. (H. Yang et al., 2020) prepared a series of epoxy-POSS dynamic network composites
by reacting dodecanedioic acid with a mixture of difunctional epoxy and octafunctional glycidyl

ether-terminated POSS. The composites exhibited improved tensile strength with increasing POSS
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loading. With the help of the efficient transesterification exchange reaction, the composites could
be reprocessed with little degradation in mechanical properties. Related studies using
functionalized POSS in developing dynamic covalent network composites have been done by
Hajiali et al. (Hajiali et al., 2021) and Shen et al. (Shen et al., 2022). These studies highlight the
advantages and effectiveness of POSS for fabricating high-performance dynamic covalent network
composites.

Polyhydroxyurethane (PHU) is synthesized by aminolysis of cyclic carbonates and is an
environmentally friendly alternative to conventional isocyanate-based polyurethane (PU) (Beniah
et al., 2016; Blattmann et al., 2014; Cornille, Auvergne, et al., 2017; Gomez-Lopez et al., 2021,
2022; Guan et al., 2011; Kathalewar et al., 2014; Lambeth & Henderson, 2013; Leitsch et al., 2016;
Maisonneuve et al., 2015). In recent years, a number of studies have explored the inherent dynamic
nature of cross-linked PHU and its effectiveness in developing CANs (X. Chen et al., 2017; X.
Chen, Li, Wei, Venerus, et al., 2019; Fortman et al., 2015; S. Hu et al., 2019). In 2015, Fortman et
al. (Fortman et al., 2015) reported that PHU networks derived from six-membered cyclic
carbonates and amines can relax stress and be reprocessed at elevated temperatures. Their study
showed the promise of cross-linked PHUs as a new class of reprocessable networks. In 2017,
Torkelson and coworkers discovered that with appropriate catalysis, PHU networks derived from
five-membered cyclic carbonates and amines can be reprocessed multiple times with 100%
recovery of cross-link density (X. Chen et al., 2017). Such reprocessability was also retained in
some biobased PHU networks (S. Hu et al., 2019). Torkelson and coworkers also developed
reprocessable PHU network nanocomposites reinforced with silica nanoparticles with different
surface functionalities (X. Chen, Li, Wei, Venerus, et al., 2019). When silica nanoparticles with

surface hydroxyl and amine functional groups that can participate in dynamic chemistries with the
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matrix were used as fillers, reprocessing led to losses in cross-link density. Even when using
superhydrophobic silica nanoparticles with surface hydroxyl groups mostly absent, the
nanocomposite exhibited a ~10% loss in cross-link density relative to the as-synthesized material
after the third reprocessing cycle due to the incomplete elimination of surface hydroxyl groups.
These results indicate that an effective nanofiller species is still needed for the development of
mechanically strong dynamic PHU network composites with excellent reprocessability.

A few studies have explored the use of POSS as reinforcing fillers to prepare PHU
nanocomposites. Blattmann and Mulhaupt reported the preparation of organic—inorganic hybrid
PHU thermosets using multifunctional POSS cyclic carbonates (Blattmann & Mulhaupt, 2016).
Zhao et al. investigated the use of well-defined difunctional POSS macromers to synthesize
physically cross-linked thermoplastic PHUs (Zhao et al., 2020). However, neither study focused
on the influence of reactive POSS incorporation on the reprocessability of dynamic covalent PHU
networks. Very recently, Liu et al. (W. Liu et al., 2022) synthesized PHUs using reactive
trifunctional POSS cyclic carbonates as nanofiller, which led to nanocomposites with 2040 nm
POSS aggregates even at only 5 wt% POSS content. Compared with the original samples, the
samples reprocessed by hot pressing exhibited decreases in tensile properties, which was attributed
to the decrease in dynamic bond density after POSS incorporation and the restriction on segmental
motion caused by POSS aggregation. Here, we have developed dynamic PHU network
nanocomposites and investigated the effect of covalent incorporation of multifunctional POSS
(with eight to twelve functional groups) on thermomechanical properties, reprocessability, and
stress relaxation of dynamic PHU networks. PHU-POSS composites are synthesized by reacting
difunctional amine JEFFAMINE D-400 with tris(4-hydroxyphenyl)methane tricarbonate

(THPMTC) and POSS-cyclic carbonate (POSS-CC) (structures are shown in Figure 5-1). With
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increasing POSS loading, the composites exhibit improved thermal stability and enhanced rubbery
plateau modulus. More importantly from a sustainability standpoint, the as-synthesized composites
containing up to 10 wt% multifunctional POSS can undergo multiple reprocessing cycles with 100%
property recovery associated with cross-link density. This study highlights the potential of POSS

for fabricating fully recyclable, cross-linked PU-like materials made by non-isocyanate chemistry.

5.2 Experimental
5.2.1 Materials

Tris(4-hydroxyphenyl)methane triglycidyl ether (THPMTE), tetrabutylammonium iodide
(TBAI, reagent grade, 98%), N,N-dimethylacetamide (DMAc, anhydrous, 99.8%),
dimethylformamide (DMF, anhydrous, 99.8%), 4-(dimethylamino)pyridine (DMAP), and
dimethyl sulfoxide-d6 (DMSO-d6, 99.9 atom% D) were purchased from Sigma-Aldrich and used
as received. Methylene chloride (DCM) was purchased from Fisher Chemical and used as received.
JEFFAMINE D-400 (D400) was supplied by HUNTSMAN and was kept on activated molecular
sieve before use. POSS glycidyl ether (EP0409), consisting of a mixture of POSS glycidyl ethers
with different cage sizes, was purchased from Hybrid Plastics and used as received.
5.2.2 Synthesis of POSS-CC and THPMTC

POSS-CC was synthesized by CO; fixation of EP0409 in the presence of TBAI. EP0409
(13.00 g, containing 77.84 mmol of epoxy groups) and TBAI (0.58 g, 1.56 mmol, 2 mol% relative
to epoxy groups) were placed in a 50-mL test tube along with 20 mL DMAc that helped to dissolve
TBAI. The test tube was placed in an oil bath at 80 °C, and CO2 gas was bubbled through the
mixture until complete conversion of epoxy groups to cyclic carbonate groups was achieved (~5

days). The reaction progress was periodically checked by *H NMR spectroscopy by observing the
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Figure 5-1. Structures of the compounds used for PHU—-POSS synthesis.
disappearance of proton signals associated with the epoxy moiety. Upon completion, the mixture
became a highly viscous liquid. TBAI was removed by dissolving the mixture with acetone and
precipitating with distilled water for seven times. The purified product was dried in an 80 °C
vacuum oven for 48 h. The carbonate content in POSS-CC was determined via *H NMR
spectroscopy using DMSO as solvent and 1,2,4,5-tetrachlorobenzene as an internal reference. The

following equation was used to calculate the moles of carbonate groups per gram of POSS-CC.:

1 Icc X
carbonate content [—] = <= Tref (5-1)
8 Ll X mposs—cc

where I is the intensity of the peak associated with one of the three protons on cyclic carbonate
in POSS-CC (~4.89 ppm), nref is the molar amount of 1,2,4,5-tetrachlorobenzene in the *H NMR

sample, lref is the peak intensity associated with the two protons on 1,2,4,5-tetrachlorobenzene
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(~8.07 ppm), and mposs-cc is the weight of POSS-CC in the sample.

THPMTC was synthesized following a similar procedure that used to prepare POSS-CC.
In a typical synthesis of THPMTC, THPMTE (20.00 g, 43.43 mmol) and TBAI (1.60 g, 4.34 mmol)
were placed in a test tube along with 20 mL DMACc that helped to dilute the reaction mixture. The
test tube was heated in an oil bath at 80 °C. CO> gas was continuously bubbled through the mixture
until full conversion of epoxy groups into cyclic carbonate groups was confirmed by *H NMR
(Figure 5-S3). After the reaction was completed, TBAI was removed by dissolving the product
with acetone and washing with water for seven times. The final product was completely dried in a
vacuum oven at 80 °C for 48 h.
5.2.3 Synthesis of neat PHU network and PHU—-POSS composites

PHU-POSS composites were prepared by reacting the mixture of THPMTC and POSS-
CC with difunctional amine D400 under DMAP catalysis. In a typical synthesis of PHU-POSS
composite containing 10 wt% POSS-CC, 0.878 g THPMTC (containing 4.45 mmol cyclic
carbonate), 0.238 g POSS-CC (containing 1.42 mmol cyclic carbonate), and 71.6 mg DMAP
(0.587 mmol) was dissolved with 1.5 mL DMF in a 20-mL scintillation vial. After complete
solubilization, 1.26 g D400 (containing 5.87 mmol of primary amine groups) was added into the
vial dropwise. The mixture was reacted at 85 °C for 20 h in an oil bath. Then, dry nitrogen gas was
flowed through the vial for 4 h to evaporate some DMF before the gelled product was cut into
small pieces and further dried in a nitrogen-purged 85 °C vacuum oven for 48 h. Neat PHU
networks were synthesized in a similar manner without the addition of POSS-CC.
5.2.4 Reprocessing procedure for neat PHU network and PHU—POSS nanocomposites

Reprocessing of neat PHU networks and PHU—POSS composites was performed using a

PHI press (model 0230C-X1). The dried, as-synthesized materials in the form of small pieces were
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pressed into ~1-mm-thick sheets at 140 °C with a 7-ton ram force (generating a pressure of ~11
MPa). After the first reprocessing cycle, the uniform, flat sheets were considered as the 1% molded
samples. The 1% molded samples were further cut into small pieces and pressed again to give
another batch of flat sheets, which are considered as the 2" molded samples. A 2.0 h reprocessing
time was used for the neat PHU network and PHU—-POSS composites containing 5 wt% POSS-
CC (PHU-POSS-5). For PHU-PQOSS composites containing 10 wt% POSS-CC (PHU-POSS-10),
the reprocessing time from the original materials to the 1% molded materials was 2.5 h, and that
from the 1% molded materials to the 2" molded materials was 1.5 h.

5.2.5 Equilibrium swelling experiments

Swelling experiments were conducted at room temperature using DCM as solvent. Small
network pieces were placed in ~20 ml DCM in a glass vial and swollen for 3 days to equilibrium.
Swollen samples were immediately weighed after removing the remaining solvent on the network
surface. The networks were then dried at 80 °C in a vacuum oven for 3 days and weighed
afterwards. The gel fraction is calculated as mary/mo, and the swelling ratio is calculated as (msw —
Mdry)/Mdry, Where mo, Msw, and mqry are the masses of the original samples, swollen samples, and
dried samples, respectively.
5.2.6 Characterization

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was
performed using a Bruker Tensor 37 MiD IR FTIR spectrophotometer equipped with a
diamond/ZnSe ATR attachment. Thirty-two scans were collected at room temperature over the
4000 to 800 cm™ range with a 2 cm™ resolution. *H NMR spectroscopy was performed at room
temperature using a Bruker Avance 111 500 MHz NMR spectrometer with a direct cryoprobe.

Dynamic mechanical analysis (DMA) was performed using a TA Instruments RSA G2
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DMA. Rectangular samples measuring ~0.9 mm in thickness and ~3 mm in width were mounted
on the fixture and underwent temperature ramps from —10 °C to 80 °C at a 3 °C/min heating rate.
The tensile storage modulus (£°), tensile loss modulus (£ ), and tan ¢ (E”/E’) were measured in
tension mode at 1 Hz frequency and 0.03% strain.

Stress relaxation experiments were performed using a TA Instruments RSA G2 DMA.
Rectangular samples measuring ~0.9 mm in thickness and ~3 mm in width were mounted on the
fixture and allowed to equilibrate at the desired temperature for 15 min before being subjected to
an instantaneous strain of 5%. The stress relaxation modulus at 5% strain was recorded until it
decayed to ~20% of its initial value. Stress relaxation experiments were carried out at 140-170 °C
at 10 °C increments.

Shear creep experiments at 3.0 kPa stress were performed on 1% molded, ~2 mm-thick disk
samples using an Anton-Paar MCR 302 rheometer with 25-mm parallel-plate fixtures. Samples
were equilibrated at the test temperature for 10 min before starting the experiment. Each test was
carried out for 50000 s.

The glass transition temperature (Tg) of each network was characterized by differential
scanning calorimetry (DSC) employing a Mettler Toledo DSC822e. Samples were maintained at
50 °C for 20 min, followed by cooling to —20 °C at a rate of —40 °C/min. The T4s were determined
from the second heating ramp at a 10 °C /min rate using the 1/2 AC, method.

Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/DSC3+.
Samples were heated under a nitrogen atmosphere from 25 °C to 600 °C at a 20 °C /min heating
rate. The change in weight was recorded as a function of temperature.

Scanning electron microscopy (SEM) samples were prepared by fracturing the PHU-POSS

composites and coating them with an 8-nm-thick layer of osmium using an OPC osmium coater.
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The morphologies of the fractured section of the composites were obtained using a Hitachi SU8030
scanning electron microscope.

Wide-angle X-ray scattering (WAXS) measurements were performed using a Rigaku

SmartLab X-ray diffractometer in transmission mode. CuK,, radiation was operated at 40 kV and

35 mA. The scattering angle (260) covered the range from 3° to 60° with a 0.05° step. The d-spacing

can be calculated using Bragg's law, where 4 = 2dsin6; 1 = 0.154 nm for CuK, radiation.

5.3 Results and Discussion
5.3.1 Synthesis of POSS-CC and PHU-POSS network nanocomposites

POSS-CC was synthesized by CO- fixation of EP0405 in the presence of a catalytic amount
of TBAI at 80 °C. EP0405 is a commercially available glycidyl-ether-terminated POSS consisting
of a mixture of POSS with different cage sizes (containing 8-12 silicon atoms per cage and thus
8-12 functional groups). The reaction progress was periodically checked by *H NMR spectroscopy.
Figure 5-S2 shows the *H NMR spectrum of POSS-CC. After ~5 days of reaction, the complete
disappearance of proton signals at 2.70-3.00 ppm associated with epoxy units and the appearance
of signals at 4.50-4.87 ppm associated with the cyclic carbonate moiety indicate complete
conversion of epoxy groups into cyclic carbonate groups. POSS-CC was obtained as a light-yellow,
high-viscosity liquid. The exact cyclic carbonate content of POSS-CC was determined via ‘H
NMR spectroscopy with 1,2,4,5-tetrachlorobenzene as an internal reference to be 0.006 mol/g.

The PHU-POSS network composites were synthesized following the synthesis route shown
in Figure 5-S1. The FTIR spectra of the as-synthesized materials are shown in Figure 5-S4 and
Figure 5-S5. PHUs were successfully synthesized as indicated by the disappearance of the

carbonate peak at ~1780 cm™* and the appearance of the urethane carbonyl stretch at 1700—1730
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cm* and the hydroxyl stretch at 3500—-3100 cm ™. In Figure 5-S5, nearly no signal associated with
cyclic carbonates can be observed at ~1780 cm™ in the as-synthesized PHU-POSS-5, indicating a
nearly 100% conversion. In Figure 5-S4, a small peak exists at ~1780 cm™ in the as-synthesized
PHU-POSS-10, indicating that a small level of unreacted cyclic carbonate remained. This slightly
reduced conversion of PHU-POSS-10 relative to PHU-POSS-5 can be explained by the fact that
PHU-POSS-10 contains a higher fraction of the multifunctional POSS-CC cross-linker (with 8—12
reactive cyclic carbonate groups). After most of the functional groups undergo cross-linking, the
reduced network mobility will make it more difficult for remaining unreacted cyclic carbonate
groups to participate in the reaction.

5.3.2 Microstructure of PHU-POSS network nanocomposites

It is possible that POSS can aggregate and crystallize. To address the microstructure of the
PHU-POSS network composites, WAXS analysis was performed to determine the crystalline
degree of the samples. Figure 5-S6 shows the WAXS patterns of the neat PHU and PHU-POSS
network composites. The intensity trace of the neat PHU network shows no peak up to a 26 value
of 60°, indicating the absence of crystalline order. For both PHU-POSS-5 and PHU-POSS-10, the
WAXS patterns exhibit a broad peak at ~20° 26, which corresponds to a d-spacing of ~0.44 nm.
Since the average core size of POSS is ~0.50 nm, this broad, amorphous peak is consistent with
the presence of POSS nanofillers. Regardless of the POSS loading content, sharp, distinct peaks
corresponding to crystalline phases are not present in the WAXS patterns of the PHU-POSS
composites, indicating that the nanocomposites are amorphous. The lack of crystalline order
associated with high POSS loading content in our samples is consistent with the results reported
by Romo-Uribe, in which the POSS-methyl methacrylate nanocomposites remain amorphous with

up to 45 wt% POSS content (Romo-Uribe, 2018).
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The morphology of the 1% molded PHU-POSS-10 network which contains 10 wt% POSS-
CC was further examined using SEM. The SEM images (see Figure 5-S7) show no indication of
POSS phase separation or aggregation. The POSS-CCs are covalently attached to the PHU matrix
and serve as both nanofillers and cross-linkers within the matrix. The fact that each nanofiller can
be covalently attached at up to 8-12 reactive sites with the matrix rather than doped into the matrix
is conducive to a well-dispersed state. Indeed, Blattmann and Mdlhaupt (Blattmann & Milhaupt,
2016) have used the same multifunctional POSS-CC used in this study to synthesize hybrid PHU-
POSS thermosets and reported that minor or no phase separation was present with 13.5 wt% POSS-
CC,; significant phase separation was only observed with 23 wt% POSS-CC, far above the 10 wt%
POSS loading in our study. Thus, it is reasonable that our systems are not exhibiting POSS
nanoaggregates. We note that the number of reactive sites associated with each nanofiller can also
be important in the dispersion state. Liu et al. (W. Liu et al., 2022) synthesized PHUs with reactive
trifunctional POSS cyclic carbonates; their nanocomposites exhibited 2040 nm POSS aggregates
at 5 wt% POSS content.
5.3.3 Effect of POSS incorporation on thermal properties of PHU networks

Neat PHU networks and PHU—-POSS network composites were synthesized following the
reaction route shown in Figure 5-S1. 10 mol% DMAP with respect to amine functional groups was
added into the reaction mixture to facilitate the dynamic chemistries during the reprocessing
process. POSS-CC was used as covalently attached nanofillers and was incorporated into neat
PHU matrix at 0 wt%, 5 wt% (1.2 wt% of Si—0), and 10 wt% (2.5 wt% of Si—O) loading (weight
percentage is with respect to the total weight of network).

The cross-linked nature of the networks was confirmed by equilibrium swelling tests in

DCM (Table 5-S1). Figure 5-2 shows the glass transition temperatures (Tgs) of as-synthesized
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networks determined by DSC. According to DSC characterization results, Ty decreases from 21°C
for the neat PHU network to 14 °C for PHU-POSS-5 and further to 10 °C for PHU-POSS-10. The
decrease in Tgwith increasing POSS loading is related to the long-chain, flexible structure of the
side groups connected to the POSS core. Low Tgis a desirable characteristic for thermosets used
for elastomer applications. The incorporation of conventional fillers generally leads to an increase
in Tg, which could negatively impact the performance of elastomers at lower temperatures. In our
systems, the employment of POSS-CC offers an advantage of improving the mechanical properties
of neat PHU networks while maintaining relatively low T4s of the materials. In addition, as shown
in Table 5-S2, no change in Ty breadth was observed with increasing POSS content, indicating that

there is no significant change in overall network homogeneity associated with POSS incorporation.
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Figure 5-2. Glass transition temperatures of as-synthesized neat PHU and PHU—-POSS network
composites determined by differential scanning calorimetry.

