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ABSTRACT

ELASTIC FREESTANDING RTIL COMPOSITE MEMBRANES FOR C@IN2

SEPARATION BASED ON SPHEREORMING TRIBLOCK/DIBLOCK COPOLYMER

BLENDS

The main focus of this dissertation was the development of a robust polymerhrane
material for separating G@rom agasmixture of CO, and N. Flu gas, which is mainly a
mixture CQ and N is the single largest form of anthropogenic ;C@missions to the
atmosphere. Capturing G&om flu gas is considered as a measure of controlling anthropogenic
CO, emissions. Exting CO, captumg technologies for flu gas suffer from low efficiency and
the low cost effectiveness. Adoption of membrane technology is comparatively theutest r
towards the economical separatio@hallenges faced by existing @@eparatiormembrane
materials are hte lack of high mechanical robustness and the processability required for
fabrication of membrane units while maximizing their gas separation pexpve were able to
form a novel membrane material that addresses each of these challenges. These novel
membranes are based on highly swollen,-s&hding films produced using sphéoeming PS
PEO diblock and PREOPS triblock copolymer blends. The intricate connectivity among
spherical domains produced during nstlite assembly (prior to swelling), prdes a
framework that remains elastically tough even in the presence of large igsanititethy}3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM7TN) - a room temperature ionic

liquid (RTIL) that has high selectivity for GOver N.



Further investigations on improving the robustness of these membranes and the gas
separation properties were carried out based on two scenarios. Firstapotemiproving the
thermal stability of these membranes by replacing the thermoplastic polgstyitera thermose
moiety such as a chemically ssdinked polyisoprene (Pl) wasesearched. Crosmking
chemistry utilized required a pegblymerization modification of Pl and it was found that this
oxidation modification of olefins on Pl caused the decoupling of triblock copolymer inghé bl
and also substantially hindered mstiate self assembly. The membranes formed with this
modification turned out to have inferior mechanical propertiesmpared tothe polystyrene
based ones, most likely due to the above mentioned complications. Due to the timensstric
this study was limited to just the identification of the existing challengethe proposed
strategy. Recommendations for addressing the challenges identified areesksotgdater in
the dissemtion.

The second scenario for improving the performance of these membranes was to increase
their productivity by improving both the G@ermeability and maximizing the trangembrane
pressure differentials possible during operation. To accomplish this we focusebeon t
development of an alternative matrix material (alternative for PEO) edrigtie ionic groups.
The goal was to increase matrix solubility in the RTIL (improved, @€rmeability) while
simultaneously strengthening matRJ IL interactions for reduced leaching under higher
pressure differentials. Synthetic routes to achieve this task involved a seqpelytiadrization
of isoprene and ethoxy ethyl glycidyl ether (EEGE) monomers. Polymerization d& EEgeld
high molecular weight linear blocks proved to be extremely challenging due to théraivldes
chain transfer reaction tendency of EEGE monomer. A great deal of research affapent

characterizing various anionic reaction conditions and developing measures asmggressing



chan transfer. While ultimately unsuccessful, the results of these studies provideangni
insight into the challenges of forming high molecular weight linear polyglycidols and will
hopefully provide inspiration for the development of future syntheticalbcessful strategies. A
series of proof of concept experiments for transforming alcohol functionalitigssopdlymer
system to imidazolium was also completed successfully.

The dissertation concludes with a final project completed outside the maativabijof
the dissertation a morphological characterization of a series of thermoplastic elastovibrs

unique molecular architectures. This work is reported separately in the appendix



TABLE OF CONTENT

AB S T R A T .ttt et e et e e e et e e e bbbttt e et e e e e e e aaaa e e e e e e e e e e e na— bttt rarreaaaaaaas [P
(O N e I OO PPPPPRPP 1
PERSPECTIVE OF THE DISSERTATION.....cciiiiiiiiiiiiiiiiieeeee e 1
(O N e I PP PPPPPRPPP 4
INTRODUCTION TO THE THESIS.....coiiiiie ettt a e e e e e e e e 4

2.1 MOTIVATION L.ttt ettt ettt et e e e e e e e e e e e e e e e s s bbbt bbb b e e e eeeees 4
2.2 BACKGROUND.... ..ottt ettt e e e e e e e e e e e e e e e e st ettt e e eaaaaaaeaaeeeeeeaaaaannnnnsrrnnees 9
2.2.1 The basiC MemMDrane SITUCIUIE .........oooiiiiiiieiee e 9
2.2.2 The origins of the spherical morphology in block copolymers. ............ccccceiiiiinins 11
2.3 FUNDAMENTALS OF GAS SERRATION MEMBRANES..........cccooiiiiiiiiiiiiiiieenn, 12
REFERENGCES......cooiiiiiiiiiii oottt et e e e e e e e e e e e e e s e e s e s s bbb bttt e st e et e eeeaeeaaaaeeaaaeaasnaanns 15
(O N It e PP PPPPPPPR 18
ELASTIC FREESTANDING RTIL COMPOSITE MEMBRANES FOR C4N,
SEPARATION BASED ON SPHEREEORMING TRIBLOCK/DIBLOCK COPOLYMER
2 I N 5 PP PURPPUPPR 18
3. L INTRODUCTION. ..ccttiiitiieee ettt e e e e e e e e e e e e e s sttt b e et e et e e e e eaaeeeeas 18
3.2 EXPERIMENTAL ..ottt ettt e e e e e e e e e e e e e s s e e s st ee s e e e e eeeeeeaeaaeaaaaaaaaannns 23
I I V= (T = 1 PP PP PPPPPPP 23
3.2.2 Membrane fabrication and characterization............cccceeeviiiiiiiiiiiiiiicc e 24
3.2.2. 1 FADIICALION ...ttt e e e e e e e e e e e e e e e e e 24
3.2.2.2 CharacteriZatiON ...........cceiiiiiiiieiiiiiiee e e e e ettt a s e e e e e e e e e e e eeeeeesneennnnn 25
3.2.3 Single-gas permeation testing on Membranes.............ooovvvvviiiiiiiiiiieeeee e 25
3.2.4 MeChanIiCal tESHING ... .uuuiiiiei i et e e e e e e e e e 27
3.2.4.1 Uniaxial tensile strength teStiNg.........ccccuiiiiiiiiiiiie e 27
3.2.4.2 Unconfined compresSion tE€SHING .......cciiiiiee i 28
3.3 RESULTS AND DISCUSSION.....ccttttiiiiiiiieeeeee et eeesseiiirrer e eeeeeeaaaaeaaeaaaaaeasenannnnes 28
3.3.1 Material synthesis and membrane fabricatian................cccceeeiiiiiiiiiiiiiiiiiinn, 28
3.3.2 Gas Separation PerfOrMAaNCE.........coiiiiiiiiiiii ettt 32
3.3.2.1 CQ/N, Permeation and Separation Performance............cccccccvvvvvviceinennn. 32
3.3.3 Mechanical PerformanCe ..........cooioiiiiiiiiiiciee e e e e e e e e e e eeeeenees 35
3.3.4 Additional Operational Considerations..............cccovviiiiiiiiiiiiiiiiie e, 40
3.3.4.1 Effect of Transmembrane Pressure og/ll{beparation Performance..... 40
3.3.4.2 Performance LONQEVILY ...........uuuuuiiiiiiiiii e e e ee et s e e e e e e e e e e e e aeeeeaneananes 42
G o o (1] o R 44
3.5 AULhOT INFOIMELION ...ttt e e e e e e e e e e e e s bbb aae e 45
REFERENGCES . .....cooiiiiiiii ettt e e e e e e e e e e e e e e e e e e e e s e s aaa e et aa s e e e e eeeeeeaaaaeeaaeaaeaeaaaaas 46
(O N I PSPPI 51
FEASIBILITY STUDY OF PHOTO CROSSINKED POLYISOPRENE AS A
REPLACEMENT FOR POLYSTYRENE IN SO/SOS MEMBRANES............ccccccvvvinnee. 51



4.1 INTRODUGCTION. ... ettt e e e e e e e e e e e e eeennnnnenes 51

4.2 EXPERIMETAL ..ottt ettt e e e e e e e e e e e ettt e e e e e e e e e e eeeas 53
4.2.1 Materials and MEtNOUS. ... ... e e e e e e eees 53
4.2.2 Physical and Analytical MeasUremMENLS ...........uceiiiiiiiieeeeeeeeeeeeeeeirs e e e e e e e 54
4.2.3 Dynamic Mechanical SPECLrOSCOPY .......ccevvveiiiriuiiiiiiieee e e 55
4.2.4 Small Angle XRay Scattering (SAXS)....cco i e e e 55
4.2.50 -hydroxypolyiSoprene (PIOH)...... ... e 56
4.2.6m-hydroxy-polyisoprene-b-poly(ethylene oxide)PEO)............ccevvvvvevevvvnnninnnnn. 56
4.2.7w-hydroxy-polyisoprene-b-poly(ethylene oxide)hydroxy- polyisoprene (PREG
e TP PP PP PPPPPPP 57
4.2.8 Standard procedure for epoxidized polyisoprene-b-poly(ethylene oxide)-

0101 1YY o] =] 1RSSR 57
4.2.9 General procedure for preparing samples for photocuring ...........cccoceeeeeeiiiiieiiiiinnns 58

4.3 RESULTS AND DISCUSSION......cuuttiiiiiiiiiiiiiiitieeaee e ee e e s sssssisasseesereereeeaaaaaaaeaee s 58
4.3.1 Block copolymer blend synthesis and characterization ..............ccccceeeeveieviiiiiiieeeeees 58
4.3.2 Epoxidation of block copolymer blends and characterization...............ccccoeeeeeeee. 65
4.3.3 Photo cross-linking and swelling studies on each block copolymer blend.............. 71