Thermogravimetric analysis (TGA) was conducted to evaluate the effect of POSS

incorporation on thermal decomposition temperatures and thermal stability of dynamic PHU
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networks (Figure 5-3). The decomposition temperatures (Tq) corresponding to a 5 % weight loss
for the neat PHU network is 288 + 3 °C. With the addition of POSS, Tqincreases to 296 + 1 °C for
PHU-POSS-5 and further increases to 305 + 3 °C for PHU-POSS-10. These results suggest that
the thermal stability of PHU networks can be enhanced by incorporating POSS as nanofillers.
Upon heating, dynamic PHU networks can undergo two types of dynamic chemistries, which are
associative transcarbamoylation exchange reactions and dissociative reversible cyclic carbonate
aminolysis reactions (Figure 5-4) (X. Chen et al., 2017; X. Chen, Li, Wei, Venerus, et al., 2019).
The reversion of hydroxyurethane linkages to carbonate and amine moieties will decross-link the
network structure and accelerate the decomposition process of the materials. By replacing a small
part of the trifunctional carbonate cross-linker THPMTC with POSS-CC possessing eight to
twelve reactive carbonate functional groups, the materials can withstand the loss of more chains

upon heating while maintaining a cross-linked nature.
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Figure 5-3. Thermogravimetric analysis of as-synthesized neat PHU and PHU—-POSS network
composites.
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Figure 5-4. Transcarbamoylation and reversible cyclic carbonate aminolysis reactions.

5.3.4 Effect of POSS incorporation on thermomechanical properties and reprocessability of
PHU networks

Reprocessing of neat PHU networks and PHU-POSS network composites was performed
by cutting the materials into small pieces and compressing them into films using a high-
temperature compression mold. DMA characterizations were performed to evaluate the recovery
of thermomechanical properties after each reprocessing step. Figure 5-5 shows the DMA results
of the 1% molded and 2" molded neat PHU networks. The reprocessing time and temperature for
neat PHU networks was 2 h at 140 °C, and the same condition was employed for both the 1% and
the 2" reprocessing cycles. As shown in Figure 5-5, the E’ curves for both samples display a
rubbery plateau region a few tens of degrees above Tg, confirming their cross-linked nature. The
E’ rubbery plateau moduli determined at 60 °C, 70 °C, and 80 °C are summarized in Table 5-1.
Within experimental error, the rubbery plateau E’ values of the 2" molded sample are identical to
the values of the 1% molded sample at all three temperatures. According to Flory’s ideal rubber
elasticity, the rubbery plateau modulus is proportional to the cross-link density of a network
material (Flory, 1953). Therefore, these results indicate that neat PHU networks derived from
THPMTC and D400 can undergo at least two molding or reprocessing cycles with complete

recovery of cross-link density.
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Figure 5-5. Dynamic mechanical analysis results of 1%t and 2" molded neat PHU networks.

Table 5-1. Rubbery plateau moduli (E’) of the neat PHU network and PHU-POSS network
composites at 60 °C, 70 °C, and 80 °C.
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Sample E’ at 60 °C E’ at 70 °C E’ at 80 °C

Neat PHU 15t molded 1.98 + 0.02 1.90 + 0.01 1.93+0.01
2" molded 1.96 +0.10 1.85+0.11 1.89+0.11

PHU-POSS-5 15t molded 2.04 +0.03 2.06 +0.02 2.11+0.01
2" molded 2.03+0.16 2.08+ 0.15 2.13+0.14

PHU-POSS-10 15t molded 2.43+0.11 2.49 +0.02 2.56 + 0.03
2" molded 2.35+0.06 2.42 +0.05 2.45 + 0.06

Figure 5-6 shows the DMA curves of the 1%t and 2" molded PHU-POSS-5 samples. The

same reprocessing condition of 2 h at 140 °C that was used for neat PHU networks was employed

for PHU-POSS-5. As evidenced by the well-overlapped E’ curves on Figure 5-6 and the identical

rubbery plateau E’ values (within error) determined at 60 °C, 70 °C, and 80 °C shown in Table 5-

1, PHU-POSS-5 can also undergo reprocessing without any loss in cross-link density. With 5 wt%

POSS incorporated into the materials, PHU-POSS-5 samples exhibit comparable reprocessability
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to neat PHU networks, indicating that the introduction of a small amount of POSS as nanofillers

into a dynamic covalent PHU matrix does not lead to negative impacts.
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Figure 5-6. Dynamic mechanical analysis results of 1%t and 2" molded PHU-POSS-5 samples.

To reprocess the composite PHU-POSS-10 containing 10 wt% POSS, we first used the
reprocessing condition of 2.5 h at 140 °C for both the 1% and the 2" reprocessing cycles, where
2.5 h is the minimum time that is required for the as-synthesized materials to heal into a
consolidated film without visible defects (considered as 1% molded samples). The reprocessing
time is slightly increased relative to neat PHU networks and PHU-POSS-5, indicating that POSS
incorporation introduces additional barriers for chain dynamics at relatively high POSS loading.
DMA characterization of the reprocessed samples suggests that there is a small but significant
~10% decrease in rubbery plateau E’ (Figure 5-S8) from the 1% molded PHU-POSS-10 samples
to the 2" molded PHU-POSS-10 samples. Without changing the 2.5 h reprocessing time from as-
synthesized PHU-POSS-10 to 1% molded PHU-POSS-10, we shortened the reprocessing time from

the 1% molded materials to the 2" molded materials by 1 h. We note that based on our previous
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experience of reprocessing dynamic PHU networks by compression molding, the minimum time
that is required to compress as-synthesized materials into 1%t molded materials always appears
longer than the minimum time that is required to compress 1% molded materials into 2" molded
materials. This may occur because the as-synthesized materials are in the form of chunks, whereas
the 1% molded materials are in the form of thin sheets and hence are easier to be compressed into
films again. Therefore, even though 2.5 h is the minimum time that is necessary to obtain well-
healed 1% molded PHU-POSS-10 samples, we can still obtain consolidated, well-healed 2" molded
materials by reprocessing the 1% molded samples for only 1.5 h.

After we shortened the reprocessing time of the 2" cycle, we performed DMA
characterization again to determine if there was any improvement in property recovery. As shown
in Figure 5-7, the E’ curve of the 2" molded PHU-POSS-10 samples overlaps reasonably well
with the curve of the 1% molded samples, indicating that after shortening the reprocessing time of
the 2" cycle relative to the 1% cycle, PHU-POSS-10 can successfully undergo two reprocessing
cycles with 100% recovery of cross-link density. To reveal the underlying cause of the loss in
cross-link density associated with long reprocessing time, we performed FTIR spectroscopy on as-
synthesized PHU-POSS-10, 1%t molded PHU-POSS-10 reprocessed by 2.5 h, 2" molded PHU-
POSS-10 reprocessed by 1.5 h, and 2" molded PHU-POSS-10 reprocessed by 2.5 h. As shown in
Figure 5-S4, on the FTIR spectrum of as-synthesized PHU-POSS-10, no peak exists near ~1660
cm (related to C=0 stretching vibrations of urea groups). After the materials are reprocessed at
140 °C for 2.5 h to yield 1% molded samples, a shoulder appears at ~1660 cm™ in the spectrum of
the 1% molded PHU-POSS-10, indicating the appearance of a small amount of urea groups. The
urea peak becomes more obvious when the 1% molded materials are further reprocessed for 1.5 h

(the red curve in Figure 5-S4). In the spectrum of the 2" molded sample obtained with 2.5 h of
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reprocessing which exhibits significant property loss (the blue curve in Figure 5-S4), the urea peak

is even more prominent.
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Figure 5-7. Dynamic mechanical analysis results of 1% and 2" molded PHU-POSS-10 samples.

Boisson et al. has reported the formation of urea in the presence of basic catalysts during
PHU synthesis at elevated temperatures (Bossion et al., 2018). According to the mechanism they
proposed, free amine groups liberated from the reverse cyclic carbonate aminolysis reactions can
further be deprotonated by a basic catalyst and attack the electrophilic center of another urethane
linkage, leading to the formation of urea groups and difunctional alcohols. We hypothesized that
in our systems, the property loss in 2" molded PHU-POSS-10 associated with long reprocessing
time is also caused by urea formation at high reprocessing temperature. Figure 5-S5 shows the
FTIR spectra of as-synthesized and reprocessed PHU-POSS-5 samples. As the total reprocessing
time increases with more reprocessing cycles, the urea peak progressively grows. However, based
on the relatively small size of the urea peak and the 100% property recovery of PHU-POSS-5

determined by DMA characterization, such a low level of side reactions does not significantly
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affect the reprocessability of the materials. In the case of PHU-POSS-10, when 2.5 h of
reprocessing time is used for both reprocessing cycles, the total reprocessing time is 5 h; such
extended exposure of the materials at high temperature (140 °C) leads to a significant level of urea
formation and consequently to a decrease in cross-link density after recycling. When the total
reprocessing time is shortened to 4 h, even though there is still a small amount of urea formed
during reprocessing, such a small level of side reactions does not influence the bulk
thermomechanical properties of PHU networks similar to the case of PHU-POSS-5.

Figure 5-8 compares the E’ curves of 1% molded neat PHU, PHU-POSS-5, and PHU-POSS-
10. With increasing POSS content, the storage modulus in both the glassy state (i.e., < 0 °C) and
the rubbery plateau region (i.e., > 60 °C) increases significantly. As determined from the E’ values
summarized in Table 5-1, at 80 °C where the materials are well in the rubbery plateau regime, 1%
molded PHU-POSS-5 exhibits slightly enhanced E’ (by ~9%) compared to the neat PHU network,
whereas 1% molded PHU-POSS-10 exhibits a significant enhancement of ~30% in E’. Equilibrium
swelling tests (Table 5-S1) also show that the networks swell less with increasing POSS loading,
consistent with a higher degree of cross-linking after POSS incorporation. These results indicate
that the incorporation of POSS as nanofillers is an effective way to improve the modulus of
dynamic PHU networks well into the glassy state or the rubbery plateau regime while maintaining
good reprocessability. (The fact that E’ is significantly higher for neat PHU than for the
nanocomposites in the temperature range of 5-45 °C simply reflects the higher Tq of neat PHU,
which is caused by the long-chain, flexible structure of the side groups connected to the POSS core
resulting in plasticization of the nanocomposites.) To understand how these materials respond to
large tensile stresses, future studies are warranted to characterize the tensile properties of

PHU-PQOSS composites including tensile strength and strain-at-break.
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Figure 5-8. Temperature dependence of the storage moduli of 1% molded neat PHU, PHU-POSS-

5%, and PHU-POSS-10%.
5.3.5 Effect of POSS incorporation on stress relaxation behavior of PHU networks.

The ability to relax external stress under appropriate conditions is a defining characteristic
of dynamic polymer networks. For PHU networks, stress relaxation at elevated temperatures is
enabled by simultaneous associative transcarbamoylation exchange reactions and dissociative
reversible cyclic carbonate aminolysis reactions. We have characterized the effect of POSS
incorporation on stress relaxation of dynamic PHU networks by DMA. Stress relaxation tests at
140—-170 °C were conducted under a strain of 5%. Figure 5-9 shows the decay of stress relaxation
modulus as a function of relaxation time at different temperatures. Regardless of the loading of
POSS, at all tested temperatures, the PHU—POSS composites relax much more slowly than the
neat PHU network. It is generally recognized that when non-reactive nanofillers are incorporated
into a network matrix, the mobility of the network is typically reduced because of the adsorption

of polymer chains onto filler surface at the polymer—filler interfaces. For our PHU-POSS
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nanocomposites, the impact on network mobility from chain adhesion is minimized by using POSS
that have 8 to 12 reactive carbonate groups, which shield the polymer chains from interacting with
and adhering to the POSS surface as reinforcing agent. However, when part of the trifunctional
carbonates THPMTC was replaced with POSS molecules possessing 8 to 12 reactive carbonate
groups, the resulting networks are much denser and more inflexible compared with the neat PHUs,
and therefore the stress relaxation rate is still retarded. Nevertheless, with increasing temperature,
the difference in stress relaxation rate between neat PHU networks and PHU—POSS composites is
diminished, possibly because at high temperatures, the stress relaxation process of PHU networks
is achieved predominantly by dissociative reverse cyclic carbonate aminolysis reaction, so all

systems are equally liquid-like and highly flexible.
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Figure 5-9. Stress relaxation curves of neat PHU networks and PHU-POSS network composites
at (a) 140 °C, (b) 150 °C, (c) 160 °C, and (d) 170 °C.

We note that with increasing POSS loading, although the average stress relaxation time is

increased significantly, the systems containing more POSS exhibit relatively faster relaxations at

the initial stage of the stress relaxation experiments. This observation suggests that the relaxation

of PHU—-POSS composites comprises a multitude of relaxation modes, and a single Maxwell

element is insufficient to model the process. To model the effect of POSS incorporation on the
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stress relaxation of PHU networks, we used the Kohlrausch—Williams—Watts (KWW) stretched
exponential decay function to fit the stress relaxation data. The KWW stretched exponential decay
function is expressed as follows (X. Chen, Li, Wei, Venerus, et al., 2019; Fancey, 2005; Hooker

& Torkelson, 1995):

70— exp (- (£)') 52

0o
where a(t)/o0 is the normalized stress at time t, * is the characteristic relaxation time, and f is the
exponent that controls the shape of the stretched exponential decay and reflects the breadth of the
relaxation distribution. f takes values in the range 0 < < 1, with = 1 corresponding to a single-
exponential decay response and  « 1 indicating an extremely broad distribution of relaxation
times. For a KWW decay, the average relaxation time, (z), is given by (X. Chen, Li, Wei, Venerus,
et al., 2019; Hooker & Torkelson, 1995)

r*r(%)
B

(1) = (5-3)

where I" is the Gamma function. Table 5-S4 shows the detailed fitting results obtained from both
KWW stretched exponential decay and single-exponential decay analyses for neat PHU networks
and PHU-POSS composites. For neat PHU networks, g increases slightly with increasing
temperature, and the value becomes very close to 1 at 170 °C, indicating a nearly single-
exponential decay response. With increasing POSS content of the materials, § decreases at all
tested temperatures, suggesting a broadened distribution of relaxation times and a more complex
relaxation mode with higher POSS loading.

Figure 5-10 shows the Arrhenius plot of (z) over the temperature range of 140 °C < T <
170 °C for determining the apparent activation energy (Ea:) of stress relaxation; the detailed

results are summarized in Table 5-2. The E,: of neat PHU networks was calculated to be 121
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kJ/mol, which is in reasonable agreement with values reported by other studies on dynamic PHU
networks (X. Chen, Li, Weli, Venerus, et al., 2019; Fortman, Snyder, et al., 2018). When POSS
molecules are added to the neat PHU matrix, E.. increases dramatically, indicating a stronger
temperature dependence of the relaxation process. As shown in Figure 5-10, at low temperatures,
PHU-PQOSS composites exhibit significantly longer average relaxation times than the neat PHU
network. This occurs because when part of the original trifunctional cross-linker THPMTC is
replaced with the multifunctional POSS-CC cross-linker with 8-12 functional groups, the
composites have a much more restricted network structure and hence substantially reduced
flexibility at low temperatures than the neat PHU network. With increasing temperature, the
average relaxation times of the three systems become similar. At sufficiently high temperatures,
all networks are far above their Tgs, and the reverse cyclic carbonate aminolysis reaction leads to
a less cross-linked state. Therefore, the dynamics of the three systems become more alike. These
above-mentioned effects result in a stronger temperature dependence of the relaxation process and
thus an increase in E,: after POSS incorporation. The secondary effect of POSS incorporation on
E.: values is that PHU-POSS-5 exhibits a greater E,: value than PHU-POSS-10. This is because
the stress relaxation process of a dynamic polymer network depends on both the activation energies
of the dynamic chemistries and the viscoelastic behavior of the materials. The POSS-CC cross-
linker has flexible side chains which result in a decrease in overall Ty of the materials with
increasing POSS-CC content. Therefore, at the same temperature, PHU-POSS-10 networks are
more liquid-like compared to PHU-POSS-5. This subsequently leads to a smaller temperature
dependence or a smaller E.. of the stress relaxation process for the PHU-POSS-10 than PHU-

POSS-5.
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Figure 5-10. Arrhenius apparent activation energy of stress relaxation for the neat PHU networks

and PHU-POSS network composites.

Table 5-2. <z> at 140 °C and apparent activation energy of stress relaxation of the 1% molded neat
PHU network and PHU-POSS network composites.

Sample <r>at 140 °C (s) Apparent activation energy
(kJ/mol)
Neat PHU 1440 121
PHU-POSS-5% 7530 182
PHU-POSS-10% 10540 163

5.3.6 Creep performance of neat PHU network and PHU-POSS network composites.
Because of their dynamic nature, there is a potential shortcoming of CANs related to creep
during use at elevated temperature, which is undesirable for many applications (Denissen et al.,
2016). Creep refers to the continuous, time-dependent deformation of materials under constant
stress (Sperling, 2006). Conventional thermosets composed of fixed covalent bonds are
intrinsically creep-resistant (Nielsen, 1969; Plazek, 1966; Watanabe, 1962) whereas CANs are
susceptible to creep especially at elevated temperature but still well below the reprocessing

temperature, as demonstrated in numerous studies (Capelot, Unterlass, et al., 2012; Denissen et al.,



117
2015; W. Liu et al., 2017; Lu & Guan, 2012; Snijkers et al., 2017). To arrest elevated temperature
creep of CANs, an effective approach is to employ a dynamic chemistry with high activation
energy and strong temperature dependence such that the dynamic mechanism remains relatively
inactive and allows for creep resistance at temperatures not too far below the reprocessing
temperature (Bin Rusayyis & Torkelson, 2021; Li et al., 2021; Y. Liu et al., 2019).

A previous study involving alkoxyamine dynamic chemistry has indicated that the
elevated-temperature creep resistance of CANs should not be affected significantly by network
details or by the presence or absence of fillers (Li et al., 2021). To determine the creep response
of our dynamic PHU network and the potential impact of POSS incorporation on the response,
linear viscoelastic creep tests were performed at 80 °C and 90 °C, some 50—60 °C below the
reprocessing temperature, under a constant 3.0 kPa shear stress. At both temperatures, the materials
are well above their Tgs and in the rubbery plateau regime. Figure 5-11 shows the creep responses
for the neat PHU network and PHU-POSS network composites. For all systems, the time-
dependent creep is extremely small after 50000 s (~14 h). Creep strain values (Ag) summarized in
Table 5-3 were determined as the difference in strain at t = 50000 s and t = 1800 s (i.e., Ae = &50000
— &1800) Such that the values only reflect pure creep, instead of delayed elastic deformation (Plazek,
1966). The creep strain values of neat PHU and PHU—POSS composites are only 0.003 (i.e., 0.3%)
at 80 °C and 0.005 (i.e., 0.5%) at 90 °C, which are extremely small and comparable to the response
associated with permanently cross-linked static networks (Nielsen, 1969; Plazek, 1966; Watanabe,
1962). These results indicate that the hydroxyurethane dynamic chemistry is very effective in
suppressing long-term elevated-temperature creep at 80—90 °C, and this excellent creep-resistant
feature is not affected significantly by POSS incorporation in which POSS serves as a fraction of

the dynamic covalent crosslinks in the network.
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Figure 5-11. Creep responses for the neat PHU network and PHU-POSS network composites at

() 80 °C and (b) 90 °C.

Table 5-3. Creep strain, Ae, of neat PHU network and PHU-POSS network composites at different

temperatures under a constant creep stress of 3.0 kPa.

Sample Ag at 80 °C Ag at 90 °C
Neat PHU 0.003 0.004
PHU-POSS-5% 0.003 0.004
PHU-POSS-10% 0.003 0.005

Note: Creep strain is taken as Ae = 50000 s — €1800 s

Finally, we note that in Figure 5-11 the instantaneous strains do not strictly follow a

decreasing trend with increasing POSS content. Based on our previous experience with shear creep

measurements on solid-state samples using a parallel-plate fixture, the instantaneous strain values

are strongly impacted by the surface roughness of the samples. The samples need to be cured into

a disk shape using a high-temperature compression molding device before the creep measurements.

If the disks have very smooth surfaces after curing, the instantaneous strain usually reflects the

trend in modulus very well. However, if the samples have relatively rough surfaces, the normal

force acting on the samples needs to be adjusted until a good contact with the parallel plate is
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achieved, and this kind of adjustment usually results in impacts on the instantaneous strain values.
Nevertheless, creep is a time-dependent response, and the creep strain is determined from the
absolute change in strain values over time, so the instantaneous strain value should not have

impacts on the time-dependent strain that is associated with creep.

5.4 Conclusions

We have used POSS with cyclic carbonate end groups as covalently attached nanofillers to
develop reprocessable PHU—-POSS network composites. The incorporation of POSS leads to
enhanced thermal stability and significantly enhanced rubbery plateau modulus of the networks
relative to the PHU without nanofiller. Because of the inherent dynamic nature of hydroxyurethane
linkage, the PHU—-POSS network composites can be melt-reprocessed at elevated temperatures.
With up to 10 wt% POSS loading, PHU-POSS network composites exhibit excellent
reprocessability and can undergo multiple reprocessing cycles with 100% recovery of cross-link
density; such excellent property recovery has not been achieved before with dynamic PHU
network composites derived from conventional silica nanoparticles. The stress relaxation
activation energy E.: associated with the average relaxation time of the networks was determined
using the data from the high-temperature stress relaxation tests. It was found that E.. increases
when POSS molecules are incorporated into the neat PHU matrix, suggesting an increase in
relaxation barrier. Lastly, the linear viscoelastic creep response of the neat PHU network and PHU-
POSS network composites was characterized via creep tests under a constant 3.0 kPa shear stress.
We found that dynamic PHU networks exhibit nearly no creep over 50000 s at temperatures of
80—90 °C, indicating the hydroxyurethane dynamic chemistry is effective in arresting elevated-

temperature creep, regardless of the presence of nanofillers. This study highlights the advantages
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and effectiveness of POSS molecules for fabricating high-performance reprocessable network

composites.

Acknowledgments
This work was done in collaboration with Xi Chen, Mohammed Bin Rusayyis, and Nathan
Purwanto from the Torkelson research group at Northwestern University. This research is now

published (S. Hu et al., 2022): Polymer 2022, 252, 124971 (DOI: 10.1016/j.polymer.2022.124971).



121

5.5 Supporting Information

FBSI’RO"S/R NN
F‘\s(c%’o‘\srd\ R= © 0
o R owe
o ‘\O/SI\R ] /
POSS-CC 85 °C in DMF
uyc
"
H.N NH,
© h/\o’}:\]/ PHU-POSS network composite
0 CHj CH,3
c=(z:|’\° 0"[2):0
THPMTC Jeffamine D-400

Figure 5-S1. Synthesis route to the PHU—POSS network composites.
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Figure 5-S2. *H NMR spectrum of POSS-CC (with 1,2,4,5-tetrachlorobenzene).
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Figure 5-S7. SEM images of 1% molded PHU-POSS-5 (A and B) and 1% molded PHU-POSS-10

(C and D).
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Table 5-S1. Swelling ratio and gel content of as-synthesized and molded neat PHU network and
PHU-PQOSS network composites.

Sample Swelling ratio (%) Gel content (%)
As-synthesized 350+9 97 +1
Neat PHU 15t molded 364 +7 9% +1
2"d molded 378+8 97 +2
As-synthesized 284 +2 97 x1
PHU-POSS-5 15t molded 307 +6 96 +3
2"d molded 3137 94 +2
As-synthesized 232+ 4 97 +3
PHU-POSS-10 15t molded 274 + 8 93+1
2" molded 276 +5 95+2

Table 5-S2. T4 and Tq breadth of as-synthesized neat PHU network and PHU—POSS network
composites.

Sample Tg by ¥2ACp method (°C) Tg breadth (°C)
Neat PHU 211 11+1
PHU-POSS-5 14+1 13+1

PHU-POSS-10 10+1 13+1




Table 5-S3. Thermogravimetric
composites.
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analysis of neat PHU networks and PHU-PQOSS network

Sample T (°C)
At 5% weight loss At 50% weight loss
Neat PHU 288 +3 3718 +1
PHU-POSS-5 296 + 1 382+3
PHU-POSS-10 305+3 388+4

Table 5-S4. Stress relaxation fitting parameters from single exponential decay and stretched
exponential decay for 1% molded neat PHU networks and PHU—-POSS network composites.

Sample and temperature

Single exponential decay  Stretched exponential decay

T*(s) T*(s) B <r>(s)

Neat PHU 140 °C 1301 1311 0.84 1437
150 °C 377 375 0.87 402
160 °C 283 278 0.90 293
170 °C 122 119 0.96 121

PHU-POSS-5% 140 °C 5431 5509 0.65 7526
150 °C 2415 2394 0.68 3118
160 °C 731 739 0.68 962
170 °C 166 165 0.74 199

PHU-POSS- 140 °C 6254 6363 0.56 10540
10% 150 °C 1937 2072 0.56 3432
160 °C 802 814 0.61 1199
170 °C 280 284 0.61 418
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CHAPTER 6

Background

This chapter introduces core concepts involved in this dissertation regarding residual

stress, fluorescence spectroscopy, and stiffness and stiffness-confinement effect.

6.1 Residual Stress in Polymer Films

Residual stress is stress that remains in a material after external forces have been removed
(Chung et al., 2009). In polymeric materials, residual stress results from processes that trap
polymer chains into non-equilibrium conformations. One example is the spin coating process. Spin
coating is a widely used technique to fabricate uniform polymer thin films. The process involves
depositing a polymer solution onto a flat substrate then rotating the substrate at high speeds to
evenly spread the solution by centrifugal force. During the high-speed spinning process, polymer
chains overlap and entangle as solvent is rapidly evaporated (Chandran et al., 2019). As
evaporation proceeds, the relaxation time of polymer chains progressively increases and eventually
exceeds the time needed to evaporate the remaining solvent (Chandran et al., 2019). As a result,
spin coating usually results in non-equilibrium local chain conformations and thereby residual
stresses in the as-cast films (Francis et al., 2002; Malzbender & de With, 2000; Reiter & Khanna,
2000). Residual stresses remain in polymer films until sufficient annealing is done to relax the
stresses (Askar et al., 2015). Unrelaxed residual stresses in thin polymer films can induce
microscopic defects and macroscopic dimensional changes; both are critical considerations and
could be detrimental to applications such as thin film coatings and nanoscale polymer devices

(Chung et al., 2009).
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Approaches to characterize residual stresses in polymer thin films include the curvature
method (Croll, 1979; Ree et al., 1993), blister (Guo et al., 2005), surface wrinkling (Chung et al.,
2009), cylindrical punch (Ju et al., 2007), cantilever bending method (Thomas & Steiner, 2011),
dewetting (Chandran & Reiter, 2019; Chowdhury et al., 2012; Damman et al., 2007; Reiter et al.,
2005), fluorescence (Askar et al., 2015; Mundra et al., 2006; Muraki et al., 2002; Shiga et al.,
1998), ellipsometry (Askar et al., 2015), etc. Most approaches have their own limitations.
Curvature or deflection-based methods relate the deflection of a thick elastic substrate to the
average residual stress of a thin film. Because this technique is nondestructive and real-time, it is
among the most widely used methods. However, curvature methods are less reliable for ultrathin
films when such methods are difficult to resolve small changes in curvature (Chung et al., 2009;
Y. J. Tang et al., 2007). Blister, cylindrical punch, and cantilever bending techniques are contact-
based methods and could impart external stresses on samples and convolute stress measurements.
Surface wrinkling involves compression of a composite comprised of an elastic film and a thick,
elastic substrate. The compression results in formation of a periodic wrinkling pattern in the film,
and the dimensions and onset of wrinkle formation can be related to the elastic modulus of the
polymer film and give information on residual stress (Chung et al., 2009). The surface wrinkling
technique does not involve direct contact with samples; however, the characterization process does
involve a change in sample geometry, and the impact of which on residual stress remains unknown.
Optical methods are useful for avoiding issues associated with contact and deformation
methods. Mundra et al. (Mundra et al., 2006) demonstrated that intrinsic monomer and excimer
fluorescence of phenyl rings could be used to characterize stress relaxation process in spin-coated
styrene-containing polymer films via changes in the ratio of excimer to monomer fluorescence. It

was found that although residual stress can partially relax upon heating in the glassy state, full
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relaxation only occurs when polymer films are annealed in the rubbery state for a period of time
that is longer than the average cooperative segmental relaxation time (Mundra et al., 2006). Askar
et al. (Askar et al., 2015) used ellipsometry and fluorescence to characterize the residual stress
relaxation in polystyrene (PS) films. Ellipsometry characterizes residual stress relaxation via
sensitivity to time- and temperature-dependent changes in film thickness that occurs during stress
relaxation, whereas fluorescence provides sensitivity to stress relaxation via the dependence of a
vibronic band intensity ratio (I1/13) of emission spectra of pyrenyl dyes that are covalently attached
at trace levels to PS chains. Askar et al. (Askar et al., 2015) hypothesized that the underlying
mechanism of residual stress relaxation in polymers is g-relaxation, which involves sub-segmental
relaxations such as the reorientation of a side functional group. The temperature dependence of
residual stress relaxation timescales for bulk PS films was found to follow an Arrhenius behavior,
and the calculated activation energy (Ez) is in reasonable accordance with E, values reported for

the p-relaxation in bulk PS (Askar et al., 2015).

6.2 Stiffness in Bulk and Confined Polymers

Stiffness or modulus is related to short-timescale (~nanosecond), high-frequency
vibrations or mobility in materials (Sperling, 2006). Experimental characterizations such as
incoherent neutron scattering (sensitive to hydrogen atom density) have demonstrated the
connection between the mean-squared displacement (MSD), <u?>, and modulus (Inoue et al., 2005;
Soles et al., 2002; Ye et al., 2015). At temperatures well below Tq, <u?> is inversely proportional
to the local spring constant, «, for harmonic vibration of segments within their neighbors, where «
scales with the high-frequency shear modulus (Ye et al., 2015). <u?> of glasses is tuned or altered

according to a “caging” mechanism. Reductions in <u?> (or increases in x) suggest that the atoms
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are trapped in deeper potential energy minima, or “caged” by their environment (Soles et al., 2002),
1.e., vibrations associated with MSD are suppressed in a “caged” or stiff environment.

When polymers are confined to a nanoscale, many key properties including the glass
transition temperature (Tq) (Ellison & Torkelson, 2003; Jin & Torkelson, 2016; Keddie et al.,
1994b; Keddie & Jones, 1995; S. Kim et al., 2009; Mundra et al., 2006; Napolitano et al., 2017,
Pye & Roth, 2011; T. Wang et al., 2019), fragility (Lan & Torkelson, 2016; Riggleman et al., 2006;
L. Zhang et al., 2017), physical aging rate (Ellison et al., 2002; Priestley et al., 2005; Rittigstein &
Torkelson, 2006; Shavit & Riggleman, 2014), and stiffness (Askar & Torkelson, 2016; Briscoe et
al., 1998; Brune et al., 2016; Cheng et al., 2007; Delcambre et al., 2010; Evans et al., 2012; Forrest
et al., 1998; Gomopoulos et al., 2009, 2010; Inoue et al., 2005, 2006; Lee et al., 1996; Y. Liu et
al., 2015; Song et al., 2019; Stafford et al., 2004, 2006; Torres et al., 2012; Tweedie et al., 2007;
Watcharotone et al., 2011; Xia et al., 2016; Xia & Keten, 2015; Xia & Lan, 2019; S. Xu et al.,
2010; M. Zhang et al., 2017, 2018) can deviate from bulk behavior. Among all these properties,
Tg-confinement effects are most frequently studied, and the majority of past studies show
agreement regarding general trends for particular polymer—substrate pairs. Stiffness-confinement
effect has been investigated for nearly as long as Tq-confinement effect. However, various reports
are conflicting, and general trends regarding stiffness-confinement behavior are unclear.

It has been hypothesized that stiffness-confinement effect of supported polymer films is
related to the rigidity of substrates. Past studies on polymer films supported on rigid substrates
have indicated enhancement in stiffness/modulus with decreasing film thickness. For example,
using picosecond acoustic techniques, Lee et al. (Lee et al., 1996) measured the change in
longitudinal wave speed (the square of which is proportional to through film elastic modulus) in

aluminum- and silicon-supported thin PMMA films as a function of film thickness; a pronounced
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increase in longitudinal wave speed and hence modulus was observed when the film thickness is
below 40 nm. Using inelastic and quasi-elastic neutron scattering, Inoue et al. (Inoue et al., 2006)
discovered that the MSD, <u?>, for a 40-nm-thick glass-supported PS film decreased substantially
relative to the bulk behavior at temperatures above and below T4 (recall that <u®> is described in
numerous reports to be inversely proportional to local stiffness (Inoue et al., 2005; Soles et al.,
2002; Ye et al., 2015)). In 2016, Askar and Torkelson (Askar & Torkelson, 2016) used a novel
fluorescence-based approach to characterize the stiffness of PS films supported on rigid glass
substrates. They demonstrated that stiffness of PS films is subject to combined perturbations from
the substrate and free-surface interfaces; for sufficiently thin films, enhancement effects near the
substrate dominate over the reduction effects near the free surface, thus leading to an enhancement
of overall stiffness (Askar & Torkelson, 2016).

For polymer films that are free-standing or supported on soft substrates, previous studies
mostly reported a reduction in stiffness with confinement. For example, Stafford et al. (Stafford et
al.,, 2004) applied a buckling-based method to measure the elastic properties of
polydimethylsiloxane-supported PS and PMMA films with thickness ranging from 200 to 5 nm;
both polymers exhibit reduction in modulus with decreasing film thickness at 40 nm and below.
Liu et al. (Y. Liu et al., 2015) developed an ultrathin film tensile test method that can directly
measure the stress-strain response of thin polymer films floating on water; for PS films, they
reported a continuous decrease in Young’s modulus with decreasing film thickness down to 15

nm.
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6.3 Fluorescence Spectroscopy
6.3.1 Basics of fluorescence

The fluorescence process is often illustrated with the classical Jablonski diagram (Figure
6-1). The process begins with the excitation of electrons of a fluorophore from the ground
electronic state (So, vo) to one of the various vibrational levels in the excited electronic state. The
excited electrons are in non-equilibrium states and will eventually return to the ground state by
dissipating the energy they have gained. After excitation, the electrons will first dissipate energy
through vibrational relaxation or internal conversion until they return to the lowest vibrational
level of the first excited singlet state (S1, vo). Electrons can then further relax to the ground state
by various competing pathways including non-radiative relaxation pathways (vibrations, rotations,
etc.) and radiative relaxation pathways (fluorescence). From (Si, vo), electrons can return to (So, vo)
solely through non-radiative pathways or solely through radiative pathways; alternatively, they
can first relax to (So, va (n >0)) through fluorescence and then dissipate the remaining energy through
non-radiative pathways and reach (So, vo). The fluorescence absorbance spectra and fluorescence
emission spectra are mirror symmetric. Because of the existence of the non-radiative relaxation
pathways, the energies of photons emitted during fluorescence are lower than those of the photons
absorbed during excitation; for this reason, fluorescence emission spectra are shifted toward lower
energy (higher wavelengths) relative to the absorption spectra.

Some organic fluorophores, e.g., phenyl rings in polystyrene, exhibit a broad, rather
featureless, monomer fluorescence spectrum, i.e., emission from a single excited-state fluorophore
(Mundra et al., 2006). Some fluorophores, e.g., phenyl rings (Wong, Kim, Roth, et al., 2007) and
pyrene (S. D. Kim & Torkelson, 2002), also exhibit broad, featureless excimer fluorescence, or

fluorescence emission from excited-state dimers in which the two fluorophores are coplanar and
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separated by a few Angstroms. Excimer-to-monomer fluorescence intensity ratios are a form of
intrinsic fluorescence characterization that has been exploited for more than three decades to
characterize behavior in polymer-based systems, including phase separation in blends containing
polystyrene (Tsai & Torkelson, 1988), disorder-to-order transitions in block copolymers (Roth &
Torkelson, 2007), critical micelle concentrations and temperatures of gradient and block
copolymers in homopolymer (Evans et al., 2013; Sandoval et al., 2008; Wong, Kim, & Torkelson,
2007), and nanophase-separation via hard-segment organization in telechelic
polydimethylsiloxane (S. D. Kim & Torkelson, 2002).