T T T I [ ] 24 ST P PP PPPPPPP 71
T T = [ ] P PPUPUPUPRRRR 76
B.3.3 3 TOI22 ettt e e e as 80
T T T @ ] 7 1 OO PPPPPPPP 84
4.4 CONCLUSIONS . ...ttt e e e bbb e et r e e e e e e e e e e e e e e e e e e s s s annanes 87
REFERENGCES......cooiiiiiiiiiii oottt et e e e e e e e e e e e e e e e e s s s s ab e bbbt te et e e et eeeaeaaaeeeeaaaesaanaanns 90
CHAPTER 5.ttt ettt e e e e e e e e e e e e e e s s s e e bbb bbbt b et e s e et e e e eeaaaeeeeas 92
INVESTIGATION OF ALTERNATIVE MATERIALS FOR.......cutiiiiiiiiiiiiiiiiiieeeeeeee e 92
CO,/N2 SEPARATION MEMBRANES...... ..ottt 92

5.1 INTRODUGCTION. ...cittiiiiieeiee ettt et e e e e e e e e e e e e e s s s s s s bbb bbb et e re et e aaaaeaeeeeas 92

5.2 BCP SYSTEM % P(NBe}P(NBGMIM)/ P(NBe)-P(NBGMIM) -P(NBe)................. 96
5.2.1 EXperimental ProCEAUIES .........coooviiiiiiiieii e e e e e ee ettt s s e e e e e e e e e e e e e eeanesananes 99

5.2.1.1 Materials and General ProCeAUIES ..........ccoviiiiiiiiiieiiiicieee e e e e e e 99

5.2.1.2 Synthesis of (1R, 4R)-oxiran-2-ylmethyl bicyclo[2,2,1]hept-5-ene-2-

carboxylate (MONOMEL) ... 99

5.2.1.3 Polymerization of (1R, 4R)-oxiran-2-ylmethyl bicyclo[2,2,1]hept-5-ene-2-

carboxylate (MONOMEL) ..o 100

5.2.1.4 Molecular characterization of synthesized products...........ccccceeeeeiiiieeeeinnnnn.. 100
5.2.2 Material Characterization adtbCUSSION ..........ccoeviiiiiiiiiiiiiiiiiae e e e e e e e eeeeeeeeeeinenes 101
5.2.3. Summary of progress on the investigation of BCP system 1...........cccccceceeeieennnnn. 105

5.3 BCP SYSTEM 2 (ePI}P(EOemim) / (ePHP(EOemim) (ePI).......ccccuvvvrrrrrereeennnnn. 105

5.3.1 EXperimental SECHON. ......ccooiiiiieeece e e e e e e e e e e e e 111
5.3.1.1 Materials and MethOUS. .........uiiiiiiiiiee e 111
5.3.1.2 Physical and Analytical Measurements ............ccccceeeeiiiiieeeeeeeeeeeeeeeee 112
5.3.1.3 EEGE monomer synthesis and purification ..............ccccccviiiiiiiiiiiieeiieeeeeeeeeen 113
5.3.1.4 Standard anionic polymerization pahao® for EEGE with PIOH as maero
1= 1o ) 113
5.3.1.5 De-protection of poly(EEGE) to yield Polyglycidol (PG).......ccccceevveeeeeennnn.e. 114

\Y



5.3.1.6 De-protection of poly(EEGE) on PPYEO statEEGE) to yield Pb-P(EG

5] = 11 € ) PP URPRPRRR 114
5.3.1.7. Summary gdolymerizations attempted to yield the high molecular weight
linear polyglycidols bIOCK COPOIYMENS .......uuiiieiiii e e e 116
5.3.1.8 Modification of terminal hydroxyl group on PIOH lwitnidazolium.......... 119
5.3.1.8.1 MeSYIation Of PIOH ... ciereeeseeseeeseesesssssssessssessssesssessssssssssssssssassssssssssssssssssssssssssessssssssessssssssassasesss 119
5.3.1.8.2 Imidazole modifications of MeSYlated Pll.......oeeenneeesneesseessseeessseessessssssesssssesssesssssesesas 119
5.3.2 RESUIS @Nd DISCUSSION .....uuuuiiiiiieeeeeiiiiieeiiiiiitiiiiss s e e e e e e e e e e e eeeeeeetaansnn e e e e e eeeaeeeeees 120
5.3.2.1 Investigation of synthetic strategies for integrating pendant hydroxyl
functionality to SOS and 101 polymer SYStEMS. .......coooiiiiiiiiiiiiiiiieeee e 120
5.3.2.2 Deprotection of the PEEGE to yield PG........cccooiiiiiiiiiiiiieeeee e 147
5.3.2.3 Functionalization of PIOH with imidazolium..............ccceeeiiiiiiiiiiieeiiiieeeeeeiies 149
5.4 CONCLUSIONS AND RECOMMENDATIONS FOR RELEVANT FUTURE WORK
............................................................................................................................................. 150
REFERENGCES......ooi ittt et e e e e e e e e e e e e s s bbbttt et ettt e e aaaaeaeeaasaesssannnnnnnes 152
(O o N e It TR 155
SUMMARY OF THE DISSERTATION AND FUTURE DIRECTIONS..............cceeeeinnns 155
6.1 MAJOR RESULTS AND RECOMMENDATIONS FOR FUTURE STUDIES.... 155
F o o =N T PP TP TTOPPPRP 159
THE ROLE OF ARCHITECTURE IN THE MELISTATE SELF ASSEMBLY OF
(POLYSTYRENE)arb-P(ISOPRENE}earb(POLYSTYRENE ), POM-POM TRIBLOCK
COPOLYMERS. ...ttt ettt e e e e e e e e e e e e e e e e et bbb bbbt et e e et eeaaeaaaaeeaaeaessaannnnnnnnes 159
N0 R 11 0T U T{ 1o o TP PPPPPPR 159
A2 EXPEIMENTAL .....uieiiiiiiiiee e e e e e et ettt a e e e e e e e e e e e e eeeeeaaererannnas 162
A.3 RESUILS ANd DISCUSSION........ciiiiiiiiiiiiiiiii ettt e e e e e e e e reeaaeeaeeeeas 167
N A @] o] [0 1[0 TR 191
REFERENGCES......cooiiiiiiie ittt e e e e et e e e e e e e bbbttt ettt et et e e e e e aeeeeeesaessaannannnes 193
SUPPORTING INFORMATION L. ..ttt eee e e e e e e aaaaaaeeaaeeannns 198
REFERENGCES......ooiiiiiiiii ittt e e e e e ettt et et e et e e e e aeeeeeeeeesssaanannnes 210
ADDENDUDM | iiiiiiiiiiee ettt et e e e e e e e e e e e e e e e s s s bbbttt et e e e e eeeeeaeaaaeaaaaeeaessaannnnnnnes 211
ADDENDUDM ..ttt ettt e et et e e e e e e e e e e e e e s s s e e bbb bbbttt ettt e et eaaeeaaeeeeeas 222
ADDENDUM I ceeeeeiiiieiiee ettt e e e e e e e e e e e e e s s e s s e s b bttt s st e et eeeeeeaaaeaeaeaaaassnnnnns 225
SUPPORTING INFORMATION IL..uuttttiiiiiiiiiiiieeiee ettt e e e e e e e e e e e e e 228
REFERENGCES . ......ooiiiiiiie ettt ettt e e e e e e e e e e e e e s s e bbb bbb e et et eeeeeaaaaeeeaaeeeesssanannnnnes 236
COMMON ABBREVIATIONS AND CHEMICAL STRUCTURES USEDWITHIN
DISSERATION. ...ttt e ettt e e e e e e e e e e e e s e s s s s s abab et aees e e e e e aeaaaaaaaaaeaaeeeesaaannnssssnresennnes 237

Vii



CHAPTER 1

PERSPECTIVE OF THE DISSERTATION

The purpose of this introductory chapter is to provide context and perspective for the
research involved in completing this dissertation. There are four main pragsctsbed within:
1) Development of mechanically robust and efficient membranes and mermbaserals for
separating C@from CQO, and N mixtures based on polystyrene (PS, or S) and polyethylene
oxide (PEO, or O) block copolymer (BCP) systems (Chapter 3), 2) Feasibility study of photo
crosslinked polyisoprene as a replacement for polystyrene in SO/SOS membranesr(@hapte
3) Alternative matrix raterials for enhancing the owedlr performance of the separation
membranes (Chapter 5), 4) Morphological characterization of PSiisRd(lnear)}b-PJstar)
thermoplastic BCP system (Appendix 1).

The primary objective of the dissertation was the development of mechamaaligt
and efficient membranes and membrane materials for separatiigo@0OCCO, and N mixtures.
The importance and relevance of this research focus to the present time, the deficiencies of
existing solutions, and an overview of the current state of the art in this ardsarssed in
Chapter 2. A conceptual background describing the proposetbrare materials and the main
theories used to evaluate the gas separation performance of these membrareslaeuated

in Chapter 2.

! The contents of this dissertation chapter weretevriby Dilanji B. Wijayasekara.



Chapter 3 contains a manuscrppiblished inJournal of Membrane Scienan novel
membranes developed using a polystyrene based block copolymer system). Clalfieed
with supporting information and an addendum (1), which documents the detailed experimental
protocols used for evaluating the gas separation performance wietmbranes.

Chapter 4 describes efforts to improve the thermal and chemical stabilitge @Qh
separation membranes developed in Chapter 3, through replacement of the tlstiongfdasy
PS component with chemically crelasked PI blocks. Ultimately, the epoxidation chemistry
explored as a crosslinking strategy created new challenges that made retaining #n@calech
integrity of the membrane difficult. However, the findings from these studies swmgesnber
of promising alternative routes thatpport future studies in this area.