In contrast to many fluorophores with featureless monomer emission spectra, the
fluorescence emission spectrum for pyrene has five distinct peaks, each corresponding to a
transition at different energy level. For example, the peak associated with the highest-energy
(lowest wavelength) emission, i.e., the first vibronic peak, corresponds to the transition from (S,
vo), directly to (So, vo) (Kalyanasundaram & Thomas, 1977; Karpovich & Blanchard, 1995).
Notably, as described below, intensity ratios of one pyrene monomer peak to a second pyrene
monomer peak can provide intrinsic fluorescence characterization of local response in organic

media.
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Figure 6-1. (a) Jablonski diagram illustrating fluorescence as a competing decay pathway with
internal conversion process (vibrational or rotational motions). (b) Electronic transitions between
different energy levels correspond to different vibronic bands in fluorescence emission spectrum.
Figure from reference ((Burroughs et al., 2018)).
6.3.2 Sensitivity of pyrene to molecular caging and characterization of stiffness using
fluorescence

The monomer fluorescence emission spectrum from pyrenyl dyes has a strong dependence
on the local molecular caging state. For example, the intensity ratio of peak | to peak 111 (I1/13) of
pyrene is strongly affected by solvent polarity (Figure 6-2). In 1977, Kalyanasundaram and
Thomas (Kalyanasundaram & Thomas, 1977) discovered that I:/ls increases with increasing
solvent polarity, which can be explained by a caging mechanism. Upon excitation, electrons in
pyrene undergo a transition from a symmetrical distribution to an unsymmetrical distribution,
which induces a dipole moment in the excited-state pyrene. In high-polarity solvent, there are

greater dipole-dipole couplings between the excited-state pyrene molecules and solvent molecules.

This greater molecular caging restricts non-radiative forms of energy decay such as vibrations and
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promotes the radiative fluorescence pathway. This ultimately leads to an enhancement of peak |
and the expenses of other peaks, with the strongest effect observed relative to peak Ill
(Kalyanasundaram & Thomas, 1977). In 1995, Karpovich and Blanchard S; (Karpovich &
Blanchard, 1995) demonstrated that the sensitivity of pyrene to solvent polarity originates from
the vibronic coupling between the weakly allowed first excited singlet state S; and the strongly
allowed second excited singlet state. In high-polarity environments, the induced dipole-dipole
coupling mediates vibronic coupling and therefore emission band intensities, which leads to the

solvent polarity dependent emission response seen for pyrene.

n-Hexane n-Butanol
1,//1; = 0.61 l,/1; = 1.02
el S
Ny I3
5
3
: /
7]
E . - N N J i " "
« | Methanol Acetonitrile
g [ | ,=1.33 | 1/1,=1.85

%0 5%
Alnm) Alnm)
Figure 6-2. Pyrene fluorescence emission spectra in four solvents with increasing polarity from n-
hexane, n-butanol, methanol, and acetonitrile. 11/13 represents the ratio of the first vibronic peak
intensity to the third vibronic peak intensity. (Reproduced from reference (Kalyanasundaram &

Thomas, 1977))

The sensitivity of the pyrene fluorescence spectrum to molecular caging makes pyrene a

useful probe to characterize polymer properties that are related to sub-segmental relaxations or
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molecular vibrations. For example, stiffness of polymer films can be characterized by measuring
11/13 of pyrenyl dyes that are covalently attached at trace levels to polymer chains. In more stiff
environments, excited-state pyrene is caged to a greater extent, which leads to enhancements in
the I1/13 value. The sensitivity of the I1/I3 value to local stiffness has been exploited for a number
of purposes related to polymer response, including characterization of the Tq-confinement effect
and its distribution across the thickness of nanoconfined, free standing polymer films (S. Kim et
al., 2008; S. Kim & Torkelson, 2011), the effect of nanoparticles on the local polarity in polymer
nanocomposites (Mundra et al., 2007), multiple component Tgs in miscible polymer blends (Evans
& Torkelson, 2012), the role of neighboring domains in modifying the Tg-confinement effect in
immiscible polymer blends (Evans et al., 2015), and order-to-disorder transitions in block
copolymer films (Qiang et al., 2020).

Relevant to this thesis, Askar and Torkelson (Askar & Torkelson, 2016) used the l1/l3
method to characterize the average stiffness of PS thin films upon nanoscale confinement and to
study the roles of free-surface and substrate interface on stiffness-confinement behavior; they
discovered that single-layer PS films stiffen with confinement, and stiffness is enhanced near a
substrate and reduced near a free surface. In a later study by Zhang et al. (M. Zhang et al., 2017),
the length scales over which stiffness or modulus is modified by the presence of a substrate in a
model nanocomposite comprised of a PS film supported on both sides by glass substrates were
characterized by both fluorescence and atomic force microscopy (AFM). The two techniques show
qualitative and quantitative agreement regarding stiffness gradient length scales, indicating that

fluorescence is an effective non-contact tool to characterize stiffness of polymers.
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CHAPTER 7
Small Changes in Copolymer Composition Strongly Impact Residual Stress Relaxation

in Styrene/Acrylic Random Copolymer Films

7.1 Introduction

Polymers confined to nanoscopic dimensions are found in many applications including
photoresists (Vogt et al., 2006; Wieberger et al., 2011), nanocomposites (Paul & Robeson, 2008;
Potts et al., 2011), flexible electronics (S. Wang et al., 2018; J. Xu et al., 2017), and membranes
(Ismail et al., 2019; Trigg & Winey, 2019). Spin coating is one of the most common techniques to
fabricate homogeneous polymer films with thickness down to nanometers (Hall et al., 1998).
During spin coating, polymer solution is dispensed onto a substrate surface; then, the substrate is
spun at high speeds to spread the solution by centrifugal force. Because the high-speed spinning
process results in non-equilibrium local chain formations, many studies have demonstrated that
residual stress can present in as-cast polymer films prepared by spin coating (Francis et al., 2002;
Malzbender & de With, 2000; Reiter et al., 2005; Reiter & Khanna, 2000). The residual stress
gives rise to changes in the ultimate physical properties of polymer films and is detrimental in
many applications (Chowdhury et al., 2016; Malzbender & de With, 2000). Understanding the
residual stress relaxation process is of great importance in order that failures associated with non-
equilibrated physical properties can be prevented.

Many techniques including cylindrical punch (Ju et al., 2007), prism coupling method (Ree
et al., 1994), surface wrinkling (Chung et al., 2009, 2011), bending method (Croll, 1978, 1979;
Thomas & Steiner, 2011), dewetting (Chandran & Reiter, 2019; Damman et al., 2007; Fan et al.,

2020; Reiter, 1994, 2013; Reiter et al., 2005; Richardson et al., 2003; Ziebert & Raphaél, 2009),
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fluorescence (Askar et al., 2015; Mundra et al., 2006, 2007), and ellipsometry (Askar et al., 2015)
have been employed to characterize the residual stress relaxation process in spin-coated polymer
films. Despite extensive past research efforts, the aforementioned studies have been limited to
homopolymers, and little research effort has focused on related behavior of random copolymers.
Random or statistical copolymers are important both scientifically and industrially because they
combine chemical and physical properties of two or more different constituents while not causing
phase separation.

Residual stresses remain in polymer films until sufficient annealing is done to relax the
stresses. Mundra et al. (Mundra et al., 2006) demonstrated via intrinsic monomer and excimer
fluorescence of styrene-containing polymer films that full stress relaxation only occurs when
polymer films are annealed at ~15-20 K above the film Tq for a period of time that is longer than
the average cooperative segmental relaxation time. Askar et al. (Askar et al., 2015) used
ellipsometry and fluorescence to characterize spin-coated polystyrene (PS) films and showed that
residual stress relaxation in PS films occurs over periods of hours in the rubbery state, and the
relaxation timescale has strong temperature dependence. Here, we study the impact of a slight
change in polymer composition on residual stress relaxation in spin-coated polymers films.
Specifically, we use ellipsometry and fluorescence to characterize residual stress relaxation in
poly(styrene/n-butyl acrylate) (P(S/nBA)) random copolymer films, where the nBA molar
content is controlled at very low levels, and demonstrate that a small level of nBA units can
significantly modify the residual stress relaxation behavior from that of neat PS films.

Residual stress relaxation in polymer films is usually accompanied by small but measurable
changes in film thickness (Askar et al., 2015); ellipsometry provides sensitivity to residual stress

relaxation via time-dependent and temperature-dependent changes in thickness of polymer films
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spin coated onto silica substrates. With fluorescence, stress relaxation is characterized by
monitoring the time-dependent and temperature-dependent changes in an intensity ratio associated
with the emission spectra of pyrenyl dyes covalently attached at a trace level to the polymer
backbones. Studies on pyrene fluorescence have demonstrated that the intensity ratio of the first
vibronic band peak to the third vibronic band peak, I1/ls, in pyrene emission spectra is strongly
affected by local molecular caging state (Askar et al., 2015; Askar & Torkelson, 2016; Evans &
Torkelson, 2012; Kalyanasundaram & Thomas, 1977; Karpovich & Blanchard, 1995; S. Kim et
al., 2008; M. Zhang et al., 2017). Upon excitation, electrons in pyrene may return to the ground
state via both non-radiative and radiative pathways. In a caged or stressed environment, non-
radiative pathways, e.g., vibrations and rotations are restricted, and high-energy radiative pathways
(fluorescence) are enhanced. For vibronic coupling dyes like pyrene which have overlapping
excited-state energy levels, greater molecular caging can mediate the vibronic couplings and
ultimately leads to enhancement in |1 at the expense of other peaks, and the strongest effects was
observed relative to Is. Therefore, as stresses in polymer films are relaxed, reduced caging results

in corresponding decrease in the 11/I3 values of pyrene fluorescence emission spectrum.

7.2 Experimental Methods
7.2.1 Materials

Styrene (Sigma-Aldrich, 99%) and n-butyl acrylate (Sigma-Aldrich, 99%) were
deinhibited using tert-butylcatechol inhibitor remover (Sigma-Aldrich) and monomethyl ether
hydroquinone inhibitor remover (Sigma-Aldrich) and dried over calcium hydride overnight.
Pyrenylmethyl methacrylate (MPy) was synthesized by esterification of methacryloyl chloride

(Sigma-Aldrich) and 1-pyrenyl methanol (Sigma-Aldrich) following synthesis procedures
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previously described by Ellison and Torkelson (Ellison & Torkelson, 2002). Benzoyl peroxide
(BPO) was purchased from Sigma-Aldrich. Toluene, methanol, tetrahydrofuran (THF, HPLC
grade), sulfuric acid, and hydrogen peroxide were purchased from Fisher Chemical.

7.2.2 Synthesis of polymers

PS and P(S/nBA)s were synthesized by bulk free radical polymerization at 60 °C using
BPO (0.5 mg/mL monomer) as initiator. Monomer mixtures with different compositions were used
to generate copolymers with various nBA contents. To synthesize MPy-labeled P(S/nBA)s, MPy
was copolymerized at a trace level (0.5 mol% with respect to monomers) with other monomers.
The as-synthesized random copolymers were washed seven times by dissolving in toluene and
precipitating in methanol to remove residual initiators and monomers. The washed polymers were
dried at 80 °C in a vacuum oven for three days prior to use.

7.2.3 Characterization of as-synthesized copolymers

The labeling efficiency (moles of pyrene-labeled repeat units relative to moles of total
repeat units) of MPy-labeled P(S/nBA)s was determined by UV—vis absorbance spectroscopy
(Perkin-Elmer Lambda 35) using 0.1 mg/mL THF solutions of the copolymers. The absorbance
spectrum was measured at wavelengths from 280 nm to 380 nm, and the label concentration was
determined from the absorbance of the peak at ~335 nm using Beer’s law, where A = £Ic; £'is
37300 M~t.cm™ for pyrene, and | is 1 cm.

The bulk glass transition temperatures (Tgs) were determined via differential scanning
calorimetry (Mettler Toledo DSC822¢). Each sample was first annealed at 140 °C for 15 min and
then cooled to 60 °C at a rate of 40 °C/min. T onset Values were obtained from the second heating
cycle at a heating rate of 10 °C/min.

Molecular weight and dispersity were determined by gel permeation chromatography


https://en.wikipedia.org/wiki/Molar_concentration#Units
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(GPC; Waters Breeze v3.20) coupled with a multiangle laser light-scattering detector (mini-Dawn,
Wyatt Technologies). Properties of unlabeled and MPy-labeled PS and P(S/nBA)s are summarized

in Table 7-1.

Table 7-1. Summary of properties of PS and P(S/nBA)s used in this study.

P(S/nBA) Mn (kg/mol) Dispersity? Tg, onset (°C) by Labeling
(mol%/mol%) DSC efficiency
(mol%)
Blank PS 390 1.42 100 -
Labeled PS 390 1.33 100 1.0
Blank 98/2 500 1.30 98 -
Labeled 98/2 550 1.35 98 1.0
Blank 95/5 390 1.37 85 -
Labeled 95/5 450 1.36 85 1.2

4 Dispersity is low because low-molecular-weight polymers have been removed during the seven-
times dissolution and precipitation purification step.
7.2.4 Sample preparation

Glass and silica substrates were cleaned by submersion in piranha solution (75 vol%
sulfuric acid/25 vol% hydrogen peroxide) at 90 °C for 1 h followed by thoroughly rinsing with
deionized water. Single-layer films were prepared by spin-coating toluene solutions containing 0.5
to 6.0 wt% polymers onto substrates with spin speeds ranging from 1400 to 2100 rpm. The spin-
coated films were annealed at Tqg — 40 °C overnight to remove residual solvent before residual
stress relaxation characterization.
7.2.5 Ellipsometry

To determine the film thickness, polymer solutions were spin-coated onto silicon slides
with a native silicon oxide layer and characterized at room temperature using spectroscopic

ellipsometry (J. A. Woollam Co. M-2000D over a range of wavelengths from 400 to 1000 nm).
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The ellipsometric angles (y and 4) of incident light reflected off silicon-supported films were
measured and fitted to a Cauchy layer model to determine the film thickness. The Cauchy layer
model includes a polymer layer on top of a silicon substrate containing a 2-nm-thick silicon oxide
surface layer. With the same solution concentration and spin speed, the spin-coated films are
assumed to have the same thickness on silica and glass.

To determine the time that is required to fully relax the residual stress in bulk polymer
films using ellipsometry, the thickness of silica-supported bulk films was monitored during long-
period (at least 12 h) isothermal annealing at T > Ty.

7.2.6 Fluorescence

Fluorescence was used to characterize the intensity ratio of the first to the third vibronic
band peak (l1/13) of MPy emission spectra, which reflects molecular caging and hence the stress
state of MPy-labeled polymer films. Emission spectra of MPy-labeled films were collected
(Photon Technology International fluorimeter in front-face geometry) at wavelengths from 374 to
392 nm (0.5 nm increment, 0.5 s integration) with excitation at 324 nm. Excitation and emission
slit widths were 0.5 mm (1 nm bandpass). 11 and I3 were calculated from an average of five data
points spanning a 2 nm window: I3 was an average of five data points between ~375.5 nm and
~377.5 nm, and I3 was an average of five data points between ~386.5 nm and ~388.5 nm.

To characterize the residual stress relaxation timescales, glass-supported MPy-labeled
P(S/nBA) films were placed on a heating stage pre-heated to desired annealing temperatures.
Samples were held isothermally at the annealing temperatures for at least 12 h with spectra at
wavelengths from 374 nm to 392 nm collected every 15 min. Background noise was measured by
acquiring the spectra of the films at wavelengths from ~350 nm to ~352 nm where no emission

peak is present and subtracted from the emission spectra.
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7.3 Results and Discussion

Spin coating is a common technique to deposit uniform, thin polymer films onto flat
substrates. During the spinning process, polymer chains overlap and entangle as solvent is rapidly
evaporated. As evaporation proceeds, the relaxation time of polymer chains progressively
increases and eventually exceeds the time needed to evaporate the remaining solvent molecules
(Chandran et al., 2019). As a result, spin coating usually results in non-equilibrium local chain
conformations and thereby residual stresses in the as-cast films. The residual stress can be removed
by annealing the films at temperatures above Tg. In this study, we used both ellipsometry and
fluorescence techniques to characterize the time that is required to completely remove the residual
stress as a function of annealing temperature for spin-coated P(S/nBA) films.

Stress relaxation in polymer films may be accompanied by small but measurable decreases
or increases in thickness. We first used spectroscopic ellipsometry to probe the effect of residual
stress relaxation on thickness of rubbery-state bulk 98/2 and 95/5 P(S/nBA) films (contains 2 and
5 mol% nBA, respectively). A measurement with a bulk PS film was performed for reference
purposes. Prior to measurements, bulk, silica-supported polymer films were annealed under
vacuum at Tg— 40 °C for 12 h to remove residual solvent. Since residual stress relaxation only
happens in the rubbery state, this annealing temperature does not lead to changes in the stress state
of the polymer films. After annealing, the films were transferred onto a heating stage pre-heated
to ~30 °C above the respective Tg and held isothermally under nitrogen flow as film thickness was
constantly measured via ellipsometry. Figure 7-1(b) and 7-1(c) show the evolution of normalized
film thickness as a function of annealing time for bulk, 400-nm-thick 98/2 and 95/5 P(S/nBA)
films at T¢?"%+ 30 °C. Upon annealing, the thickness of both films constantly decreases. Because

residual toluene has been removed from the spin-coated films prior to ellipsometry
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characterizations, the decrease in film thickness is unrelated to solvent loss but instead is related
to residual stress relaxation. The stress relaxation timescale is determined to be the time after which
the change in normalized film thickness is within + 0.0001. Based on the ellipsometry results, at
T¢*% + 30 °C, the thickness of the bulk, 400-nm-thick 98/2 P(S/nBA) film requires ~7 h to reach
steady state values; in contrast, the thickness of the bulk, 400-nm-thick 95/5 P(S/nBA) film did

not reach steady state values even after 33 h of isothermal annealing.
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Figure 7-1. Ellipsometry measurement of thickness as a function of anneal time for bulk (400-nm-
thick) (a) PS, (b) 98/2 P(S/nBA) and (c) 95/5 P(S/nBA) films at T™! + ~30 °C and for (d) 95/5
P(S/NBA) at Tg™'k + ~45 °C.
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For comparison purposes, we performed a similar characterization on a bulk PS film. As
shown in Figure 7-1(a), at T¢"'*+ 30 °C (130 °C), the thickness of the bulk, 400-nm-thick PS film
only needs ~5 h to reach steady state values. Thus, the residual stress relaxation timescale increases
by ~40% when 2 mol% nBA is added to neat PS and by more than an order of magnitude when
nBA molar content reaches 5 mol%. To eliminate the possible impact of lower thermal energy on
the vastly extended residual stress relaxation timescale of bulk 95/5 P(S/nBA), we characterized
the thickness change of a 400-nm-thick 95/5 P(S/nBA) film during isothermal annealing at 130 °C,
which is the same absolute temperature as that used for annealing the bulk PS film. As shown in
Figure 7-1(d), when annealed at 130 °C (T¢™! + 45 °C), the bulk 95/5 P(S/nBA) film needs ~18 h
or a factor of 6 greater than that of neat PS to fully relax, which indicates that the residual stress
relaxation timescale of the bulk 95/5 P(S/nBA) film is markedly increased relative to neat PS even
when the 95/5 P(S/nBA) film is annealed at a higher temperature relative to T¢"'. For a 400-nm-
thick 95/5 P(S/nBA) film, with only 5 mol% nBA, the attractive hydrogen bonding interactions
happening at the polymer—substrate interface are less likely to impact the average relaxation
behavior of the entire film. Therefore, the vastly different residual stress relaxation behaviors
suggest that P(S/nBA) and PS systems are inherently different, and the molecular dynamics of neat
PS films can be substantially or even dramatically modified with a very small amount of nBA.
The effect of isothermal annealing on stress relaxation of bulk P(S/nBA) films was also
studied via fluorescence by monitoring the changes in emission spectra of MPy that is covalently
attached to P(S/nBA). The fluorescence approach is based on the sensitivity of pyrene spectra to
changes in local molecular caging; higher 11/13 values represent a more caged environment and
thus a more stressed state. 11/13 is expected to decrease as the stress in polymer films is relaxed.