Chapter 5 consists of two parts, both focused on determining the synthetic feasibility of
new BCP systems intended to be used as SO/SOS membrane replacement materiats. Th
BCP system investigated was based on opgning metathesis polymerization (ROMP) of
norbornene monomer derivatives. Ultimately, the very poor yields after monomgcagbiam
and the challenges encountered in product characterization led to a decdiscotdinue this
project at an early sg@. A second BCP system explored was based on anionically polymerized
linear polyglycidols. The preliminary findings from these studies (describedait) dicument
the difficulties in obtaining high molecular weight materials. However, there eppede
considerable promise in these new systems with a small amount of future development.

Finally, the dissertation also containgranuscript submitted ttMacromoleculeson a
study d morphological characterization of thermoplastic elastomers with uniguelytectured
macromolecules. The research focus of this study was independent from the maineobfect

the dissertation and has been included as Appendix ().



Some of the work ithis dissertation was collaborative. Delineation of all research within

this dissertation can be found at the beginning of each chapter.



CHAPTER 2

INTRODUCTION TO THE THESIS

2.1 MOTIVATION

With the increase igonventional energy consumption in the past ceftutiie emission
of anthropogenic C©to the atmosphere has risen dramatically. Using Arctic ice cor& data
has been discovered that the atmospheriec Gicentration only changed slightly over the
millennium prior to the 2 century, from 228 ppmv (parts per million by volume) in 1000 to
295 ppmv in 1900, However, the levels have since increased to 315 ppmv in 1958 and further to
337 ppmv in 2004 based on recent atmospheric analysis in Ha4iis data indicates the rate
of increase of C@® concentration in atmosphere in past century has been five times that
experienced over the previous millennium. As a consequence, there is serious concern ove
associated irreversible global climate change including global warthifly Efficient CQ
capture and sequestration is now considered mandatory if the impacts to our envirsantent a
be minimized. In addition to environmentally motivated,GEparations solutions, cost effective
methods of CQ separation from light gas mixtures is of great industrial interest due to its
commercial importance in a number of applications, includimganced oil recovery (EOR) and

firefighting ..

2 The contents of this dissertation chapter weretevrlty Dilanji B. Wijayasekara.



In a global context, among all the industries emitting,G&ssitfueled power plants are
by far the largest producer, accounting for an estimatedd83ecent of the totdl through the
emission of flu gas (C&N, gas mixture) as the combustion waste prd@idctThe conventional
industrial scale technology widely developed for separatingf@ flue gas is aqueous amino
scrubbing. This technique produces the high purity levels of the processed gased ledquate
cost®™! and energy requirements that are prohibitive for its wsjslead implementation.
Cryogenic distillation, physical sgent absorption, pressure swing adsorption and membrane
based processes are other technologies being considered for separatifignClght gas
mixtured® Y, Among these, membrane technology is currently being investigated at the pilot
plant scale as a promising alternate solution for separating filoé flue gas. Membrane
tecmology offers advantages in terms of lower operating energies, modular gyalatsimall
physical footprint, and the elimination of a dependence on volatile chefhiddiswever, the
biggest challenge for advancing membrane technology as a solution is the absence of membrane
materials that possess the L®eparation performance (permeability and selectivity) in
combination with the mechanical strength to meet demands of high volume industriasipgpces

Current research on membrane technologies forge@aration has focused on four types
of membranes: 1¥olid polymer membranes including polymerized room temperature ionic
liquids™**¥: 2) supported liquid membranes (SL{1J>: 3) composite membranes that have a
selective layer and a supportive ld¥fet” and 4) gelled membrar&s®! In the past decade,
room temperature ionic liquids (RTILs) have become the key component in all four fypes o
membranes. The popularity of RTILs in €8eparation applications over other volatile organic
solvent&” is a product of their intrinsically negligible vapor pressure, low flammability, and

thermal and chemical stability. However, the most prominent characterisRd b driving



their application as key ingredients in membraased CQ separations, is their outstanding
separationperformance when compared with existing materials. Such comparisons are most
convincingly presented using the-called Robeson plot, named for Lloyd Robeson who
developed the plot to demonstrate the clear-$lebectivity tradeoff intrinsic to gas sepaoat
materials. The Robeson plot, for a selected gas pair, juxtaposes on a single ploimihe per
selectivity vs. the permeability for different membrane materials. An pbeammf a typical
Robeson style plot is shown in Fig2el. As shown in the plotiRTILs generically fall in the

right most region of the plot, with excellent permeabilities (expecteddordk) coupled with
excellent permselectivity.

The attractiveness in RTILs as a class of liquids is the wide range of cation and anion
choices avdable for tuning the material properties exhibited. The most studied RTILsGgr C
separation are ionic liquids with imidazolitimased cations, and these have exhibited excellent
CO, permeabilities in the 800000 barrer range and selectivities for D anywhere from 20
to as high as 9923 Common counter ions used with imidazolium based cations are triflate
(OTf), dicyanamide (dca), tetrafluoroborate (BF hexafluorophosphate (BF and
bis(trifluoromethanekulfonimide (T§Nor TFSIJ® *» 22 23! Figure 2.1 shows a Robeson plot
used to compare the GM, separation performance of several membrane mat&fials
highlighting several RTItbased materials proposed in the last decAdeording to Figure2.1,
neat RTIL (generically speaking) has the highest peglactivity and C@permeability pairing
suggesting it may be the best candidate fop €&paration from N However, the problem lies
in its inability to be cast as a mechanically robust membrane introducible into traditional
membrane modules. SLMs are the most common configuration proposed for introducing free

RTIL into a membrane configuration; i.e., by simply wetting an existing solid poroubraeen



support with RTIL. Even though this arrangement allows RTIL to perform as a liquid in which
its selectivity and permeability are largely maximized, such supported magsbi@nnot
withstand typical operating transmembrane pressure differentials withoutirsyiffiom RTIL
“blowout” or leakage placing considerable doubt on their viability for industrial mmgteation.

In recognition of such limitations, strategies to generate -pblese membranes from
polymerizable RTIkbased monomers have been pursued,niraiéempt to retain the RTIL
selectivity while imparting mechanical strength to the system. However, tlogrpance of such
poly(RTIL) membranes so far has been plagued by a drastic loss in permeability, ane in som

cases, the C{selectivity, relative tahe neat RTIL (Figure.l).
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Figure 2.1 A Robeson style plot comparing @@nd N transport properties of various dense membrane
materials. Notably, the poly(RTILRTIL and gelled RTIL composites, discussed in the text, sit below the
empirical upper bound for dense materils.

Ultimately, such approaches may still be successful if the poly(RTILS) producdakca

synthetically designed to possess high chain mobilities, like those intrinsicyil@ane based



membrane materials. So far this has not proven possiiiie. obvious compromise are
Poly(RTIL)-RTIL composite membranes, in which researchers try to combine the desired
mechanical strength of solghase poly(RTIL)s, withhe liquidlike transport properties of neat
RTIL, in chemical configurations that can be developed into a traditionabnag@e units. Two
examples of composite membranes recently developed are one that incorporedeRalb
component within a polymer matrix formed using photosslinkable gemini RTILS
(GRTIL)*, and one that was constructed via gellatior ofeat RTIL with a smalinolecule
gelator (hydroxystearic aci4}. Both approaches produce composite membranes showing a
promisirg improvement in overall performance compared to poly(RTIL) membranes?dlone
However, the performance still places these materials below the 2008 upper bountedugges
Robeson as the benchmark for new materials (Figute Ultimately, despite increased
separation factors compared &LMs and improved mechanical strength, these materials
continued to show compromised permeability associated with the reduced mdhiieyRTIL

matrix. Considering each of these results, it seems realistic to concludeetiptnhary factor
challenghng the emergence of GGeparation membranes as a viable latple separations
technology is the common issue of simultaneously combining the necessary separation
performance (as defined by proximity to the Robeson upper bound) with the necessary
mechantal strength required for industrial implementation.

In specific terms, the “ideal” C{separation membrane material would be economically
manufacturable as a mechanically robust membrane compatible with currentamemiodule
technologies. It would posss high C@ selectivity (> 30) over other light gases of concern,
combined with permeabilities approaching if not exceeding 1000 Bartewould have hip

thermal and chemical tolerance, exhibit resistance to physical aging opl@gicizatioff’ **



and have an extended operating lifetime. The overriding objective of this thesis wgddre
the strategic synthesis of novel membrane materials designed to achieve niese ofi¢alized

constraints.

2.2 BACKGROUND

2.2.1 The basic membrane stiure

The premise of this thesis projestbased on the hypothesis that a membrane structure
based on a thredgimensionally periodic, tetheredicelle network designed to absorb large
quantities of neat RTIL would also provide the necessary mechanical fraknmmv@quired to
achieve efficient C@ separation when cast as a thin membrane film. Ideally the network
proposed was to be designed such that neat RTIL would comprise more than 90% of the
membrane volume at swelling equilibriurRigure 2.2summaries the proposed membrane
structure previously developed in our group for hydrogel applications, in which aqueous media
was used to swell the network. The basic structure is formed by preserving a melt state self
assembled nanostructure of sphiemrening AB diblock and ABA triblock copolymer blend,
followed by swelling. In the proposed variation, the swelling was to be performed using CO

selective RTILs instead of water.



Figure 2.2 Schematic of proposed membrane structure; right side shows the swolllen strudture sti
holding the original shafé&

The schematic diagram of Fige 2.2 shows two populations of block copolymers key to
formation of the network: an AB diblock copolymer and an ABA triblock copolymer. Here, the
blue chains represent A blocks that by synthetic design (controlling block volaatiet) form
into spherical aggregates when the blend of block copolymers is heated to teataglvithout
solvent). The green chains represent B blocks that by necessity form coronal ayeish |
emanating radially from the spherical domains. The B blocks associated wABg&iblock
copolymer population are a part of the coronal brush layer, but can act to bridge adjacent
spherical domains. In the system proposed for these studies, the A blocks were chosen to be
polystyrene (PS), such that the spherical domains would vitrify upon cooling from the melt. The
B blocks were chosen to be PEO, which has been shown to be soluble in a number of RTIL
solvents. Introduction of the RTIL selectively swells the coronal matrix surirogitice vitrified
(and nonrsoluble) PS spheres, phacing the expanded structure shown in the right of Figie
In that image, the bridging B blocks are highlighted in dark bold to emphasize the connections
between spheres produced in the final swollen material. One of the caveats of ggy $trat
network formation is the inability to keep the ABA triblock copolymer from looping baick

the same spherical domain. However, it has been predicted that bridging to loomagrrati
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spherical block copolymer morphologies are typically at least 3:1m&lgly, the fraction of
ABA triblock copolymer in the blend determines the mechanical connectivitysatiresentire
material. Typical sizes of the spherical domains in this work are around 20 nnrmeteliawith
each spherical aggregate comprised of @yprately 200- 220 polymer chains (A blocks).
While these numbers and domain sizes are dependent on the overall molecular Wweggs ¢

for the block copolymers, attempts to vary those parametersnothnevestigated in this work.

2.2.2 The origins of the spherical morphology in block copolymers.

The basic membrane structure discussed in the previous section is based on exploiting the
ability of specifically designed block copolymer (BCP) systems to adopt the cgdheri
morphology described in Section 2.2.1 and Figiig BCP systems inherit the ability to self
assemble into a range of defined, periodic morphologies from the covalently fortagabgition
of two polymer chains that possess an intrinsic thermodynamic incompatibhity.chvalent
bond restricts phase separation to length scales that mimic the spagakiding of polymer
chain, resulting in a range of microphase separated structures with pes@rdpositional
heterogeneities on the nanometer length ¥8al@he competitive balance between interfacial
segmensegment contact and the chainetching dictate # seltselection of the lowest free
energy ordered state morpholodyigure 2.3shows pictorial examples of the four unique
morphologies formed, along with the theoretical phase diagram of morphologies prediotg
self-consistent field calculations fa generalized AB BCP syst&f The four equilibrium
structures (Figur@.39 that have been observed in AB/ABA BCP melt systems are the lamellar

structure (L), hexagonally packed cylinders (Hex), a complex bicontinuous gyroid network (G),
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and bodycentereecubic spheres (BCEY. The free energjandscape governing that balance
produces morphologies in ordered AB/ABA BCP systems that primarily depends on tive rela
volume fraction of each block in the block copolynf@rguch that most of the phase boundaries
shown in Figure2.3 are vertical. The determination of whether a particular system phase
separates or not, often described as the degree of segregation between the A amh3,deagn
been shown to be dependent on the volume fraction, in combination with the product of the
degree of polyerization (N) and the effective interaction parameter per segment (X)[27]_

The sphere morphology targeted in this work (BCC) requires compositionally
asymmetric molecules with the volume fractions of the minority compongjtir{fthe 0.09-
0.13 rang€®. Practically speaking, the BCC lattice depicted iruFég2.3is difficult to achieve
in high molecular weight systems, because of the kinetic limitations associgtedtestsphere
chain diffusion and chain entanglements. As such, essentially all the systdiad st this work
adopt the spherical domastructure but fail to organize the spheres into the BCC lattice. Instead,
the spheres adopt a structure often described as -ligaigpacking (LLP), which has been
characterized in detail using numerical fits to SAXS data. Importantly, theof kpheres has no

impact on the ability of triblock copolymer to bridge between spherical domains, and knetwor

connectivity is unaffected by this minor degree of system disorder.

2.3 FUNDAMENTALS OFGAS SEPARATIONMEMBRANES

For purposes of this thesispgembrane is simply defined as a discrete thin interface that

moderates the permeation of chemical specieontact with it. There ammainly two types of
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membranes, isotropic and anisotropic. Isotropic membranes have homogeneous situassre

the thickness and the anisotropic membranes do not. These two types of membranes can be
further categorized into two groups: porous and-porous. Isotropic porous membranes, as the
names implies have interconnected pores of same size throughout its thicknéiss. afimer

hand, anisotropic porous membranes have pore size distributions varying along thessghickne
Non-porous membranes, just as the name implies do not have pores, and have a different
permeation mechanism than the porous membranes, which we wilkslitater in this thesis
(Chapter 3). These nonporous membranes are also called “dense” membranes, arermguleally

of polymeric materials, and can be recognized as isotfdpic
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Figure 2.3 (left) Schematic diagrams of AB diblock copolymer that -sskembled structures
corresponding to the egiublirium phasese shown in the phase diagram to tf& (igght) Calculated
self-consistency field theory (SCFT) phase diagram for a linear AB diblockcoplyegroduced from
referenceé?

Depending on the type of the membrane, porous orpooous, different models of

permeate transport are used for calculation of species permeability througmiarame.
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Transport of permeate through a porous membrane is typically assumed to follpoveiflew
modef?, in which permeants are transported by presdtiven convective flow through the
interconnected pores. Porous gas separation membranes separate specieshymavd
mechanisms. First is known as molecular sieving. If the pores of the membraighererder
of molecular sizefor some of the components in the feed mixture, the diffusion of those
components will bénindered resulting in enhanced separation. Molecules oflsizger than the
poreswill be preventedaltogether from diffusing through thmores.The fcond mechanism is
called Knudson diffusionThis is a special case in gas diffusion, wherepbee size and/or
pressureis such that the mean free pdtefined as the average distance traversed by gas
molecules between collisions) of the moleculegresater than the pore diameter. This difference
creates a size based diffusion rate dependence that can create opportunpiesefential
transport of one of the gases.

Transport of permeates through Amorous (dense) gas separations memdsdollows
the solution-diffusionmodel, inwhich permeants dissolve in the membrane material and then
diffuse through the membrane down a concentration gradient. The permeants aasedepar
because of the differences in the solubilities of the speci® imembrane and the differences
in the rates at which the species diffuse through the membrane. Light gasicepaeatbraes
discussed in this project amategorized as neporous, isotropic dense membranes. Hence,
calculation of the permeability arsélectivity of a particular species for the proposed membranes
is determined using solution diffusion modé@éhe details of these types of calculations are

included in Chapter 3.
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CHAPTER3

ELASTIC FREESTANDING RTIL COMPOSITE MEMBRANES FOR C4N,
SEPARATION BASED ON SPHEREORMING TRIBLOCK/DIBLOCK COPOLYMER

BLENDS?

3.1INTRODUCTION

Anthropogenic C@ emissions have been linked to climate change and ocean
acidification, phenomena which have been predicted to have significant adverse global
consequences in both the shoand longternf!. Significant reduction, sequestration, or
recycling of these anthropogenic €@missions will help to mitigate or dglasuch
consequences. One of the most realistic strategies for reducing worldwiden@3ions is to
capture and sequester £ftom large point sources such as efia@d electric power plants®.

CO, is emitted from coafired power plants as part of a mixture called ‘flue gas’ which contains
10-15% CQ along with N (70-80%), HO, O,, and other trace gases. In order to efficiently

sequester or recycle GOt must first be separated from tthee gas mixture.

3 The contents of this dissertation chapter have been adapted frpobiieation published in Journal of Membrane
Science in 2016. The development, fabrication and mechanical testing ofrtfiranes were performed Bjlaniji
Wijayasekara. The synthesis of membrane materials was perfdyriedanji Wijayasekara and Jackson Lewis.
The synthesis of ionic liquid and gas permeation testing was pedoby®atthew G. Cowan (University of
Colorado, Boulder). The manuscript and @dd dissertation chapter was written by Dilanji Wigsleara with
collaborative editing of authors Matthew G. Cowan, Douglas L. Bthard D. Noble (University of Colorado,

Boulder) and Travis S. Bailey
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Existing technologies for the separation of {€@m flue gas include aqueous amine
scrubbing, pressure swing absorption, and cryogenic distiftidihe implementation of these
technologies currently requires approximately 30% of the energy produced by the power plant,
making them economically unsustaindBleMembranebased alternatives are currently being
investigated at the pilot plant scale as a superior solution faratem CQ from flue ga¥.
Successful membrane technologies offer several advantages over traditionaknmretkaus of
lower operating energies, modular scalability, a redydegical footprint, and elimination of
volatile chemical€..

For successful application to flue gas separations, membranes must have high CO
permeance and reasonable DD selectivities (>20), be processable into defect-free thin films,
have long operating lifetimes, and have reasonable productiof&té\s a starting point,
new membrane materials are oftescreened by measuring singles permeability and
selectivity, which are then compared with performance values of existing amtesing
comprehensive Robeson plbts'® However, many of the other critical properties such as
mechanical stability over time, processability into fstending or stable thin films, and
compatibility with current module configurations are often not addréésed

Recently, composite membranes containing réemperature ionic liquids (RTILs) have
gained attention due to their high &R, selectivity, high CQ permeability, low volatility, and

promising thermal and chemical Isitéty ™

. Examples of RTItbased membrane materials
include supported ionic liquid membranes (SILKS) ion gel§® ™ poly(ionic liquid)
(poly(IL))/IL composite§ #2% and block copolymer/RTIL blenB$%®. Recent advances in

polymerizing RTIL-containing monomers have also permitted direct incorporation of the ionic

species into block copolymer architectures. While these systems offer an intringic tabil
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produce distinct ionic and neanic domains through predictable phase separation on the
nanometer length sc#&®®, the dense polymer materials have significantly lower, CO
permeability than composite materigtisit contain free RTIE® 2%