Figure 7-2 shows emission spectra for a 514-nm-thick MPy-labeled 95/5 P(S/nBA) single-layer
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film during isothermal annealing at 115 °C (T¢™' + 30 °C), with spectra were normalized relative
to l1. With increasing annealing time, I3 progressively increases relative to I1; hence, the 11/l3 value
progressively decreases, consistent with reductions in caging and hence residual stress being

relaxed in the films.
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Figure 7-2. Fluorescence emission spectra of a 514-nm, pyrene-labeled, single-layer 400-nm-
thick 95/5 P(S/nBA) film during isothermal annealing at 115 °C. Spectra are normalized relative
to I1at 0 h. The value of I1/Isdecreases with increasing annealing time.

Figure 7-3(a) shows the evolution of 11/13 values for a bulk, MPy-labeled PS film supported
on glass during isothermal annealing at T¢°'% + 30 °C. Upon annealing, l1/I3 decreased with
increasing annealing time and then reached apparent steady-state values. Relaxation time was
obtained from the intersection of lines corresponding to the deceasing regimes and steady-state
regimes. At T¢°"+ 30 °C, 11/l of the bulk PS film reached steady-state values after ~3 h, indicating
that residual stress relaxation occurred over ~3 h. This timescale is in reasonable agreement with
the report by Askar et al. (Askar et al., 2015), in which they employed the same fluorescence-

based approach to characterize the residual stress relaxation behavior in bulk PS films and

discovered that a spin-coated, bulk PS film required ~2 h to fully relax at T + 30 °C.
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Figure 7-3. Fluorescence characterization of 11/I3 values as a function of anneal time for bulk (a)
PS, (b) 98/2 P(S/nBA), and (c) 95/5 P(S/nBA) films at T¢™' + ~30 °C and for (d) 95/5 P(S/nBA)
at Tg"' + ~45 °C.

Figures 7-3(b) and 7-3(c) show the evolution of 11/I3 values of a bulk 98/2 P(S/nBA) and a
bulk 95/5 P(S/nBA) films supported on glass during isothermal annealing at T¢™!* + ~30 °C. For
the bulk 98/2 P(S/nBA) film, l1/l3 reached steady state after ~5 h of annealing, indicating that
residual stress relaxation occurred over ~5 h. This timescale is increased fractionally compared to

that of the neat PS film shown in Figure 7-3(a). For the bulk 95/5 P(S/nBA) film (Figure 7-3(c)),

I1/13 continued to decrease and did not reach steady state values even after 16 h of isothermal
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annealing at T,™ + 30 °C. To eliminate the impact of thermal energy on stress relaxation
timescales, we increased the annealing temperature and measured the 11/13 values of another bulk
95/5 P(S/NBA) film during isothermal annealing at 130 °C, which is 45 °C above T4™. At 130 °C,
11/13 of the bulk 95/5 P(S/nBA) film reached steady-state values after ~7 h (Figure 7-3(d)). This
relaxation timescale is further extended relative to that of the bulk 98/2 P(S/nBA) film at the same
absolute temperature. We note that the relaxation timescales determined via fluorescence are in
qualitative but not quantitative agreement with the timescales determined via ellipsometry shown
in Figure 7-2 because of the difference in the resolution of the two techniques. Ellipsometry is
particularly sensitive to minor changes and provides resolution up to 1 part per 10000, whereas the
fluorescence-based I1/13 method only allows detection of changes that are greater than 2 parts per
1000.

Like the observations associated with ellipsometry characterization, fluorescence
characterization also indicates that the residual stress relaxation timescales of bulk P(S/nBA) films
(where PS can be considered as P(S/nBA) containing 0 mol% nBA) are significantly affected by
the presence and the molar content of nBA. With a few mole percent of nBA in the system, the
relaxation behavior is vastly changed from neat PS. The relaxation timescale is increasingly
extended with increasing molar amount of nBA in the copolymer both at the same relative
annealing temperature above Ts™*and at the same absolute annealing temperature. The dramatic
effect of nBA units on extending the residual stress relaxation timescale of spin-coated films is not
yet well understood. We hypothesize that such behavior may be caused by dipole—dipole
interactions or van der Waals interactions between ester groups in nBA units impacting the overall
sub-segmental relaxation process of the entire film.

For P(S/nBA) random copolymers, fluorescence characterizations were also performed on
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ultrathin films to determine the effect of nanoscale confinement on residual stress relaxation.
Attempts were also made to determine the relaxation timescales using ellipsometry. However, the
centrifugal force during spin coating can result in excess polymers to reside on the edge of the
substrate; these excess polymers tend to diffuse towards the center and impact the local thickness
in the film. Thus, ellipsometry-based characterizations of the residual stress relaxation process
which rely on monitoring thickness changes are not feasible for ultrathin films.

Figure 7-4 shows the fluorescence-based characterization for residual stress relaxation in
ultrathin, 25-nm-thick 98/2 and 95/5 P(S/nBA) films at 130 °C. The times that are required for 25-
nm-thick 98/2 and 95/5 P(S/nBA) films to completely relax the residual stress at 130 °C are ~5 h
and ~7 h, respectively, which are nearly the same as those for bulk films. In other words, the 98/2

and 95/5 P(S/nBA) films exhibit little or no effect of nanoscale confinement on stress relaxation.
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Figure 7-4. Fluorescence characterization of 11/I3 values as a function of anneal time for ultrathin
98/2 and 95/5 P(S/nBA) film at 130 °C.

We note that the Tgs of the 25-nm-thick 98/2 and 95/5 P(S/nBA) films are expected to be

slightly lower than those of the bulk films. Past research has shown that Tgs of polymer films
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exhibit a dependence on thickness when the films are sufficiently thin (Keddie et al., 1994a, 1994b;
Forrest et al., 1997; Mundra et al., 2007; Grohens et al., 1998; Kawana & Jones, 2001; J. H. Kim
et al., 2001; Tsui et al., 2001; Ellison & Torkelson, 2003; Fakhraai & Forrest, 2005; Roth et al.,
2006; Baumchen et al., 2012; Lan & Torkelson, 2014; Vignaud et al., 2014; Geng & Tsui, 2016;
Jin & Torkelson, 2016; L. Zhang et al., 2016; T. Wang et al., 2019; Evans & Torkelson, 2012; S.
Kim et al., 2008; Mundra et al., 2006). For polymer films without strong attractive interactions
with a substrate, nanoscale confinement will cause Tq to decrease with decreasing film thickness.
In contrast, if sufficiently strong attractive interactions such as hydrogen bonding are present in
the polymer—substrate interface, an increase in Tq with decreasing film thickness will be observed.
Kim et al. reported via ellipsometry-based characterization that the T4 of a 23-nm-thick PS film
supported on silicon slide exhibits a ~10 °C decrease compared to that of a bulk film (S. Kim et
al., 2009). For the glass-supported P(S/nBA) films characterized in this study, the nBA units can
undergo attractive hydrogen bonding interactions with the hydroxyl groups on glass surface. This
substrate effect will counteract the free-surface effect and lead to a suppressed overall Tg-
confinement effect compared to neat PS.

As determined by ellipsometry, the Tgs of ultrathin, 26-nm-thick 98/2 and 95/5 P(S/nBA)
films are 3+ 1 °C and 4 + 1 °C lower than the Ty™* values (Wang et al. 2022). Therefore, although
the ultrathin films in Figure 7-4 were annealed at the same absolute temperature of 130 °C as the
bulk films in Figure 7-3(b) and (d), the ultrathin films were annealed at slightly higher relative
temperatures above the film Ty Nevertheless, the results indicate that at a specific absolute
temperature, the relaxation timescales of 98/2 and 95/5 P(S/nBA) films remain invariant or little

changed with nanoscale confinement.
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7.4 Conclusions
We used ellipsometry and fluorescence to characterize the residual stress relaxation in spin-
coated P(S/nBA) films at low nBA content. The annealing times determined by the two techniques
to fully relax the residual stress at a certain annealing temperature agree qualitatively but not
quantitively with each other due to the difference in the resolution of the techniques. Nevertheless,
both characterization methods show that the residual stress relaxation timescales of spin-coated
P(S/nBA) films are significantly, and sometimes dramatically, impacted by the presence and the
molar content of nBA in the copolymers. The presence of a few mole percent of nBA can vastly
change the relaxation behaviors from those of neat PS films. With 5 mol% nBA, the residual stress
relaxation process of bulk 95/5 P(S/nBA) films occurs over a significantly extended period of time
compared to neat PS films. This phenomenon has been hypothesized to be related to dipole—dipole

interactions between the nBA units. Future studies are needed to test this hypothesis.
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CHAPTER 8
Effects of Attractive Interfacial Interactions on Local, Nanoscale Stiffness of

Supported Copolymer Adhesive Films

8.1 Introduction

Pressure-sensitive adhesives are an important class of materials that can adhere to various
heterogeneous substrates by applying light pressure (Creton, 2003; Moon et al., 2018; Pocius, 2012;
Tiu et al., 2019). They are widely used in a broad range of industries including electronics,
biomedical devices, office supplies, and displays. Commercial pressure-sensitive adhesives are
mixtures of viscoelastic polymers, tackifiers, stabilizers, etc. (Abbott, 2015) The bonding process
of pressure-sensitive adhesives is physical in nature (Creton, 2003). The viscous characteristics of
pressure-sensitive adhesives allow them to quickly wet and bond to a surface upon application
onto substrates, whereas the elastic characteristics resist deformation once adhered (Dobson et al.,
2020; Feldstein & Siegel, 2012; Fuensanta & Martin-Martinez, 2020). Significant research effort
in the adhesion community has been devoted to understanding the correlations between the bulk
viscoelastic behaviors and adhesion of pressure-sensitive adhesives (Chang, 1997; S. Kim et al.,
2021; Marin & Derail, 2006; Sun et al., 2013; H. W. H. Yang & Chang, 1997; Yarusso, 1999).
Although some general trends exist with respect to bulk rheology versus pressure-sensitive
adhesive performance, such correlations often break down especially for systems with complex
compositions or formulations.

It is well-known that adhesion depends strongly on the substrate, implying that besides
bulk viscoelasticity, interfacial properties at the adhesive—substrate interface may also affect the

performance of pressure-sensitive adhesives. Past studies have demonstrated the important role of
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interfaces and interfacial effects on key properties of polymer thin films (Ellison & Torkelson,
2002, 2003; Jin & Torkelson, 2016; Keddie et al., 1994b; Keddie & Jones, 1995; S. Kim et al.,
2009; Mundra et al., 2006; Napolitano et al., 2017; Priestley et al., 2005; Pye & Roth, 2011; Shavit
& Riggleman, 2014; T. Wang et al., 2019; Watcharotone et al., 2011). For example, the glass
transition temperatures (TgS) of polymer films exhibit a dependence on thickness when the films
are sufficiently thin (Ellison & Torkelson, 2003; Keddie et al., 1994b; Keddie & Jones, 1995; S.
Kim et al., 2009; Mundra et al., 2006; Napolitano et al., 2017; Pye & Roth, 2011; T. Wang et al.,
2019). Keddie et al. (Keddie et al., 1994b) studied poly(methyl methacrylate) (PMMA) films
supported on silica and observed an increase in Tgwith decreasing film thickness. They proposed
that the attractive hydrogen bonding interactions between PMMA and the substrate, which reduce
cooperative segmental mobility at the polymer—substrate interface and increase T4, were dominant
over free surface effects that enhance cooperative segmental mobility and reduce Ty, causing an
increase in overall Tq of the film upon nanoscale confinement (Keddie et al., 1994b). Interfacial
effects on polymer properties have also been demonstrated through stiffness-confinement effects
(Askar & Torkelson, 2016; Briscoe et al., 1998; Brune et al., 2016; Cheng et al., 2007; Delcambre
et al., 2010; Evans et al., 2012; Forrest et al., 1998; Gomopoulos et al., 2009, 2010; Inoue et al.,
2005, 2006; Lee et al., 1996; Y. Liu et al., 2015; Song et al., 2019; Stafford et al., 2004, 2006;
Torres et al., 2012; Tweedie et al., 2007; Watcharotone et al., 2011; Xia et al., 2016; Xia & Keten,
2015; Xia & Lan, 2019; S. Xu et al., 2010; M. Zhang et al., 2017, 2018). Askar and Torkelson
(Askar & Torkelson, 2016) used a novel fluorescence-based approach to characterize the stiffness
of polystyrene (PS) films supported on glass and found that the stiffness of PS film is subjected to

combined perturbations from the substrate and free-surface interfaces; for sufficiently thin PS
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films, enhancement effects near the substrate dominate over the reduction effects near the free
surface, leading to an enhancement of overall stiffness.

Inspired by these past studies, in the current study, we investigate the influence of attractive
polymer—substrate interactions on modulus/stiffness of supported polymer films near the substrate
interface. The investigation was performed on poly(styrene/n-butyl acrylate) (P(S/nBA)) random
copolymer films, where P(S/nBA) is a model pressure-sensitive adhesive system given that both
styrene and n-butyl acrylate are commonly employed monomers in pressure-sensitive adhesive
formulations. Modulus/stiffness-confinement effects have been studied for nearly as long as Tg-
confinement effects; however, various past studies are conflicting, and general trends regarding
stiffness-confinement behavior still remain unclear. Inoue et al. (Inoue et al., 2006) used incoherent
neutron scattering to measure changes in mean-squared displacement <u?>, which is inversely
proportional to glassy-state modulus, of PS films supported on glass. It was found that <u®>
decreases significantly in 40-nm-thick films relative to bulk response, indicating an increase in
modulus with nanoconfinement. In contrast, Stafford et al. (Stafford et al., 2004) used a buckling-
based metrology to measure the elastic properties of polydimethylsiloxane-supported PS films and
showed that the apparent modulus of the films decreases with decreasing film thickness at ~40 nm
and below. One explanation for such conflicting results is that stiffness-confinement effects in
supported polymer films originate from the disparity between the rigidity of polymers and
substrates. The majority of past studies have shown that stiffness of supported polymer films is
enhanced near a rigid substrate and reduced near a soft substrate. However, besides rigidity, what
are the effects of interfacial interactions on stiffness-confinement effects?

Here, we provide the first investigation of the impact of attractive hydrogen bonding

interactions on local stiffness and stiffness gradient length scales in supported polymer films. We
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isolated the effect of interfacial interactions from substrate rigidity on stiffness of supported
P(S/nBA) films by using the same substrate species (glass) throughout the study and tuning the
attractive hydrogen bonding interactions between the films and the substrates by varying the
copolymer composition and the substrate surface hydrophilicity. Stiffness characterization was
achieved by a self-referencing fluorescence-based method developed by Torkelson and coworkers
(Askar et al., 2015; Askar & Torkelson, 2016; M. Zhang et al., 2017). This technique relies on the
environmental sensitivity of a pyrenyl label covalently attached at trace levels to polymer chains,
from the fluorescence emission spectrum of which qualitative characterizations of local molecular
caging state and hence stiffness can be achieved. Details regarding principles of fluorescence
spectroscopy and its use to characterize stiffness are provided in Chapter 6.

We discovered that attractive polymer—substrate hydrogen bonding interactions have an
enhancement effect on the stiffness of P(S/nBA) films, and the length scale over which substrate
perturbations modify the average stiffness depends significantly on the strength of the attractive
interactions. When the hydroxyl groups on a glass surface are removed to prevent the formation
of hydrogen bonds, the perturbation length scale of substrate effects on stiffness decreases
accordingly. Thus, in addition to the substrate rigidity effect, our study shows for the first time that
interfacial effects are an important contributor to stiffness-confinement effects of supported
polymer films. This work can help to establish the correlation between interfacial properties and
pressure-sensitive adhesive performance and have the potential to contribute to a better pressure-

sensitive adhesive design.
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8.2 Experimental Methods
8.2.1 Materials

Styrene (Sigma-Aldrich, 99%) and n-butyl acrylate (nBA, Sigma-Aldrich, 99%) were
deinhibited using tert-butylcatechol inhibitor remover (Sigma-Aldrich) and monomethyl ether
hydroquinone inhibitor remover (Sigma-Aldrich) and dried over calcium hydride overnight.
Pyrenylmethyl methacrylate (MPy) was synthesized by esterification of methacryloyl chloride
(Sigma-Aldrich) and 1-pyrenyl methanol (Sigma-Aldrich) following synthesis procedures
previously described by Ellison and Torkelson (Ellison & Torkelson, 2002). Benzoyl peroxide
(BPO) was purchased from Sigma-Aldrich. Toluene, methanol, tetrahydrofuran (THF, HPLC
grade), sulfuric acid, and hydrogen peroxide were purchased from Fisher Chemical.
8.2.2 Synthesis of P(S/nBA) random copolymers

Poly(styrene/n-butyl acrylate) random copolymers were synthesized by bulk free radical
polymerization at 60 °C using BPO (0.5 mg/mL monomer) as initiator. Monomer mixtures with
different compositions were used to generate copolymers with various nBA contents. To
synthesize MPy-labeled P(S/nBA)s, MPy was copolymerized at a trace level (0.5 mol% with
respect to monomers) with other monomers. The as-synthesized random copolymers were washed
seven times by dissolving in toluene and precipitating in methanol to remove residual initiators
and monomers. The washed polymers were dried at 80 °C in a vacuum oven for three days prior
to use.
8.2.3 Characterization of as-synthesized P(S/nBA) random copolymers

The labeling efficiency (moles of pyrene-labeled repeat units relative to moles of total
repeat units) of MPy-labeled P(S/nBA)s was determined by UV—vis absorbance spectroscopy

(Perkin-Elmer Lambda 35) using 0.1 mg/mL THF solutions of the copolymers. The absorbance
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spectrum was measured at wavelengths from 280 nm to 380 nm, and the label concentration was
determined from the absorbance of the peak at ~335 nm using Beer’s law, where A = £Ic; £'is
37300 Mt.cm™ for pyrene, and | is 1 cm.

The bulk glass transition temperatures (Tq4S) were determined via differential scanning
calorimetry (DSC, Mettler Toledo DSC822¢). Each sample was first annealed at a temperature
that is ~40 °C above the expected Tq for 15 min and cooled to ~40 °C below the expected Tq at a
rate of 40 °C/min. For 5/95 P(S/nBA,; the expected Ty is far below 0 °C. To determine the exact Ty
value, the sample was cooled to —70 °C, which is the lowest temperature that the DSC cooler can
reach. Tg.onset Values were obtained from the second heating cycle at a heating rate of 10 °C/min.