Of the few examples of membranes based on block copolymer/RTIL blends reported to
datd*2% 28 2% gl involve a shared fabrication strategy dependent on setesting of a co
solution of block copolymer and RTIL into a porous support material. GU%t?land Rakee
et al®® report CQ/N, separation performances of theiembranes to be slightly above the 2008
Robeson plot upper bound, showing the potential of bbmgolymerbased materials to be used
as efficient C@N, separation membrane materials. However, the common disadvantage shared
by these systems is the apparenmpromise of mechanical integrity with increased RTIL
loadings, a strategy used to improve the ligikd character of the membrane and thus, CO
permeabilities. In the case of Gu et?al?? RTIL loadings approaching 85 wt% were handled
by direct integration into a commercially available porous support (e.g., PWD& subsequent
publication, the mechanical properties of the composite were improved through dheogsa
linking of the polystyrene (PS) domains. However, no new gas measurements wetedriol
these mechanically improved materfils

Previously, we reported the ability to achieve highly swollen, yet highly elastic,
mechanically robust hydrogels exploiting meltassembled(solventfree) tethered micelle
structure in a series of polystyrebepoly(ethylene oxide) diblock copolymer/polystyreme
poly(ethylene oxidep-polystyrene triblock copolymer (SO/SOS) bleftis®® Such mekt
assembled, tethered mileesystems, once vitrified, have shown an ability to incorporate very
high loadings of water (up to 9%%) while maintaining the mechanical properties of an elastic

solid. Importantly, the ability of these sphdoeming AB/ABA block copolymer blends to
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mechanically ouperform solution assembled ABA systems (such as those described by Gu et
al?>22) is a direct result of an improved micelle core integpityvided by the melassembly
process, in combination with the ability of the dynamic entanglements in the dadidiogk
copolymer chain enfd to absob stress reversibly throughout the network. An important
advantage of this system is its ability to be formed into membrane sheejstuaslitional
(thermoplastic) melt processing or coating techniques prior to the introduction af axdde
RTIL. Proceswility as a thermoplastic is critical for low cost, high volume production ctaris

with largescale implementation as an industrially viable separation mé&f&rial

Figure 3.1 SO/SOS RTIL composite membranes containing ca. 95 wt% [EMIM][TF&f).(
Membranes produced are highly elastic, with an ability to accommodate strains yo30€44without
plastic deformation (right).

Herein, we describe an adapted preparation in which similarly formeetadtimicelle
networks based on SO/SOS blends were fabricated intstirading thin films containing up to
95 wt% RTIL ([EMIM][TFSI]) (Figure3.1). The selection of [EMIM][TFSI] was predicated on
several important factors, including its ease of synthesis and purificatiomga daantities,
considerable stability, and established performance iWNzGeparatior”. However, most
critical to this application was the ability of [EMIM][TFSI] to be a very good saifer PEO
and a norsolvent for the vitrified PS cores, to promote swelling without loss of mechanical

stability. Notably, this important characteristicppaned to be a general feature of most
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imidazoliumbased RTILs, with selective swelling of the PEO matrix possible with a vafiety o
alkyl (ethyl, hexyl) and diol substituted MIM cations and associated anions (TFgndmide
(DCA), tetrafluoroborate (B#)* 33!

The CQ/N, separation performance of these new composite f&ded membranes,
measured as a function of transmembrane pressure differentials exceedinga4@8hkited
figures of merit pushing the limits of the 2008 Robeson plot upper bound, while maintaining
exceptional mechanical integrity as a fstanding film even in its swollen state. Included is an
evaluation of the unique tensile and compressive propeftibese RTIL composite membranes
under cyclic loading conditions, as well as the extendegNG@eparation performance of these
membranes over a period of 28 days. To our knowledge, there have been no prior reports of free
standing RTIlbased compositenembranes prepared from mstate processing of sphere
forming diblocktriblock copolymer blends swollen with RTIL that have been subsequently
employed for light gas separations. Importantly, we believe the utilization tfstage
processing and se#fssembly, in combination with the use of diblock copolymer as a significant
blend component, dramatically enhances the future ability of ®aHed composite membranes

to mechanically compete as truly viable £light gas separation technologies.
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3.2 EXPERIMENTAL

3.2.1Materials

Ultra-high purity CQ, N, and CH gases (99.99%) used for membrane testing were
purchased from Air Gas. The RTIL [EMIM][TFSI] was synthesized by adapting aopisdyi
reported procedut¥®. Materials specific its synthesis can be found there. The SO diblock and
SOS triblock copolymer blends (SOS22 and SOS46) were also synthesized according to
previously reported proceduls *2. Reagents associated with these syntheses and their
purification protocols can be found in the ESI. In brief, synthesis of the SO diblock copolymer
(Mn = 107,000 g ma!, PDI = 1.07fps= 0.085 (volume fraction PS)) was accomplished through
sequential, stepvise anionic polymerization of styrene followed by ethylene oxide, exploiting a
hydroxylfunctionalized polystyrene intermediate (Mn = 8370 g ‘mdPDI = 1.03) as a
macroinitiatol> *! The SOS22 and SOS46 blends were then formed through partial coupling of
the SO diblock copolymer using dibromoxylene as a coupling agent, to generats blend

containing 22 mol% and 46 mol% SOS triblock copolymer, respectively.

'H NMR spectra (Figures S1 and S2, ESI) were collected at room temperature in CDCI
on a Varian Inova 400 MHz Spectrometer (82; delay = 30 s)Size exclusion chromatography
(SEC) Figures S3 and S4, ESI) was performed on a ViscotekKB&Cchromatography system
fitted with three 7.5 x 340 mm PolyporeTM (Polymer Laboratories) columns insserme
Alltech external column oven, and a Viscotek differential refractive index (Rl)ctdete

Measurements were performed using a DMF (55 °C) mobile phase (1 mL/min) with PS standards
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(Polymer Laboratories).Final SO/SOS compositions were confirmed via relative peak

integrations in the SEC chromatograms of these blends (Figure S4, ESI).

3.2.2 Membrane fabrication and characterization

3.2.2.1 Fabrication

Membranes were fabricated by sandwiching 0.0%fgthe desired diblock/triblock
copolymer blend between two Kapton sheets and pressed in a Carver, Inc. manual ressting p
at 10000 lbs force and 125 °C for 10 min. The Kapton-sandwiched membrane was then placed in
a vacuum bag and H@messed at the sanpeessure and temperatu@22-24 °C) conditions for
another 15 min under vacuum of 5 tofihe membrane was then allowed to cool to room
temperature (15 min). This procedure was repeated three times for eachamerdring which
the pressure was incredslkey 5000 Ibs force in each successive press. After three vaaass
cycles, defecfree polymer films ranging from 5890 um in thickness were obtained. These dry
films were then swollen in an excess of [EMIM][TFSI] (vacudried) for 20 h under vacuuat
room temperature. The resulting R¥¢bntaining composite membranes were allowed to
reached equilibrium swelling dimensions (about 20 h swelling time) before beiogadrirom
the RTIL and lightly patted dry with Kimwip&go remove excess [EMIM][TFSIMembranes
were then cut to 4m- diameter discs using a punch prior to mounting in a Millipore™

membrane testing fixture as part of our hobsit time-lag permeabilityapparatus®.
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3.2.2.2 Characterization

Thicknesses of the resulting dry and swollen RTIL composite membnaresneasured
using an ZeScope optical profilometer (Zygo, Middlefield, CATR-IR measurements were
performed using &licoletiS50 FTIR (16 scans, 2 ¢hresolution). Small angle Xay scattering
(SAXS) was used to characterize the rstdite morphology of the SOS22 and SOS46 blends.
SAXS dat were collected on a RigakuMiax 3000 High Brilliance 3 Pinhole SAXS system
outfitted with a MicroMax007HFM Rotating Anode (Cu J Confocal MaxFluxTM Optic,
Gabriel Multiwire Area Detector and a Linkham thermal stage. Pressed membrane samples w
mounted on the thermal stage and heated to 170 °C, then cooled to 120 °C prior data collection.

Three hour exposure times were used to maximize signal to noise for Fekdcis-data fits.

3.2.3 Single-gas permeation testing on membranes

Singlegas CO, and N permeability measurements were performed using a-lame
apparatus similar to those reported previdlsli 3} Experiments were performed across a
range of pressures on three SOS2#l four SOS46 membrane samples. Experiments were
performed at room temperature {22 °C). Between experiments the apparatus and membrane
were evacuated for at leash@sing an Edwards RV8 vacuum pump. Data from the stsiady
region was used to calate the flux J), permeability P), and gas diffusivity ;) from

Equations 1, 2, and®3 3!

At At AT 14504  AAt

]i — (% Apleak) V27315 _ AV;(stp) (1)
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Equation 1. Determination of steadgtate flux {;) (cnt (STP)-cm™®s™). Where Ap; is the
change in permeate pressure (psi); At is the change in time (s); Apeak IS the change in the
permeate pressure when system is evacuated then sealed (psi), i.e. the ‘leak igatbe
permeate volume (cf) A is the membrane area (T is the temperature (K); AV, is the

volume of gas accumulated in the permeate volume at standard temperature and pressure.

Pi= gl (2)

T AP;

Equation 2. Determination of the permeabilit (barrers)J; is the flux (cmi (STP)-cm’

2.sh): | is the membrane thickness (cm); af¥| is the tranamembrane pressure difference (cm
Hg).

Dy =— (3)

Equation 3. Determination of the diffusion coefficiend{) ((cnf-sY). | is the membrane
thickness (cm); and is the timelag (s). The time lagdj is determined from the-axis intercept
from a plot of the steadstate flow rateV; (STP)) against timg)

The solutiondiffusion model was used to extract the permeability, diffusivity, and
solubility from the rav experimental data (flux) using Equations 1, 2, 3, afdiod The ideal
selectivity ;) between the two gasesandj) was calculated using Equation 4. Results for all
membranes tested are included in the Electronic Supporting Information TB&8ljnembranes
reported herein are fretanding, dense films, so no tortuosity and porosity corrections were

applied.
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Equation 4. P; is the permeability of gagbarrers)D; is the diffusion coefficient of gas

(cnf/s); S is the solubility coefficient of gas(cm?® of i at STP -cm™ of polymer-atm™).

ay; = (5)

Pj

Equation 5. aj; is the ideal selectivity (unitlessp; is the permeability of the faster gas

‘I’ (barrers);P,; is the permeability of the slower ggs(barrers).

3.2.4Mechanical testing

3.2.4.1Uniaxial tensile strength testing

A TA Instruments ARES rheometer with rectangular geometry test fixtures was used to
perform tensile testing on ion gel samples of rectangular shape. Dimensioesafrples were
ca. 6 mm in width and 0-B.3 mm thick. All tensile tests were run at room temperature using the
normal force transducer. The surfaces of the transducer grips were modifie@0@igrit sand
paper to eliminate the slip on the sample. An initial force of 1 g was applied to thke samd
strain rate of 2% Sfrom the initial length was applied untilidtassample failure occurred. Stress
was calculated as the force normalized by the initial cross sectional area of eadh samp
(engineering stress). Strain at failiig was used for calculating the cyclaading intervals for
the cyclic load testing. Atsain rate of 2% S from the initial length was maintained for loading

cycles.
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3.2.4.2 Unconfined compression testing

Multiple extension mode strain controlled transient compression tests weyanmafon
a TA instrument ARES rheometer with parallel plate fixtures using the integratedlrforoe
transducer. An upper plate (25 mm in diameter) was used with an infinite didaovede plate
(63 mm). The sample diameter was 20 mm in diameter and 2.2 mm in thickness. @Wample
placed in the center of the lower plate stage and initial normal force of 10 g Viiasl.afystrain
rate of 10% 3 from the initial thickness per second was applied on the sample up to 40% strain.

Multiple cycles of normal compressive force loading and unloading were measured.

3.3RESULTS AND DISCUSSION

3.3.1 Material synthesis and membrane fabrication

All membranes were formed using two distinct compositions ebfmeded SO diblock
and SOS triblock copolymer as described in Table 1 and Figure 2. The naming convesgtion us
is based on designating the mol% triblock copolymer in the sample following théaB&Sor
example, the SOS22 membrane is made of a blend that has 22 mol% SOS triblock copolymer
and 78 mol% SO diblock copolymprior to RTIL loading (Figure 3.2.2).

The desired nanostructure of the SO/SOS blends was achieved by designing the volume

fraction of PS fes= 0.085) to fall into the spheferming regime of the typical AB diblock
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copolymer phase diagrdth *?. Simultaneously, the ultimate mechanical performance of the
SO/SOS blends was achieved by maintaining a PS molecular weightg(8870) capable of
vitrification (a glass transition) above the PEO crystallization temperature 9€.65he latter
requirement was necessary to ensure trapping of theicgh@omain structure prior to (PEO)
crystallization and guarantee the mechanical integrity of those domainsh(enthé network)
even at elevated temperatures. Importantly, the use of melt statessathbly facilitates the

formation of a homogeneousmodic domain structure as suggested by Fi§uiB.

ST Rema.
SOS Self
+ assembly
AT . ; :
SO A
A.2
HO 4 2, Bi o i |

Figure 3.2 Membrane fabricationA.1) Cartoon representation of polystyremgoly(ethylene oxide)
polystyrene triblock (SOS) and polystyrelnoly(ethylene oxide) diblock (SOA.2) Chemical structure

of SOS and S@.1) Melt state sefassembly of SO/SOS blend with heat; polystyrene blocks in spherical
domains with poly(ethylene oxide) coronas and tethers (highlighted in B@dMelt-pressed film prior

to RTIL loading.C.1) Sweling of selfassembled film in RTIL with preservation of tethered spherical
morphology.C.2) Example of an elastic freganding membrane of SOS46 loaded with 94 wt% RTIL.

Small angle Xray scattering (SAXS) was able to confirm the targeted spherical

morphology and coincident principal domain spacings of 32 nm for both the dry SOS22 and
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SOS46 melt blends (FigurelS, Sl). In addition, key structural characteristics of the-p
swollen networks could be extracted from SOS46 data fits using a modified-Rexcak hard
sphere mod&f! as described previously mur grouf*® ** and otheré**®l. These fits confirmed
a liquidtlike packing of the spherical domains, an aggregation number of approximately 338
chains per sphere, and PS core radiil8.5 nm (Figure S1.7 and Table S18l). This
corresponds to trillions of spherical domains per milligram of dry polymer blenidh when
tethered together by SOS triblock copolymer produces a network that is extrefivgdnteét
distributing stressicross the sample. When the polymer film is loaded with free RTIL, the dense
PEO matrix formed by the coronal layers surrounding each sphere are selectighbgn,sw
forming a continuous RTIL/PEO domain structure that traverses the exjp@nse of the
membrane. Analysis of swelling in atogous tethered sphere systéthby our group (involving
photo<crosslinkable polydiene coré¥”, a PEO matrix, and water as the swelling medium)
showed the increase in average spacing between spherical domains measured by SAXS is
identical to that predicted by simply considering the macroscopic expansion in anembr
dimensions upon swelling. Importantly, this continuous domain structure provides dityajoab
easily absorb both tensile and compressive strains, while providing ekogdlentransport
through the membrane. Importantly, the vitrified PS cores remain impervious td theaiRd
providesolid multifunctional junction points anchoring the tethered netwog{ane. Even with
RTIL loadings approaching 95 wt%, this framework grants the membrandikelitiechanical
properties. Based on previous studies of this structure in water, the PS nmokexighd of 8370
g mol* guarantees the cores remain vitrified at temperatures up td*80 °C

A single meltprocessing step (nding under a hot press) was used to-asfemble the

SO/SOS blends into the desired nanostructuredstaaading film (Figure3.2B). The thickness
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of each film was then reduced by repeating the -prelésing process under vacuum while
applying step increases in the applied pressure. Typical dry film thicknesses ranged from 55 um

up to 190 um. SO/SOS films containing two different SO/SOS ratios were then swollen with
excess [EMIM][TFSI] to produce the desired composite membranes (Rdi€eand Table 3).
The equilibrium swelling ratios (Q) were calculated based on gravimetric analysige o
membranes before and after swelling with RTIL, producingl fmembrane thicknesses falling
between 135 and up to 430 um. The thickness of each membrane was measured using an optical
profilometer.

In our previous studies with SO/SOS systems of similar molecular weights, we
discovered the concentration of SOS triblock copolymer in the blend dramatitklniced the
swelling ratio and mechanical properties when water was used as the swelling rfeadi@po,

22 molvs = 14.2, Q0. 46 moie= 7.1). Thus, the choice of SOS concentrations in this study were
selectedn an attempt to produce membranes with two very different RTIL compositions under
equilibrium swelling, based on the hypothesis that higher RTIL loadings would prodatergr

CO, permeability. Unexpectedly, the selected SOS concentrations of 22 and 46 mol% produced
much smaller differences in RTIL swelling ratios (18.4 vs. 16.5), with masswewations of

RTIL both reaching or exceeding 94 wt%. Clearly, the RTIL is a better solvent for PEO tha
water, with a much higher swelling capacity regardlessSOS content. The exceptional
compatibility of [EMIM][TFSI] with the PEO matrix may involve coordinati of the polyether
backbone with the cationic imidizolium, and potential hydrogen bonding of the oxygen species
in the PEO backbone with the C{H)of theimidazolium heterocycle. We attempted to use FT

IR spectroscopy to confirm the latter, through detection of a shift in theHC§8¥tch (ven ~

3425 cn') to lower wavenumbers as also attempted by Arduengd°@t/s with that study, the
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data (Figure 8.6, Sl) proved inconclusive, as we were unatadaliscern a conclusive peak shift
from the superimposed SOS absorption and surrounding baseline regions. As discusse
greater detail below, the similarity in final RTIL content between membianogsiced relativig
minor differences in Copermeability, consistent with such high RTIL loadings. In contrast, the

impact of differing SOS content on the resultant mechanical propertiagesrsignificant.

Table 3.1 Characterization of membrane composition and meachbproperties.

SOS RTIL Compressive
Loading | Loading UTS Modulus
Blend | (mol%?) | (wt%") Q° A (kPa) ® (kPa) '
S0S22 22 94.8 18.4 3.8 80 71
S0OS46 46 94.0 16.5 3.8 250 348

@ Composition of urswollen BCP membrane®RTIL weight percent in a swollen membrahEguilibriumswelling
ratio of the membranes defined as the grams of liquid/gram of pol{fEgtension ratio at break (failure) under
tensile loading® Ultimate tensile strengthCompressive modulus at 40%asn.

3.3.2 Gas Separation Performance

3.3.2.1 CQ/N, Permeation and Separation Performance

The CQ/N; selectivity and C@permeation performance of multiple SOS46 and SOS22
membranes were measured and assessed against the 2008 Robeson plot upper bound, as
presented in Figur8.3. This collection of measured values represents a total of three different
S0OS22 and three different SOS46 membranes measured over a range of transenembra
pressures from 26 to 413 kPa (see ESI Tables S1, S2, S4, and S5). Data included B\3igure

represent only composite values for which both the/ROpermiselectivity and the CO
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permeability wee recorded at matched transmembrane pressures (within 5%). Additiopal CO
permeability data collected during a-88y membrane longevity exjiment is also included in
the SI (Table S7). As shown by the collection of measured values, both SOS22 and SOS46
membranes performed similarly, producing measured @€meabilities from 567 to 996
barrers, coupled with GIN, selectivities ranging from 21.3 to 59.8. Notably, this collection of
measured values traverses the 2008 Robeson plot upper bound, and ilgp@tantpar with
similar style membranes previously reported by Gu Bt'4f! and Rabiee et. &, which also
show significant increases in G, selectivity while experiencing relatively small losses in
CO, permeability (compared to supported ionic liquid membranes of neat [EMIMI[I s
we show in detail below, the highly elastic and yet distensible natuhes# membranes at such
high loadings differentiates them from this group. Additionally, we shawthis elasticity and
intrinsic ability to accommodate tensile loading without plastic deformatimesgthese
membranes an inherent ability to withstand transmembrane pressures ovicasigtime
durations (vide infra).