Molecular weight and dispersity were determined by gel permeation chromatography
(GPC; Waters Breeze v3.20) coupled with a multiangle laser light-scattering detector (mini-Dawn,
Woyatt Technologies). Properties of as-synthesized, unlabeled and MPy-labeled P(S/nBA)s are

summarized in Table 8-1.

Table 8-1. Summary of properties for P(S/nBA)s used in this study.

P(S/nBA) Mn (kg/mol) Dispersity? Tg, onset (°C) Labeling
(mol%/mol%) by DSC efficiency
(mol%)
Blank 5/95 2000 1.16 —43 -
Labeled 5/95 1800 1.29 —-43 1.2
Blank 33/67 1200 1.22 -13 -
Labeled 33/67 1400 1.35 -13 1.3
Blank 59/41 520 1.23 29 -
Labeled 59/41 670 1.26 30 1.0
Blank 95/5 390 1.37 85 -
Labeled 95/5 450 1.36 85 1.2

4Dispersity is low because low-molecular-weight polymers have been removed during the seven-
times dissolution and precipitation purification step.


https://en.wikipedia.org/wiki/Molar_concentration#Units
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8.2.4 Substrate preparation
Hydrophilic glass substrates were prepared by submerging glass slides in piranha solution
(75 vol% sulfuric acid/25% hydrogen peroxide) at 90 °C for 1 h. Then, substrates were thoroughly
rinsed with deionized water and dried under rapid nitrogen flow. Water contact angles on
substrates were measured using a Kruss DSA100 drop shape analyzer. Static contact angles of
deionized water were measured at ambient temperature using the sessile drop method with a drop
volume of 3 puL. The measured water contact angle on hydrophilic glass is ~15°. Hydrophobic
glass substrates were prepared by surface modification of the hydrophilic glass with toluene
solution of dichlorodimethylsilane. Glass slides that were pre-cleaned with piranha solution were
submerged in a toluene solution of dichlorodimethylsilane (5 vol% dichlorodimethylsilane/95
vol% toluene) for 2 h. Then, the slides were rinsed with pure toluene, placed in methanol for 15
min, and dried under rapid nitrogen flow. After modification, the hydroxyl groups on hydrophilic
glass surface were replaced with methyl groups. The measured water contact angle on hydrophobic
glass substrates is ~105°. A schematic representation of the hydrophilic and hydrophobic glass

substrates is shown in Scheme 8-1.

CH, CH; CH; CH,
/ 4
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Scheme 8-1. Representative figures of hydrophilic glass substrates (left) and hydrophobic glass
substrates (right).
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8.2.5 Film preparation

To prepare bilayer films, toluene solutions of blank and MPy-labeled P(S/nBA)s
(containing 0.5 wt% to 6.0 wt% polymers) were spin-coated onto sodium chloride (NaCl) disks
and glass substrates, respectively, with spin speeds ranging from 1400 to 2100 rpm to yield single-
layer, NaCl-supported, bulk, unlabeled P(S/nBA) films and single-layer, glass-supported, MPy-
labeled P(S/nBA) films of various thickness. After spin coating, single-layer films were annealed
at elevated temperatures under vacuum to remove the residual stress and solvent. Annealing
temperatures and time were different for each copolymer species and were determined based on
residual stress relaxation characterization results obtained by fluorescence. The procedures for
characterizing residual stress relaxation timescales using fluorescence were discussed in Chapter
7.

After annealing, NaCl-supported, bulk, unlabeled P(S/nBA) films were transferred at room
temperature to the top of glass-supported, MPy-labeled P(S/nBA) films by a water transfer
technique to yield bilayer films. The water transfer technique has been extensively used by
Torkelson and coworkers to prepare bilayer films and study the interfacial effects on polymer
properties (Askar & Torkelson, 2016; Ellison & Torkelson, 2003; Evans et al., 2012; Priestley et
al., 2005; Roth et al., 2007; Roth & Torkelson, 2007). Residual water in the bilayer films was
evaporated overnight under vacuum at the room temperature. For P(S/nBA)s with T4s higher than
the room temperature, bilayer films were further annealed at Ty + 20 °C for 2 h to heal the two
layers together prior to fluorescence characterization. A schematic representation of the bilayer

films is shown in Scheme 8-2.
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Scheme 8-2. Representative figure of the bilayer film. A MPy-labeled layer is spin-coated directly
onto the substrate and covered with a bulk, 600-nm-thick, unlabeled layer to block any potential
perturbations from the free-surface interface.
8.2.6 Ellipsometry

The thickness of a spin-coated polymer film is proportional to the solution concentration
and inversely proportional to the spin speed (Emslie et al., 1958; Mouhamad et al., 2014). Different
combinations of solution concentration and spin speed yield a wide range of thicknesses. To
determine the film thickness for a specific combination of solution concentration and spin speed,
polymer solutions were first spin-coated onto silica wafers and characterized at room temperature
using spectroscopic ellipsometry (J. A. Woollam Co. M-2000D over a range of wavelengths from
400 to 1000 nm). The ellipsometric angles of incident light reflected off silica-supported films
were measured and fitted to a Cauchy layer model to determine the thickness. The Cauchy layer
model included a polymer layer atop a silicon substrate containing a 2-nm-thick silicon oxide
surface layer. Once the exact thickness of the silica-supported films was known, polymer solutions
were spin-coated onto desired substrates from the same solutions with the same spin speeds. With
the same solution concentration and spin speed, the spin-coated films of a particular copolymer

species were assumed to have the same thickness on all types of substrates.
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8.2.7 Fluorescence spectroscopy
Fluorescence spectroscopy was used to characterize the intensity ratio of the first vibronic
band peak to the third vibronic band peak (I1/13) of MPy emission spectra, which reflects molecular
caging and stiffness of MPy-labeled P(S/nBA) films. Emission spectra were collected (Photon
Technology International fluorimeter in front-face geometry) at wavelengths from 374 nm to 392
nm (0.5 nm increment, 0.5 s integration) with excitation at 324 nm. Excitation and emission slit
widths were 0.5 mm (1 nm bandpass). Typical fluorescence emission spectra of MPy covalently
attached to P(S/nBA) backbones are shown in Figure 8-1. l1/lIs values were calculated from an
average of five data points spanning a 2 nm window: |1 was an average of data points between
~375.5 nm and ~377.5 nm, and I3 was an average of data points between ~386.5 nm and ~388.5
nm. Emission spectra were collected from Ty + 40 °C to Tq— 40 °C, or from 80 °C to 0 °C for
systems with Tgs lower than the ambient temperature, in 5 °C decrements. Before collecting a
spectrum, films were held for 5 min at each temperature to enable thermal equilibration. Once
spectra were collected, background noise was measured from the same film and was taken as the
average emission intensity values between 350 nm and 352 nm where no emission peak is present

and subtracted from the emission spectra.

8.3 Results and Discussion

The fluorescence-based, intensity ratio method for stiffness characterizations is based on
the sensitivity of pyrene to changes in local molecular caging. Stiffness is related to high-frequency,
short-time-scale molecular vibrations in materials; higher stiffness corresponds to a more caged
environment in which such vibrations are suppressed. Pyrene belongs to a class of fluorophores

known as vibronic coupling dyes which exhibit overlapping excited-state energy levels. Caged
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environments can mediate or separate the overlapping energy levels and cause changes in the
spectral shape of pyrene fluorescence emission, with enhancements in high-energy (low-
wavelength) emissions at the expenses of low-energy (high-wavelength) emissions. As such, in
stiffer environments, I1/13 of pyrene fluorescence emission spectrum increases as a result of greater
caging.

As illustrated in Scheme 8-2, a bilayer film geometry was employed for stiffness
characterizations. MPy-labeled P(S/nBA) substrate layers were placed adjacent to the substrate to
provide direct characterizations of the stiffness response near the substrate interface. The thickness
of the MPy-labeled underlayer is varied to determine the stiffness gradient length scales over
which the stiffness of a supported film is impacted by the presence of a substrate. A bulk, unlabeled
P(S/nBA) layer is placed atop the MPy-labeled substrate layer to block any potential perturbations
from the free surface interface.

Attractive hydrogen bonding interactions between P(S/nBA) films and glass substrates
were first tuned by varying the copolymer composition. The ester groups in nBA units act as
hydrogen bond acceptors and can hydrogen-bond to hydroxyl groups on the piranha-treated,
hydrophilic glass surface. With increasing nBA molar content, the hydrogen bonding interactions
are expected to be stronger due to a higher number of moieties that can participate the interactions.
We synthesized a series of P(S/nBA)s with nBA molar content ranging from 41 mol% to 95 mol%
and characterized the stiffness of the substrate-adjacent layer by fluorescence. Figure 8-1 shows
representative spectra of MPy-labeled P(S/nBA) substrate layers within bilayer films collected
with the 59/41 P(S/nBA) at 80 °C. Locations of the first and third vibronic peaks are indicated
with arrows, and spectra are normalized relative to I1. It can be seen clearly from Figure 8-1 that

l1/13 progressively increases with decreasing thickness of the MPy-labeled substrate layer,
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indicating greater molecular caging and hence higher stiffness in regions closer to the substrate

interface.
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Figure 8-1. Fluorescence emission spectra at 80 °C for MPy-labeled 59/41 P(S/nBA) layers placed
directly adjacent to the substrate within bilayer films. Locations of the first and third vibronic peaks
are indicated. Intensities are normalized relative to I;.

Figure 8-2 summarizes 11/13 values of MPy-labeled substrate layers within bilayer 95/5,
59/41, 33/67, and 5/95 P(S/nBA) films supported on hydrophilic glass substrates measured at
different temperatures. For 95/5 and 59/41 P(S/nBA)s, measurements were taken at temperatures
both above and below Tg; for 33/67 and 5/95 P(S/nBA)s, measurements were only taken at
temperatures above Tg given that the Tgs of 33/67 and 5/95 P(S/nBA)s are too low, and the
temperature controller coupled with the fluorimeter is incapable to reach temperatures below their
Tgs. Figure 8-2(a) shows the results associated with 95/5 P(S/nBA) films. At all tested temperatures,
11/13 of the MPy-labeled 95/5 P(S/nBA) substrate layers remains invariant (within experimental

error) with decreasing substrate-layer thickness down to 88 nm, which suggests an unchanged

molecular caging state and hence stiffness across a broad film thickness range. I1/13 starts to exhibit
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increasing values at 65 nm and below, indicating that the film stiffens when approaching the
substrate, and the perturbations from the substrate interface extend far enough to perturb the overall
stiffness response of a 65-nm-thick layer. The enhancement effects on stiffness from the substrate
interface can be attributed to two factors: first, as reported by Askar et al. (Askar & Torkelson,
2016) as well as the majority of other studies on stiffness/modulus-confinement effects, rigid
substrates have inherent stiffening effects on supported polymer films in the polymer—substrate
interfacial region as a result of greater caging near the substrates; second, the hydrogen bonding
interactions between the film and the substrate may also contribute to the stiffening effects, though
this is less likely to be the case for 95/5 P(S/nBA) since there is only 5 mol% nBA present.

Figures 8-2(b), 8-2(c), and 8-2(d) show l1/lIz values of P(S/nBA) films as nBA molar
content in the copolymers is gradually increased. Similar to the observations in Figure 8-2(a), at
all tested temperatures, l1/ls of the MPy-labeled substrate layer first remains invariant (within
experimental error) with decreasing substrate-layer thickness and then exhibits increasing values
starting at a particular thickness. The thickness below which 11/13 was observed to exceed the bulk
values for each copolymer species, which is considered as the perturbation length scale associated
with substrate effects on film stiffness, is summarized in Table 8-2. Overall, on hydrophilic glass,
the substrate effects perturb the average stiffness of a supported film over a greater length scale
with increasing nBA molar content. A higher nBA content corresponds to a stronger hydrogen
bonding interactions between the films and the hydrophilic substrates due to a higher number of
moieties that can participate the hydrogen bonding. Therefore, these results indicate that besides
substrate rigidity, stiffness of supported polymer films near the substrate is also impacted by
interfacial interactions. Attractive hydrogen bonding interactions restrict the molecular vibrations

immediately next to the substrate. With increasing nBA content, the stronger interfacial
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interactions restrict the vibrations to a greater extent; the restricted segments further impact the
vibrations within their neighbors and lead to an increased perturbation length scale over which the

stiffness of the film is impacted or modified.

a) 9555 P(S/BA) T** =85°C b) 5941 P(SmMBA) T, = 30 °C
135 ——T—T1— l — /T 1.70 /————1— i —T T 7/7’/"7 —T -
i Bulk Blank Layer| | 1.65 Bulk Blank Layer| |
1.30 -  Labeled Layerr [T [ _Labeled Layer | 4
> i Substrate | | o 1.60 B _ Substrate ]
125 A B 7 T155F & ]
= ; ~— L B q
2120 A i £ 150 AR 5
e I =0 ] b s 8 A x5
77777777 Rt EEEEEEED SR, [PV 145 [ a < .
2115L i A Jeoc o E 0600 5 -3
£ b i R &z Jasec
S T 5 j1sc g E Now o 0 o o
= e $”"Y’ ,,,,,,,,,,,,,,, z 1.35 F hv i E
pEr=mnamE ey vV TS ] o EnS s s s e L BT 1 85°C
JoE eV ol i v P B eiB e e v
L | 1 1 1 1 L | 1 fjf’ 1 1 | 1.25 PR I T I I N1 flll 1 L
0 20 40 60 80 600 640 0 20 40 60 80 100 480 520
Labeled layer thickness (hm) Labeled layer thickness (nm)

C)  3367P(SMBA)T™ =-13°C d) 5095P(SmMBA) T, = 43°C

T 1 T T llll' | P AR T T T i T T IIA/
1.70 f Bulk Blank Layeré-_ 1.70 f Bulk Blank Layer;-_
165 F Labeled Layer | | 1.65 F Labeled Layer
- L Substrate — L Substrate |
= 160 - e = 1.60 |- : .
Ry LA il oy L A . i
o 155 AL 5. . o 155~ ~ ]
& 1.50 —::ééé::—:——::::Z}:::g:::::::—ﬁ-—- 25°C @ 150f _:%:::::::::%::::::%::::::z;: 40°C
> E 1 > r 1
Suasf ,Q,Q,,,g ,,,,,,,,,,, dasec BMAELT o @ O 2 eoc
= :,—Yr ,,,,,,,,,,,,,,, :O, ,,,,,,,, [6E o :X ,,,,,,,,,,,,,,,,,,,,, @ ,,,,,, A
8140 ¥V S ] e o
= L Y ¥ - j = P §
Rl mrrr s . = 65 °C 180 W na B ke s sy - °
S N 37—_ Reos e G 7] 80°C
1 30 n 1 L 1 ’ll/ PR T NI B 1 30 L 1 L L i ’llll 1
0] 100 200 680720760800 0 100 200 520 560
Labeled layer thickness (nm) Labeled layer thickness (nm)

Figure 8-2. Fluorescence l1/Iz values as a function of MPy-labeled substrate-layer thickness within

bilayer films of (a) 95/5 P(S/nBA), (b) 59/41 P(S/nBA), (c) 33/67 P(S/nBA), and (d) 5/95 P(S/nBA)
films supported on hydrophilic glass substrates. Measurements were taken in both the rubbery and

the glassy state for 95/5 and 59/41 P(S/nBA)s and only in the rubbery state for 33/67 and 5/95

P(S/nBA)s. Error bars are associated with three measurements on three separate samples. Dashed

lines indicate the 11/13 values for the thickest films in each data set.
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Table 8-2. Summary of length scales over which substrate perturbations modify the stiffness
response of P(S/nBA)s extending from the polymer—substrate interface on hydrophilic and
hydrophobic glass substrates.

P(S/nBA) (mol%/mol%o) Perturbation length scale Perturbation length scale
on hydrophilic glass (hnm)  on hydrophobic glass (nm)
95/5 ~65 -
59/41 ~80 ~60
33/67 ~120 ~60
5/95 ~170 ~60

To confirm our findings, we performed substrate modifications to change the
hydrophilicity of the glass substrates. We treated the hydrophilic glass substates by silanization
using a toluene solution of dichlorodimethylsilane to replace the hydroxyl groups on the substrate
surface with methyl groups. After the surface modification, the water contact angle of the
substrates increases from ~15° to ~105° representing a significant decrease in surface
hydrophilicity. Figure 8-3 summarizes 11/13 values of MPy-labeled substrate layers within bilayer
59/41, 33/67, and 5/95 P(S/nBA) films supported on hydrophobic glass substrates measured at
different temperatures. Measurements were not performed on 95/5 P(S/nBA) films given that this
system contains only 5 mol% nBA, and substrate modification would likely not yield observable
changes to the fluorescence results. Similar to the characterizations associated with films supported
on hydrophilic glass, measurements for hydrophobic-glass-supported films were taken at
temperatures both above and below T4 for 95/5 and 59/41 P(S/nBA)s and only at temperatures
above Tg for 33/67 and 5/95 P(S/nBA)s.

Figure 8-3 shows that on hydrophobic glass, with decreasing labeled-layer thickness, 11/13
exceeds the bulk values and further increases at a particular thickness and below at all tested
temperatures, indicating that the stiffness of P(S/nBA) films is enhanced near the substrate

interface despite the absence of attractive interfacial interactions. A summary of the perturbation
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Figure 8-3. Fluorescence I1/l1z3 values as a function of MPy-labeled-layer thickness within bilayer
films of (a) 59/41 P(S/nBA), (b) 33/67 P(S/nBA), and (c) 5/95 P(S/nBA) films supported on
hydrophobic glass. Measurements were taken in both the rubbery and glassy state for 59/41
P(S/nBA) and only in the rubbery state for 33/67 and 5/95 P(S/nBA). Error bars are associated
with three measurements on three separate samples. Dashed lines indicate the 11/13 values for the
thickest films in each data set.

length scales associated with substrate effects on hydrophobic glass for each P(S/nBA) system is
shown in Table 8-2. For a particular P(S/nBA) species, the substrate-perturbation length scale

decreases after the hydroxyl groups on glass surface were removed. The reduction in perturbation
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length scale is more significant for P(S/nBA)s with higher nBA content: for 5/95 P(S/nBA), the
length scale decreases by ~110 nm, whereas for 59/41 P(S/nBA), the length scale only decreases
by ~20 nm. In addition, regardless of the copolymer composition, the substrate-perturbation length
scales for all three P(S/nBA) systems are within error the same on hydrophobic glass, which is ~60
nm. On hydrophobic glass, P(S/nBA) films are no longer able to undergo attractive hydrogen
bonding interactions with the substrate due to the absence of hydrogen bond donors. In this case,
the enhancement in stiffness mainly originates from the inherent stiffening effects of a rigid
substrate, which are comparable for all three P(S/nBA) systems studied, thus leading to a uniform
substrate-perturbation length scale.