The origin of measuremet-measurement and membraieemembrane differences in
performance produced within the same SOS blend types remains under investigataimngari
in film thickness uniformity, surface morphology, and stress states across theamersbrface
are likely contibutors, as well as intrinsic uncertainties associated with gas permeability
measurements (sample mounting, leak rates, etc.) However, correlations bedwesngmce
and these specific film characteristics remain unaddressed at this time. Importentiata
collected represents that from a range of measured membrane thicknesses (135 to 430 um), for

which no discernable trend in separation performance was observed.
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Interestingly, both membrane systems examined here, as well as tgel ibiock
polymerbased membranes reported by Gu dt'af? and Rabiee et &, display CQ/IN,
selectivities higher than neat [EMIM][TFSI]. Gu et al. proposed thatetiect was due to the
influence of gas permeation through the block copolymer phase. And while it has been shown
that the nanostructure of block copolymers has a significant effect orgghpermeation and
selectivity propertid€”, it is not clear that glassy polystyrene domains (comprising only 0.5 wt%
of the membrane mass) can be responsible in this case. On the other hand, it has also been show
that confinement of ionic liquids inside the nanostructureanbys materials can significantly
affect CQ diffusivity and solubility propertid¥ >3 In our case, there is no definable pore space
like that presenin the previously cited reports involving inorganic supports; however, the idea
that the local environment can disrupt the bulk RTIL liquid structure (producaongased free
volume and differences in RTIL mobility) should not be dismissed. The activexnmatSOS
membranes in this work is comprised of dense high molecular weight PEO brushatedatu
with RTIL solvent. It is conceivable that the local interaction between the PEO crainhe
RTIL (a good solvent for PEO) acts to ultimately decreasstagse to CQtransport. Likewise,
one must also consider the interaction between quadripolaa@®Dthe PEO chains themselves
as an influential contributor to this incre&¥e Figure 3.3 includes the combined GO
permselectivities and permeabilities of samyistalline PEO at 790 kPa and three different
temperatures (25, 35 and 45°C) for comparison with neat [EMIM][TFSI] and the SOS
membranes. Notably, PEO has exceptional,/8© selectivity at room temperature (140),
although its permeability is typical of most polymeric solid& @arrers). At temperatures closer
to the PEO melt temperature (65°C), permeability is improved moderately, ptaguas the

amorphous chains (not involved in crystalline lamellae) gain mobility. Some oktlept@nal

34



selectivity sacrificed, of course. Regardless, it seems reasonable that the ™dufpiting
[EMIM][TFSI] with the PEO chains of the block copolymer is consistent withinmeroved

selectivity measured (over the neat RTIL) in the SOS membranes.
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Figure 3.3 Robeson plot showing the sieggas CQ/N, separation performance of SOS22 and SOS46
saturated with [EMIM][TFSI]. SOS data were collected at242°C and at range of transmembrane
pressures 2813 kPa. Individual testing conditions for all membranes are documented in the ESI.
Separation performance data from similar Rblbck copolymer membrane materials produced by Gu et
al. (at room temperature and transmembrane pressure of 202 kPa)[2hd Rjibee et al. (at 25 °C and
transmembrane pressure of 400 kB&pre also included, along with that for neat [EMIM][TFSI] (at 25
°C) 22 and semirystalline PEO (at 790 kPa and 25, 35 and 45*C)rhe 2008 Robeson uppesund

was adopted from refereng.

3.3.3 Mechanical Performance

The elastic behavior of these RTIL composite membranes stands in stark contrast to t
many solid, gelike, and liquid phase RTHcontaining membranes reported to date. Such
elasticity can be demonstrated qualitatively in simple stretching experinsents, as those
shown in Figure.1. As a freestanding membrane placed upon a porous support, it must be able

to withstand both a normal compressive force associated with the transmembrane pressure
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differential, as well as a significant tensile force, generated (by a Laplacerpjesbere the
membrane spans (like a diaphragm) the pore openings of the support.

To evaluate the mechanical performance of the SO/SOS RTIL composite memtiranes,
stressstrain behavior under both uniaxial tension and unconfined compression was evaluate
(Figure 34). Figure3.4a shows representative streg®in data from typical tesile loading
experiment in which the samples were pulled at 10%osfailure. In the plot, the normal
engineering stress (kPa) is plotted against the extension ratio (A = ratio of the length under
tension to the original sample length). Both RTIL loadamhples of SOS46 and SOS22 failed at
a A value of approximately 3.8 (a strain of nearly 300%). However, the ultimate tensile strength
(UTS), defined as the highest normal stress prior to failure, was just greater tlatinias
higher for SOS46 than for SOS22 (250 and 80 kPa, respectively), underscoring the importance of
triblock copolymer concentration in dictating the mechanical response afitiiers composite.

Similar differences in behavior were observed when subjected to unconfined
compression. Using a strain rate of 10% snconfined compression was performed to 40%
strain (Figure3.4b). Beyond 40% strain, the RTIL composite samples underwent a rapid increase
in compressive stress that was beyond our transducer capabilities, and thus luslklaviorore
extreme compressive conditions was not investigated. As in the tensile experingent, t
compressive modulus of the RTIL swollen SOS46 up to 40% strain was about five times higher
than that of SOS22 (348 kPa vs. 71 kPa, respectively).

The mechanial property dependence on triblock copolymer composition found in the
RTIL-swollen composites mimics what we have found in similarly designed hydrogel systems,
where the UTS and compressive modulus also increased with increasing triblock &Bnteis

believed that a greater number of topologically fixed entanglements amongh#rs gdjoining
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spherical domains are ultimately responsible for the higher UTS and Young’ modultesckHtpi

the SOS46 membranes. Higher numbers of topological entanglements among triblock
copolymers act to restrict swelling in the system, which enforces greadamlbetween the
coronal layers (dense brushes of PEO chains surrounding each PS core) of adjsrest sp
Increased coronal overlap has been found to have a significant influence on the overall

mechanical response of these types of swollen network matéials
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Figure 3.4 Mechanical response of S0S22 and SOS46 swollen to equilibrium dimensions in
[EMIM][TFSI]. All data collected at20 °C. a) Stressstran behavior of under uniaxial tension applied
with a strain rate of 2%'sh) Stressstrain behavior under unconfined compression applied at a strain rate
=10% s".

Importantly, one can conclude that the ability to tune the mechanical pespeftthe
composite membrane through simple shifts in SOS content provide a facile and eonveni
strategy for optimizing the mechanical behavior in these systems. More sgiBgifthe 24
mol% increase in SOS (from 22 mol% to 46 mol%) resulted in a-ttwdeur-fold increase in
mechanical strength, at the cost of a mere 10% drop in RTIL swelling ratio. Trea|gpears to
be related to the high PEO solubility in [EMIM][TFSI], which produces, @&s permeability

and separation properties in SOS46 and SOS22 namedbithat are quite similar. Notably, there
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appears to be an opportunity to increase triblock copolymer in these membranes tieen fur

without significant loss in C&N, separation performané'sé].

Ultimately, the ability of the tetheresphere nanostructure to withstand significant
transmembrane pressure differentials requires that its intrinsic distensibility @phasic
elastomer composite be revetsibwithout undergoing plastic deformation under a sustained (or
changing) load. Consequently, we also examined the ability of these membranes to be cycled

reversibly under both tensile and compressive loading.
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Figure 3.5 a) Cyclic tensile loading performed on a single sample of RTIL swollen on SOS46 nmembra
at 20°C. Tensile loading was cycled through progressively increasing strains. Loading eadinghvas
performed with a strain rate of 2%.sb) Unconfined compressis-decompression cycles performed on a
single sample of RTIL swollen SOS46 membrane at 20 °C. Both compression ane metras

performed at a strain rate of 10%.<ycles two (open circles) and ten (filled circles) are shown. Data for
all cycles providedh the ESI

Figure 35a shows the results of a progressive tensile loading experiment in which a
single coupon of the membrane is subjected to loading and unloading to progressively higher
strains. Using a strain rate of 2% (§igure 3.5a), the swollerRTIL composites displayed no

degradation in modulus with each additional cycle, (until failure) and exhibited actalde
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hysteresis during the release of the tensile force. From these observations, pvtanm
conclusions can be drawn: First, thehetedsphere network has an ability to absorb the stress
elastically and reversibly without breaking bonds or disrupting the network ustuaver a
significant range of stresses. We attribute this to the ability of the network aobakisess
through réaxation of dynamic chain entanglements in the diblock copolymer population, in
combination with traditional mechanisms of energy dissapation associated wittstch&ching

and chain slip in the tethering triblock copolymer population. The connectivity anmeng t
individual spheres, which is highly redundant at 46 mol% triblock copolymer, produces an
mechanical connectivity that is extremely efficient at distributing stresssathe sample.
Second, the lack of any significant hysteresis upon the release of the tensile foirrescibef
observation (during separations testing) that strain produces RTIL movemenglirite the
membrane only, with no detectable RTIL leakage occurring under load conditionscKhaf la
hystereis indicates the elastic restgrforce in the tetheresphere network is such that RTIL
redistribution is promoted at a rate slower than that used in the experimerit)(2¢6tbly, we
have found no other membranes based on BCP and B¥ii.&> *“that have been reported to
have these unique material properties.