The uniform, ~60-nm perturbation length scale associated with hydrophobic glass is very
close to the length scale for 95/5 P(S/nBA) films supported on hydrophilic glass (~66 nm); in the
latter case, although hydrogen bond donors exist on substrate surface, hydrogen bonding
interactions are weak due to the very low nBA molar content. We note that the substrate-
perturbation length scales for all P(S/nBA) films supported on hydrophobic glass are shorter
compared to that of PS films supported on hydrophilic glass reported by Askar and Torkelson
(Askar & Torkelson, 2016). In PS films, there are no functional groups that can form attractive
interactions with the hydrophilic substrate surface, so the substrate perturbations to stiffness should
solely originate from the inherent stiffening effect of a rigid substrate material. However, for
hydrophilic-glass-supported PS films, the substrate perturbations extend over at least 200 nm from
the substrate interface as reported by Askar and Torkelson (Askar & Torkelson, 2016), which is
substantially longer compared to the ~60-nm length scale associated with P(S/nBA) films
supported on hydrophobic glass. The substrate-perturbation length scale for PS films is even longer

than those associated with all four P(S/nBA) systems supported on hydrophilic glass characterized
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in this study, although the P(S/nBA) films contain various amount of nBA units that can form
attractive hydrogen bonding interactions with the hydrophilic substrate surface. A possible
explanation is that P(S/nBA) and PS are inherently different materials, so the perturbation length
scales for the two polymers cannot be directly compared. Chapter 7 discussed about the ability of
a very small amount of nBA units to significantly modify the residual stress relaxation behavior
of P(S/nBA) relative to PS films, so it is possible that the presence of nBA units in P(S/nBA) films
also significantly changed the short-time-scale molecular vibrations related to the stiffness of
materials relative to neat PS.

Based on the fluorescence characterization results of P(S/nBA) films supported on
hydrophilic and hydrophobic glass, we can conclude that the stiffness of supported P(S/nBA) films
can be substantially enhanced near the substrate interface by attractive hydrogen bonding
interactions. The length scale over which substrate perturbations modify the average stiffness of
supported P(S/nBA) films depends strongly on the number of moieties that can participate in the
hydrogen bonding. On hydrophilic glass where the total number of hydroxyl groups on the
substrate surface is maximized by treatment with Piranha solution, the length scale of substrate
perturbations to stiffness increases with increasing nBA molar content. This effect is due to the
ability of ester groups in nBA units to hydrogen-bond to the surface hydroxyl groups. On
hydrophobic glass where all hydroxyl groups on glass surface are replaced with methyl groups,
the length scale of substrate perturbations to stiffness becomes independent of nBA molar content,
and all P(S/nBA)s exhibit the same length scale because no hydrogen bonding interaction is

allowed to form in the interfacial region.
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8.4 Conclusions

We investigated the effect of attractive hydrogen bonding interactions on stiffness of
supported P(S/nBA) films in the polymer—substrate interfacial region. The hydrogen bonding
interactions between P(S/nBA) films and glass substrates were tuned by two methods. In the first
method, nBA molar content in P(S/nBA)s is gradually increased to yield stronger hydrogen
bonding interactions between the films and the hydrophilic substrate surface. In the second
method, hydroxyl groups on hydrophilic glass were removed by substrate modifications to yield
hydrophobic substrate surface that prevents the formation of hydrogen bonds. Fluorescence
characterizations show that both hydrophilic and hydrophobic glass substrates enhance the
stiffness of supported P(S/nBA) films in the interfacial region. On hydrophilic glass, the length
scale over which substrate perturbations propagate into the films and modify the average
stiffness response near the substrate increases from 66 to 180 nm when nBA molar content is
increased from 5 to 95 mol%. On hydrophobic glass, the length scale of substrate perturbations
to stiffness of P(S/nBA)s is independent of nBA content, with all P(S/nBA)s exhibit a same
length scale of ~60 nm. Thus, this study shows that in addition to substrate rigidity, attractive
interfacial interactions can also modify the stiffness of supported polymer films near the
substrate. Future comparisons of the findings from this study with adhesion test results on the
same model pressure-sensitive adhesives systems has the potential to help better understand

pressure-sensitive adhesives performance.
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CHAPTER 9
Interfacial Stiffness and Stiffness Gradient Length Scales Near Substrates in

Supported Poly(Styrene/2-Ethylhexyl acrylate) Films

9.1 Introduction

Modulus/stiffness-confinement effects in polymer films have been studied using a range
of techniques for a variety of polymer/substrate pairs (Askar & Torkelson, 2016; Briscoe et al.,
1998; Brune et al., 2016; Cheng et al., 2007; Delcambre et al., 2010; Evans et al., 2012; Forrest et
al., 1998; Gomopoulos et al., 2009, 2010; Inoue et al., 2005, 2006; Lee et al., 1996; Y. Liu et al.,
2015; Song et al., 2019; Stafford et al., 2004, 2006; Torres et al., 2012; Tweedie et al., 2007;
Watcharotone et al., 2011; Xia et al., 2016; Xia & Keten, 2015; Xia & Lan, 2019; S. Xu et al.,
2010; M. Zhang et al., 2017, 2018). Most investigations are performed on homopolymers, and
little research effort has focused on behaviors of random copolymers. Random or statistical
copolymers are important both scientifically and industrially because they combine chemical and
physical properties of two or more different monomers while not causing phase separation.
Chapter 8 investigated the perturbations originating at the substrate interface to stiffness of
supported poly(styrene/n-butyl acrylate) (P(S/nBA)) films, where P(S/nBA)s are model pressure-
sensitive adhesives given that styrene and n-butyl acrylate (nBA) are both common monomers
used in pressure-sensitive adhesive formulations. The stiffness characterization was achieved via
a self-referencing fluorescence technique which relies on a measurable intensity ratio 11/13 of a
pyrenyl dye covalently attached to polymer backbones that increases in caged and hence stiff
environments (Kalyanasundaram & Thomas, 1977). Details regarding principles of fluorescence

spectroscopy and its use to characterize stiffness are discussed in Chapter 6.
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In Chapter 8, attractive hydrogen bonding interactions between ester groups in P(S/nBA)

and hydroxyl groups on a glass substrate surface were found to lead to enhancement in stiffness
of P(S/nBA) films in the polymer—substrate interfacial region. With increasing nBA molar content
in the copolymer, the length scale associated with the enhancement in average stiffness near the
substrate interface increases because of the increasing number of moieties that can participate in
the formation of hydrogen bonds. A better understanding of interfacial stiffness in supported
copolymer adhesives is potentially helpful for better pressure-sensitive adhesive designs because
stiffness is related to glassy-state modulus and hence adhesion of pressure-sensitive adhesives.
Here, we use the same fluorescence-based characterization approach to investigate the interfacial
stiffness in another acrylic-based random copolymer, poly(styrene/2-ethylhexyl acrylate)
(P(S/EHA)). 2-ethylhexyl acrylate (EHA) is an acrylic monomer that is commonly employed in
pressure-sensitive adhesive formulations. 2-ethylhexyl acrylate has been found beneficial to
pressure-sensitive adhesive performance because of its ability to lead to copolymers with low Tgs
and hence good wetting with substrates. To understand the effect of a slight change in monomer
structure from nBA to EHA on interfacial stiffness and substrate effects in supported acrylic-based
random copolymer films, we synthesized a series of P(S/EHA)s with bulk Tgs similar to some of
the P(S/nBA)s studied in Chapter 8 and used fluorescence to characterize stiffness in the interfacial
region of films supported on hydrophilic and hydrophobic glass substrates. We discovered that
P(S/EHA)s exhibit dramatically different substrate effects and stiffness gradient length scale from

those of P(S/nBA)s with similar bulk Tgs.
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9.2 Experimental Methods
9.2.1 Materials

Styrene (Sigma-Aldrich, 99%) and 2-ethylhexyl acrylate (EHA, Sigma-Aldrich, 98%)
were deinhabited using tert-butylcatechol inhibitor remover (Sigma-Aldrich) and monomethyl
ether hydroquinone inhibitor remover (Sigma-Aldrich), respectively, and dried over calcium
hydride overnight. Pyrenylmethyl methacrylate (MPy) was synthesized by esterification of
methacryloyl chloride (Sigma-Aldrich) and 1-pyrenyl methanol (Sigma-Aldrich) following
synthesis procedures previously described by Ellison and Torkelson (Ellison & Torkelson, 2002).
Benzoyl peroxide (BPO) was purchased from Sigma-Aldrich. Toluene, methanol, tetrahydrofuran
(THF, HPLC grade), sulfuric acid, and hydrogen peroxide were purchased from Fisher Chemical.
9.2.2 Synthesis of P(S/EHA) random copolymers

Poly(styrene/2-ethylhexyl acrylate) random copolymers with various EHA molar content
were synthesized via bulk free radical polymerization at 60 °C using BPO (0.5 mg/mL monomer)
as initiator. To synthesize MPy-labeled P(S/EHA)s, MPy was copolymerized at trace levels with
the monomers. The as-synthesized random copolymers were washed for seven times by dissolving
in toluene and precipitating in methanol to remove residual initiators and monomers. The washed
polymers were dried at 80 °C in a vacuum oven for 3 days prior to use.
9.2.3 Characterization of as-synthesized P(S/EHA) random copolymers

The labeling efficiency (moles of pyrene-labeled repeat units relative to moles of total
repeat units) of MPy-labeled P(S/EHA)s was determined by UV—vis absorbance spectroscopy
(Perkin-Elmer Lambda 35) using 0.1 mg/mL THF solutions of the copolymers. The absorbance
spectrum was measured at wavelengths from 280 nm to 380 nm, and the label concentration was

determined from the absorbance of the peak at ~335 nm using Beer’s law, where A = £Ic; £'is
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37300 Mt.cm™ for pyrene, and | is 1 cm.

The bulk glass transition temperatures (Tq4S) were determined via differential scanning
calorimetry (DSC, Mettler Toledo DSC822¢). Each sample was first annealed at a temperature
that is ~40 °C above the expected T¢°“ for 15 min and cooled to ~40 °C below the expected T4
at a rate of 40 °C/min (for 27/73 P(S/EHA)), the expected T4 is far below 0 °C. To determine the

exact TqPuk

value, the sample was cooled to —70 °C, which is the lowest temperature that the DSC
cooler can reach). Tgonset Values were obtained from the second heating cycle at a heating rate of
10 °C/min.

Molecular weight and dispersity were determined by gel permeation chromatography
(GPC; Waters Breeze v3.20) coupled with a multiangle laser light-scattering detector (mini-Dawn,

Woyatt Technologies). Properties of as-synthesized, unlabeled and MPy-labeled P(S/EHA)s are

summarized in Table 9-1.

Table 9-1. Summary of properties for P(S/EHA)s used in this study.

P(S/IEHA) Mn (kg/mol) Dispersity? Tg, onset (°C) Labeling
(mol%/mol%) by DSC efficiency
(mol%)
Blank 94/6 400 1.39 85 -
Labeled 94/6 460 1.32 85 1.3
Blank 75/25 600 1.23 28 -
Labeled 75/25 630 1.25 28 1.3
Blank 27/73 710 1.27 —43 -
Labeled 27/73 590 1.37 —43 1.0

aDispersity is low because low-molecular-weight polymers have been removed during the seven-
times dissolution and precipitation purification step.


https://en.wikipedia.org/wiki/Molar_concentration#Units
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9.2.4 Substrate preparation
Hydrophilic glass substrates were prepared by submerging glass slides in piranha solution
(75 vol% sulfuric acid/25% hydrogen peroxide) at 90 °C for 1 h. Then, substrates were thoroughly
rinsed with deionized water and dried under rapid nitrogen flow. Water contact angles on
substrates were measured using a Kruss DSA100 drop shape analyzer. Static contact angles of
deionized water were measured at ambient temperature using the sessile drop method with a drop
volume of 3 pL. The measured water contact angle on hydrophilic glass is ~15°. Hydrophobic
glass substrates were prepared by surface modification of the hydrophilic glass with toluene
solution of dichlorodimethylsilane. Glass slides that were pre-cleaned with piranha solution were
submerged in a toluene solution of dichlorodimethylsilane (5 vol% dichlorodimethylsilane/95
vol% toluene) for 2 h. Then, the slides were rinsed with pure toluene, placed in methanol for 15
min, and dried under rapid nitrogen flow. After modification, the hydroxyl groups on hydrophilic
glass surface were replaced with methyl groups. The measured water contact angle on hydrophobic
glass substrates is ~105°. A schematic representation of the hydrophilic and hydrophobic glass

substrates is shown in Scheme 9-1.

CH;
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;Y

CH, CH, CH
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I

OH OH OH O 60 6o
Si Si Si Si Sisi  Sisi
Glass Glass

Scheme 9-1. Representative figures of hydrophilic glass substrates (left) and hydrophobic glass
substrates (right).
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9.2.5 Film preparation

Bilayer films were prepared as follows. Toluene solutions of neat and MPy-labeled
P(S/EHA)s (containing 0.5 wit% to 6.0 wt% polymers) were spin-coated onto sodium
chloride (NaCl) disks and glass substrates, respectively with spin speeds ranging from 1400 to
2100 rpm to yield NaCl-supported, single-layer, 600-nm-thick, unlabeled P(S/EHA) films and
glass-supported, single-layer, MPy-labeled P(S/EHA) films with various thickness. After spin
coating, single-layer films were annealed at elevated temperatures under vacuum to remove the
residual stress and solvent. Annealing temperatures and time were determined based on residual
stress relaxation characterization results obtained by fluorescence and were 130 °C for 8 h, 90 °C
for 9 h, 25 °C for 12 h for 94/6, 75/25, and 27/73 P(S/EHA), respectively. The procedures for
characterizing residual stress relaxation timescales using fluorescence were discussed in Chapter
7.

After annealing, NaCl-supported, bulk, unlabeled P(S/EHA) films were transferred at room
temperature to the top of glass-supported, MPy-labeled P(S/EHA) films by a water transfer
technique to yield bilayer films. The water transfer technique has been extensively used by
Torkelson and coworkers to prepare bilayer films and study the interfacial effects on polymer
properties (Askar & Torkelson, 2016; Ellison & Torkelson, 2003; Evans et al., 2012; Priestley et
al., 2005; Roth et al., 2007; Roth & Torkelson, 2007). Residual water in the bilayer films was
evaporated overnight under vacuum at the room temperature. For P(S/EHA)s with Tgs higher than
the room temperature, bilayer films were further annealed at Ty + 20 °C for 2 h to heal the two
layers together prior to fluorescence characterization. A schematic representation of the bilayer

films is shown in Scheme 9-2.
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Scheme 9-2. Representative figure of the bilayer film. A MPy-labeled layer is spin coated directly
onto the substrate. The MPy-labeled layer is covered with a bulk, 600-nm-thick, unlabeled layer
to block any potential perturbations from the free-surface interface.
9.2.6 Ellipsometry

The thickness of a spin-coated polymer film is proportional to the polymer solution
concentration and inversely proportional to the spin speed (Emslie et al., 1958; Mouhamad et al.,
2014). Different combinations of solution concentration and spin speed yield a wide range of
thickness. To determine the film thickness for a specific combination of solution concentration
and spin speed, polymers were first spin-coated onto silica wafers and characterized at room
temperature using spectroscopic ellipsometry (J. A. Woollam Co. M-2000D over a range of
wavelengths from 400 to 1000 nm). The ellipsometric angles of incident light reflected off silica-
supported films were measured and fitted to a Cauchy layer model to determine the thickness. The
Cauchy layer model included a P(S/EHA) layer atop a silicon substrate containing a 2-nm-thick
silicon oxide surface layer. Once the exact thickness of the silica-supported films was known,
polymer solutions were spin coated onto desired substrates from the same solutions with the same
spin speeds. With the same solution concentration and spin speed, the spin-coated films were

assumed to have the same thickness on any types of substrates.
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9.2.7 Fluorescence spectroscopy
Fluorescence spectroscopy was used to characterize the intensity ratio of the first vibronic
band peak to the third vibronic band peak (l1/Is) of MPy emission spectra, which reflects the
molecular caging state and hence stiffness of MPy-labeled films. Emission spectra were collected
(Photon Technology International fluorimeter in front-face geometry) at wavelengths from 374
nm to 392 nm (0.5 nm increment, 0.5 s integration), with excitation at 324 nm. Excitation and
emission slit widths were 0.5 mm (1 nm bandpass). Typical fluorescence emission spectra of MPy
covalently attached to P(S/EHA) backbones are shown in Figure 9-1. 11/l3 values were calculated
from an average of five data points spanning a 2 nm window: I; was an average of data points
between ~375.5 nm and ~377.5 nm, and I3 was an average of data points between ~386.5 nm and
~388.5 nm. Emission spectra were collected from Tg+ 40 °C to T¢g— 40 °C, or from 80 °C to 0 °C
for systems with Tgs lower than the ambient temperature, in 5 °C decrements. Before collecting a
spectrum, films were held for 5 min at each temperature to enable thermal equilibration. Once
spectra were collected, background noise was measured from the emission intensity between 350
nm and 352 nm of the same film where no emission peak is present as subtracted from the emission

spectra.

9.3 Results and Discussion

As illustrated in Scheme 9-2, a bilayer film geometry was employed for stiffness
characterizations. MPy-labeled P(S/EHA) substrate layers were placed adjacent to the substrate to
provide direct characterizations of the stiffness response near the substrate interface. The thickness
of the MPy-labeled underlayer is varied to determine the stiffness gradient length scales over

which the stiffness of a supported film is impacted by the presence of a substrate. A bulk, unlabeled
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P(S/EHA) layer is placed atop the MPy-labeled substrate layer to block any potential perturbations
from the free surface interface. Figure 9-1 shows representative spectra of MPy-labeled P(S/EHA)
substrate layers within bilayer films collected with the 75/25 P(S/EHA) at 70 °C. Locations of the
first and third vibronic peaks are indicated with arrows, and spectra are normalized relative to ;.
It can be seen clearly from Figure 9-1 that 11/I3 progressively increases with decreasing thickness
of the MPy-labeled substrate layer, indicating greater molecular caging and hence higher stiffness

in regions closer to the substrate interface.
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Figure 9-1. Fluorescence emission spectra at 70 °C for MPy-labeled 75/25 P(S/EHA) layers
placed directly adjacent to the substrate within bilayer films. Locations of the first and third
vibronic peaks are indicated. Intensities are normalized relative to ;.

To understand the effect of a slight change in monomer structure from nBA to EHA on
interfacial stiffness and stiffness gradient length scales of supported acrylic-based random
copolymer films, we synthesized three P(S/EHA)s with various S/EHA molar ratios, i.e., 94/6,

75/25, and 27/73 P(S/EHA)s, which exhibit bulk T4 values of 85 °C, 28 °C, and —43 °C,
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respectively. The copolymer compositions are carefully chosen such that the bulk Tgs are the same,
within experimental error, as those of 95/5, 59/41, and 5/95 P(S/nBA)s discussed in Chapter 8.

To characterize the stiffness of P(S/EHA) films near the substrate interface, a bilayer film
geometry is employed in which a MPy-labeled substrate layer that is responsive to UV light
excitation is directly spin-coated on glass substrates, and a 600-nm-thick, unlabeled layer is placed
atop the MPy-labeled layer to block any potential interferences from the free-surface interface.
Figure 9-2 shows I1/13 values as a function of MPy-labeled-layer thickness for 94/6, 75/25, and
27/73 P(S/EHA) films supported on hydrophilic glass. For 94/6 and 75/25 P(S/EHA)s,
measurements were taken at temperatures both above and below T4, for 27/73 P(S/EHA),
measurements were only taken at temperatures above Tgbecause the Ty of 27/73 P(S/EHA) is too
low, and the temperature controller coupled with the fluorimeter is incapable to reach temperatures

below its Ty.
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Figure 9-2. Fluorescence l1/Iz values as a function of MPy-labeled substrate-layer thickness within
bilayer films of a) 94/6 P(S/EHA), b) 75/25 P(S/EHA), and ¢) 27/73 P(S/EHA) films supported on
hydrophilic glass substrates. Error bars are associated with three measurements on three separate
samples. Dashed lines indicate the 11/13 values for the thickest films in each data set.

At all tested temperatures, P(S/EHA) with 6 mol% EHA exhibits an invariance in 11/13 and
hence stiffness down to a substrate-layer thickness of 130 nm and stiffening for thicknesses at or
below 115 nm; P(S/EHA) with 25 mol% EHA exhibits an invariance in stiffness down to a
substrate-layer thickness of 308 nm and stiffening for thicknesses at or below 220 nm; P(S/EHA)

with 73 mol% EHA exhibits an invariance in stiffness down to a thickness of 363 nm and stiffening

for thicknesses at or below 280 nm. The stiffness gradient length scales over which the hydrophilic
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substrate interface perturbs the stiffness responses of the three P(S/EHA)s are summarized in Table
9-2. The greater 11/13 values in regions closer to the substrate indicate an enhancement in stiffness
originating from the substrate interface. As shown in Table 9-2, the length scale associated with
substrate perturbations increases with increasing EHA molar content. Similar trends were observed
for P(S/nBA) films supported on hydrophilic glass in which the length scale of substrate
perturbations to stiffness also increases with increasing nBA molar content (see Chapter 8).
However, for P(S/EHA)s and P(S/nBA)s with similar bulk Tgs, the stiffness gradient length scales
for P(S/EHA)s are significantly longer compared to those of P(S/nBA)s. For example, the length
scale is ~115 nm for 94/6 P(S/EHA) and only ~65 nm for 95/5 P(S/nBA); the length scale is ~280
nm for 27/73 P(S/EHA) and only ~170 nm for 5/95 P(S/nBA). One hypothesis that could explain
the substantially stronger substrate perturbations to stiffness in P(S/EHA) films is that the
molecular structure of EHA allows the polymer chain segments to more effectively hydrogen-bond
to the hydroxyl groups on hydrophilic glass surface.

We note that the substrate-perturbation length scale for 94/6 P(S/EHA) films supported on
hydrophilic glass is shorter compared to that of polystyrene (PS) films supported on hydrophilic
glass reported by Askar and Torkelson (Askar & Torkelson, 2016), although the 94/6 P(S/EHA)
system contains only 6 mol% EHA units that can form attractive hydrogen bonding interactions
with the hydrophilic glass substrate surface. For PS films, the substrate perturbations extend over
at least 200 nm from the substrate interface as reported by Askar and Torkelson (Askar &
Torkelson, 2016), which is substantially longer compared to the ~115-nm perturbation length scale
associated with 94/6 P(S/EHA) films. A possible explanation, which is similar to that provided in
Chapter 8 for the shorter perturbation length scales associated with P(S/nBA) films compared to

that of neat PS films, is that P(S/EHA) and PS are inherently different materials, so the perturbation



183
length scales for the two polymers might not be able to be compared directly. It is possible that the
presence of EHA units significantly changed the short-time-scale molecular vibrations related to

the stiffness of materials relative to neat PS.

Table 9-2. Summary of length scales over which substrate perturbations modify the stiffness
response of P(S/EHA) and P(S/nBA)s extending from the polymer—substrate interface on
hydrophilic and hydrophobic glass substrates. Results for P(S/nBA) are re-tabulated from
Chapter 8.

P(S/EHA) Tg, onset (°C) Perturbation Perturbation
(mol%/mol%o) by DSC length scale length scale
on hydrophilic glass  on hydrophobic glass
(nm) (nm)
94/6 85 ~115 ~115
75/25 28 ~220 ~220
27173 —43 ~280 -
P(S/nBA) Tg, onset (°C) Perturbation Perturbation
(mol%/mol%) by DSC length scale length scale
on hydrophilic glass  on hydrophobic glass
(nm) (nm)
95/5 85 ~65 -
59/41 30 ~80 ~60
33/67 -13 ~120 ~60
5/95 —43 ~170 ~60

Following the characterizations of P(S/EHA) films supported on hydrophilic glass, we
treated the hydrophilic glass substates with dichlorodimethylsilane to replace the hydroxyl groups
on substrate surface with methyl groups. After modification, the substrate water contact angle
increases from ~15° to ~105°, representing a significant decrease in the number of surface
hydroxyl groups. Figure 9-3 summarizes I1/13 values of MPy-labeled substrate layers within bilayer
94/6 and 75/25 P(S/EHA) films supported on hydrophobic glass measured at different

temperatures. For both systems, Ii/l13 values still exhibit an increasing trend with decreasing
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substrate-layer thickness at a specific thickness and below, indicating that stiffness of 94/6 and

75/25 P(S/EHA) films is enhanced near the hydrophobic substrate interface.
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Figure 9-3. Fluorescence l1/I3 values as a function of MPy-labeled substrate-layer thickness within
bilayer films of a) 94/6 and b) 75/25 P(S/EHA) films supported on hydrophobic glass substrates.
Error bars are associated with three measurements on three separate samples. Dashed lines indicate
the 11/13 values for the thickest films in each data set.

Surprisingly, comparing the perturbation length scales on hydrophilic and hydrophobic
glass substrates, we discovered that the perturbation length scales for both 94/6 and 75/25
P(S/EHA) systems are independent of substrate hydrophilicity, i.e., the length scales remain
constant upon removal of the interfacial hydrogen bonding interactions (see Table 9-2). For
supported P(S/nBA) films characterized in Chapter 8, significant reductions in stiffness gradient
length scales were observed when hydroxyl groups on glass surface were removed, suggesting that
hydrogen bonding interactions are one of the major contributors of stiffening of P(S/nBA) films
in the interfacial region. However, in P(S/EHA)s, the stiffness gradient length scale appears to be

unaffected by hydrogen bonding interactions. Nevertheless, in P(S/EHA)s, the stiffness gradient

length scales on hydrophilic glass substrates still show dependence on EHA content, indicating
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that the underlying cause for substrate perturbations to stiffness is still related to some interactions
associated with the EHA units. One possible explanation is that since EHA has a more flexible
structure than nBA, EHA units can potentially give rise to more enhanced high-frequency
vibrations or mobility, i.e., the P(S/EHA) films might have lower inherent stiffness than P(S/nBA)
films. Thus, a rigid glass substrate would have a greater restriction effect on the vibrations of
P(S/EHA) films and lead to greater stiffness gradient length scales compared with P(S/nBA) films.
Another possible explanation is that EHA units in P(S/EHA) films may result in strong attractive
van der Waals forces being generated between the films and the substrate surface. Because van
der Waals interactions are only weakly dependent on the hydrophilicity/hydrophobicity nature of
the interacting surfaces (Autumn et al., 2002), this effect may explain the constant stiffness

gradient length scales in P(S/EHA) films upon hydrophobic modification of the substrate surface.

9.4 Conclusions

We investigated the interfacial stiffness and stiffness gradient length scales of P(S/EHA)
random copolymer films near the substrate interface using a fluorescence approach, which
qualitatively measures the average stiffness across a MPy-labeled substrate layer via the sensitivity
of a measurable intensity ratio of pyrene, I1/l3, to molecular caging. Comparisons were made with
the study on supported P(S/nBA) films described in Chapter 8 to understand the role of different
acrylic monomers on the substrate perturbations to stiffness of acrylic-based random copolymer
films. The stiffness of P(S/EHA) films is substantially enhanced relative to bulk behavior near
both hydrophilic and hydrophobic glass substrates. The stiffness gradient length scale over which

the average stiffness of P(S/EHA) films is modified by the presence of a substrate interface
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increases with increasing EHA molar content, and the length scale is independent of the
hydrophilic/hydrophobic nature of the substrate.

On hydrophilic glass, the stiffness gradient length scales are ~115 nm, ~220 nm, and ~280
nm in 94/6, 75/25, and 27/73 P(S/EHA) films, respectively. These values are ~80-180% greater
than those associated with P(S/nBA)s with similar bulk Tgs characterized in Chapter 8. Upon
removal of hydroxyl groups on the substrate surface, the stiffness gradient length scales in
P(S/EHA) films remain unchanged but increase with increasing EHA molar content, whereas in
P(S/nBA) films, the stiffness gradient length scale decreases substantially after the substrate is
hydrophobically modified and exhibits a uniform, ~60-nm value for all compositions. These
results indicate that in sharp contrast to supported P(S/nBA) films in which the stiffness gradient
length scales near the substrate surface depend significantly on attractive hydrogen bonding
interactions, the stiffness of P(S/EHA) films exhibits little or no effect to such perturbations. The
current hypothesis is that for P(S/EHA) systems the effect of attractive interfacial interactions on
stiffness is negligible compared to the strong inherent stiffening effect of a rigid glass substrate or
to the strong attractive van der Waals forces generated between the P(S/EHA) films and the

substrate surface by EHA units.
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CHAPTER 10

Conclusions and Recommendations for Future Work

This dissertation describes the development of simple, efficient approaches that enhance
the reprocessability, sustainability, and material properties of polyurethane (PU) and PU-like
network materials. Additionally, this dissertation focuses on understanding the stress relaxation
and stiffness of supported acrylic random copolymer films. The key findings of each chapter as
well as recommendations for future research are summarized and offered below.

Section |

In Chapter 3, we investigated factors that affect the reprocessability of conventional PU
networks and developed two simple methods to enhance the property recovery of PU networks
after reprocessing. We showed that the reprocessability and thermal stability of dynamic PU
networks can be enhanced by incorporating excess free hydroxyl groups and/or increasing the
cross-linker functionality from three to four. Using these two strategies, we demonstrated via a
model PU network that the inherent dynamic nature of urethane linkages can lead to full recovery
of cross-link density and tensile properties after multiple reprocessing steps. Although excess
hydroxyl groups are beneficial for property recovery after reprocessing, the unbalanced
stoichiometry can lead to reductions in tensile properties such as Young’s modulus and tensile
strength of the as-synthesized materials. Future studies should further increase the functionality of
the cross-linker from four to five to determine whether full property recovery after reprocessing
could be achieved with a lower level of excess free hydroxyl groups. In this work, we also showed
via a proof-of-principle demonstration that the dynamic nature of urethane linkages can potentially

be used to depolymerize the PU networks and achieve monomer recovery. Future studies should
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optimize the depolymerization conditions by exploring different catalysts, quantifying the
monomer yields, and correlating the depolymerization efficiency with monomer structures. Future
studies should also separate and purify the depolymerized products to obtain pure monomers that
can be repolymerized back into the same PU networks such that a closed-loop recycling can be
achieved.

Chapter 4 describes the syntheses of PHU networks from bio-based precursors. Two bio-
based cyclic carbonate cross-linkers, carbonated soybean oil (CSBO) and sorbitol ether carbonate
(SEC), were studied. Both cross-linkers were obtained by sequestering CO; into their epoxy
precursors. CSBO leads to PHU networks with excellent reprocessability. Within experimental
error, CSBO-based PHU networks can undergo three reprocessing cycles with full recovery of
cross-link density and tensile properties. The reprocessing was achieved via three concurrent
dynamic chemistries: reversible cyclic carbonate aminolysis, transesterification between the
urethane linkages and the pendent hydroxyl groups, and transesterification between the ester
groups in CSBO and the pendent hydroxyl groups. In contrast, SEC-based PHU networks exhibit
poor reprocessability even with high reprocessing temperatures and catalyst loading. Although the
hydroxyurethane linkages in SEC-based PHU networks can undergo dynamic reactions during
reprocessing, the presence of multiple cyclic carbonate groups on adjacent carbon atoms in the
SEC backbone leads to steric effects and reduced mobility of the networks, which makes it difficult
for the network chains to undergo topological rearrangements that are necessary to achieve
reprocessing. This chapter highlights the effectiveness of CSBO as a green, renewable precursor
for reprocessable PHU networks and demonstrates the importance of monomer choice for the
design of reprocessability networks. Future studies should explore more bio-based materials with

various molecular structures such that different material properties can be achieved. In addition,
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monomer choice in this chapter was mainly based on commercial availability; in the future, it
would be worthwhile to take advantage of simulation tools that can help to find available bio-based
monomers or to identify chemicals that can be transferred via simple synthesis steps into required
monomers such that more choices of bio-based monomers are available.

Chapter 5 describes the syntheses of dynamic PHU network composites using cyclic-
carbonate-terminated POSS as reinforcing fillers. POSS was reacted into the network matrix
serving as both nanofillers and a fraction of cross-linkers. The incorporation of POSS substantially
enhanced the mechanical properties and thermal stability of the networks relative to the neat PHUs
synthesized without nanofillers. Because of the inherent dynamic nature of hydroxyurethane
linkages, PHU—POSS network composites can be melt-reprocessed at elevated temperatures. With
up to 10 wt% POSS loading, PHU-POSS network composites can undergo multiple reprocessing
cycles with 100% recovery of cross-link density. Such excellent property recovery after
reprocessing has not been achieved before with PHU network composites reinforced with
conventional silica nanoparticles. We also show in this study that hydroxyurethane dynamic
chemistry leads to excellent creep resistance at elevated temperatures up to 90 °C. Many
opportunities are worth investigating further. For example, the maximum POSS loading in this
study is 10 wt% of the total weight of the network; future studies could further increase the POSS
loading to see how reprocessability and other properties of the composites are impacted by an
elevated filler loading. In addition, it is possible that a higher POSS loading would lead to nano-
or microscale phase separation. Future studies should examine the morphology change of the
PHU-POSS composites with increasing POSS loading and investigate whether the phase

separation have an impact on the property recovery of the composites after reprocessing. Finally,
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other types of nanofillers should also be explored for the development of dynamic PHU network
composites such that a variety of material properties could be achieved for different applications.
Section 11

Chapter 7 is concerned with the residual stress relaxation behavior of spin-coated P(S/nBA)
films with low nBA molar content. This chapter could be considered as a preliminary study for
Chapter 8 which focuses on the substrate effects on stiffness of P(S/nBA) films. Because stiffness
and residual stress are both related to molecular caging and both can impact the 11/I3 values of the
pyrene fluorescence emission spectrum, residual stress needs to be completely removed from the
films before stiffness characterizations such that the measured 11/13 values depend only on stiffness.
In Chapter 7, the residual stress relaxation process in P(S/nBA) films were characterized by
ellipsometry and fluorescence. Both techniques show that residual stress relaxation occurs over a
period of hours in the rubbery state of the films. By comparing the residual stress relaxation
timescales of neat PS films and P(S/nBA) films with very low nBA molar content (< 5 mol%) at
the same absolute temperature or the same relative temperature above the bulk Ty, we discovered
that the presence of a very small amount of nBA can vastly change the relaxation behaviors from
neat PS films. With 2 or 5 mol% nBA, the residual stress relaxation process of bulk P(S/nBA)
films occurs over significantly extended periods of time than that of neat PS films. Future studies
should investigate the residual stress relaxation behavior of P(S/nBA) films more comprehensively.
For example, for a particular P(S/nBA) composition, residual stress relaxation timescale should be
characterized as a function of annealing temperatures over a greater range to see whether the
timescale follows an Arrhenius temperature dependence and to determine the associated activation

energy.
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Chapter 8 discusses about the substrate effects on stiffness of supported P(S/nBA) films.
We discovered that the interfacial stiffness of glass-supported P(S/nBA) films is enhanced by
attractive hydrogen bonding interactions. When the nBA molar content in P(S/nBA)s is gradually
increased from 5 mol% to 95 mol% to yield stronger hydrogen bonding interactions between the
films and the hydrophilic substrate surface, the length scale over which substrate perturbations
modify the average stiffness of the film near the substrate interface increases from 60-70 nm to
180 nm. When the hydroxyl groups on a hydrophilic glass surface are substituted by methyl groups
to yield a hydrophobic substrate surface that prevents the formation of interfacial hydrogen bonds,
the stiffness of P(S/nBA) films is still enhanced near the substrate interface, but the length scale
of substrate perturbations becomes independent of nBA content, with all P(S/nBA) films exhibit
the same length scale of ~60 nm. This study shows that attractive interfacial interactions are one
of the major contributors to substrate perturbations on stiffness of supported P(S/nBA)s films.
Because P(S/nBA) is a model pressure-sensitive adhesive system, future studies should add
tackifiers or additives that are commonly employed in pressure-sensitive adhesive formulations
into P(S/nBA)s to investigate the impact of these compounds on the substrate effects and stiffness
gradient length scales in supported P(S/nBA)s. In addition, Chapter 8 only focuses on the substrate
effects on stiffness; future studies should also investigate the interfacial stiffness and stiffness
gradient length scales in supported P(S/nBA) films near the free-surface interface. Stiffness of
single-layer films should also be characterized to understand whether single-layer films are subject
to combined perturbations from both the substrate interface and the free-surface interface. More
substrate species including stainless steel and high-density polyethylene could also be tested.
Finally, Chapter 9 investigates the substrate effects on stiffness of supported P(S/EHA)

films containing 6 to 73 mol% EHA, and the results were compared with those from Chapter 8 to
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understand the role of different acrylic monomers in affecting the substrate perturbations on
stiffness of acrylic-based random copolymer films. We discovered that the stiffness of P(S/EHA)
films is enhanced near both hydrophilic and hydrophobic substrate interfaces and that the stiffness
gradient length scale over which the average film stiffness is modified by the presence of a
substrate interface increases with increasing EHA molar content. On hydrophilic glass and for
P(S/EHA)s and P(S/nBA)s with similar bulk Tgs, the stiffness gradient length scales associated
with P(S/EHA) films are substantially longer than those of P(S/nBA) films. The stiffness gradient
length scales in supported P(S/EHA)s are unaffected by hydrophobic modification of the substrate
surface, indicating that attractive hydrogen bonding interactions are not a major cause of the
stiffness deviation of P(S/EHA) films near a substrate. Many further opportunities are worth
investigating. For example, future studies could increase the EHA molar content to above 90 mol%
and examine whether hydrogen bonding interactions have a greater impact on stiffness and
stiffness gradient length scales in P(S/EHA) films when more moieties that can participate in
hydrogen bonding formation are present. Finally, it would also be worthwhile to explore
copolymers derived from other acrylic monomers to determine how the stiffness behaviors further

change relative to P(S/nBA) and P(S/EHA) films.
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