Cyclic loading under unconfined compression confirms the conclusions drawn about the
elastic reversibility of the membranes that provides them with such a unique ngathani
advantage. Ten unconfined compressiesompression cycles at a constant strain rate of 10%
s ' (Figure 35b) were also performed on the swollen SOS46 samptgsortantly there is
superb agreement between the firstl denth cycles, again showing the absence of property
degradation during mechanical loading and unloading. In the case of compression, however,

intra-cycle hysteresis was observed during the release of the compressive load. Coincideence wit
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the compressio data is eventually achieved prior to reaching zero applied force, implying
redistribution of RTIL molecules is occurring on a relatively fast time sceis type of
behavior confirms that the hysteresis in the observed under cyclic compressiated teethe
differences between the strain rate and the RTIL +trassfer rates in the membrane.
Regardless, the full recovery and excellent reproducibility of successive aydleates, that
very little, if any, liquid is being exuded from the membranearcompressive strains up to

40%.

3.3.4 Additional Operational Considerations

3.3.41 Effect of Transmembrane Pressure on/B@Separation Performance

Industrial processes for separating light gases can operate over a wide range of pressure
differentials. With that in mind, we began the process of assessing the impadtednti
transmembrane pressures on the separation performance of these RTIL composienagemb
As shown in Figur&.6, CO/N, selectivity and C@permeability were measured as a function of
increasing transmembrane pressure differentials including pressures justirexeE kPa in
both the SOS22 and SOS46 systems. In some casaswded collected at a given pressure
differential using multiple membranes. In those cases, the data are presenezthaslues with
calculated standard deviations. And while the relationship between membrekmeski and
burst pressure remains to be quantified in these systems, these initial measusrmejite

encouraging.
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For the membranes of a given triblock copolymer blend ratio, the effect of imgeasi
transmembrane pressure on £ND separation performance appears to be minor over the range
of pressures examined, with the highest pressure being a possible exception. In tidlmse
S0OS46 membrane run just above 400 kPa, a slight decline in bethe@®eability and C&N-
selectivity was observed. Notably, the thickness of this membrane was 430 midnarts,iswv
approximately twice the thickness of the other three SOS46 membranes fetstecbldserved
drop in the CQ permeability and the CfN, selectivity for that particular membrane is
representative of true mean behavior, the underlying reason is not outwardlgrapparther
studies in replicate, beyond the scope of this initial report, will be needed to evidduate
authenticity.

Interestingly, the SOS22 membranes examined appear to exhibit a slightly higageave
CO./N; selectivity when compared to the SOS46 composites when the behavior across all
transmembrane pressures is considered. In contrast, the@df@eability exhibits the inverse
trend. While the inverse relationship itself, being consistent with the Robesesefectivity
tradeoff, is not entirely unexpected, that the membrane system containing the higbher RT
content (SOS22) should exhibit the lower permeability (but the higher selectivity) &ntirely
obvious. As proposed earlier, it seems possible the role of RTIL mobility and $itjucture as
a function of the PEO chain concentration throughout active layer may be playing araimhport

role in the determination of ultimate gas separation performance.
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Figure 3.6 Singlegas CQ/N, permselectivity data as a function of increasing feed pressure for the RTIL
composite membranes fabricated from SOS22 (top) and SOS46 (bottbagtaAivas collected at 23 °C.
In cases where multiple membranes were tested, mean values and standaadeandisated

3.3.4.2 Performance Longevity

To examine the potential lortgrm stability of the SO/SOS RTIL composite membranes
under gas separation conditions, we mounted a single SOS46 membrane satufated wit
[EMIM][TFSI] and measured COpermeatio 16 times over the course of 28 days (Fighirg.

Between tests the membrane was kept under dynamic vacuum. All tests were perfohnaed wit

42



CO, feed pressure of approximately 230 kPa. Initially, variations in @@meability of ca. 50

barrers were obseed. However, between days 8 and 28 the f€@meability of this membrane
stabilized, giving consistent readings of 9.7 + 0.1 %Hd0rers. Importantly, these results show

that membranes of the SO/SOS based RTIL composite membranes maintapetmeiation
performance over a reasonable timescale while sustaining cycled transmembranesressur
between applied vacuum and 230 kPa. Perhaps most importantly, they did not appear to leak any

of the physically entrained RTIL over the @8y time period.
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Figure 3.7 CO, permeability and C@solubility over a 28ay time period for a SOS46 membrane
saturated with [EMIM][TFSI]. Data was collected at 23 °C with a fixed feed pressure ixapately
230 kPa for each measurement. Data reported for days 3,8 and 21 are averaged valaes.cBtars in
some cases are small enough to be obscured by the data point marker.

The longevity test also suggests the ability of the PS core domains torgiassy,
confirming that exposure to the RTIL solvating the P&@ins, or the dissolved G@uring
measurement does not negatively impact the mechanical integrity of theseamesnthrough
plasticization. In addition, given the ability of the SOS membranes to exhibiptea
mechanical performance when swollenaiqueous media for extended peridd® we do not

anticipate the presence of water in the feed gas to adversely affect the system mechanical
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properties. However, the influence on the stability of the RTIL itself, and the extended ga
separation performance of the membrane in the presence of humidified feed geedvilb be
established. Notably, our recent studies separating humidifieéNg@ixed-gas streams with
[EMIM][TFSI] saturated epxy-amine ion gel membranes did not reveal any acute stability
issue§®. And while additional species in the feed gas such as oxygen or other oxide
contaminants have also yet to be evaluated, the ability of the PS &t ithp mechanical
stability to remain a frestanding membrane, before, during, and after use in these extended
single gas experiments is promising. While use of alternate RTILs and incrgaseding
temperatures may eventually require more permarveatidn of the core material, the ability to

use simple vitrification following melassembly may be one of the most attractive features of

this system.

3.4CONCLUSIONS

We have examined a new series of RDPHsed composite membranes that were
fabricaed by exploiting the melitate seHassembly of vitrified sphets®rming diblock and
triblock copolymer blends swollen with free RTIL. The SO/SOS system used pi@Jedan
exceptional absorber of the RTIL, [EMIM][TFSI], which resulted in elastic -ftarding
membranes containing 984.8wt% free RTIL. As a consequence of the RTIL loading, these
membranes exhibited combin€®, permeabilities and C4N, selectivities traversing the 2008
Robeson plot upper boundensile and compression testing confirntbe ability of these

composite membranes to withstand cyclic loading in both compression arhterthi no RTIL
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loss under mechanical loading. The membranes tested exhibited completeyre€¢aowedulus

in successive cycling, and showed only transieapidly recovered hysteresis in compression.
Transmembrane pressure differentials >400 kPa could be successfully applied, and membrane
performance over a 28ay period was used to demonstrate mechanical andp@Meability
stability (9.7 + 0.1 x 1D barres over days 8 28). Such stability over time reveals the
impressive ability of the PS cores, vitrified from the nsttte through standard mpltocessing
techniques, to resist plasticization or mechanical failure in the presenceyefglaantities of

RTIL or recurring mechanical loads.
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CHAPTER 4

FEASIBILITY STUDY OF PHOTOCROSSLINKED POLYISOPRENE AS A

REPLACEMENT FOR POLYSTYRENE IN SO/SOS MEMBRANES

4.1 INTRODUCTION

The uniqueness of the G, separation membrane materials discussed in Chapter 3
originates from their nanostructure, which was based on an elastietisred network of
spheres made from AB/ABA block copolymer blends. The spherical domains (A), which
function as the anchoring junction points for the whole network, were composed of polystyrene
chains (~ 8000 g md) that stayvitrified below their glass transition temperature €r80cC).

These glassy polystyrene cores played a central role in the mechanical propertiésdeliibi

the membrane. However, at temperature approachinggttileeBe cores began to soften, causing
mechanical failure of the mebrane. The focus of this chapter is to study the feasibility of
replacing these thermoplastic PS cores (A blocks) with a-irdesl thermoset, simultaneously
improving the thermal and chemical (solvent) tolerance of these membranes. Awvadpr
solventtolerance of the spherical domains becomes beneficial if these membranes are to be

utilized with a host of developed RTILs with varying cation and anion combinations. For

* The contents of this dissertation chapter wergten by Dilanji Wijayasekara. Special acknowledgements are
dedicated to Patricia Ribeiro, visiting undergraduate student, for actitieigaion in many of the photouring
experiments.
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example, [@mim][Tf.N]™, is known to have a higher G@ffinity than [emim][TEN] but tends
to plasticize (soften) the PS domains, rendering the current SO/SOS type membrane
mechanically vulnerable.

Our group has previously researched low molecular weight BCP systems with cross
linked polybutadien€PB) as the sphere forming component, and PEO as the coronal layer. This
system has shown the ability to produce hydrogels with reasonably high swelling ratios but t
mechanical properties at room temperature proved inferior to the SO/SOS Rystéom
diminished mechanical properties where attributed to the much small®ERBmolecular
weights used, in comparison to the SO/SOS systems studied previously. The smadlier over
molecular weight drastically reduces the number of coronal layer entanglgmnesgsit in the
swollen hydrogels, which have been shown previously by our group to play a significant role i
mechanical property determinatfnOur goal was to revisit the use of a crosslinked polydiene
spherical core in higher molecular weight systems as a possible routpravewoh solvent and
thermal tolerance.

In this case, polyisoprene (Pl) was chosen as an alternativéytnutaaliene (PB) used
previously in hydrogel formation. Isoprene monomer is safer to handle compared to explosive
butadiene monomer. Furthermore, our group has experience with preserving theataelt st
morphologies (cylinders and gyroid) of low molecular weighbtfIEO systems by selectively
photocrosslinking lightly epoxidized PI domaiftsin those systems. The work in this chapter
can be onsidered as an important unification of many previous concepts developed by our
group. A major distinction between current work and the previous work is the magnitude of the
molecular weight of the diblock and triblock copolymers proposed. The highecutasleveight

BCP system was anticipated to be advantageous not only for the improved mechaniciagrope
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expected for the system, but for its ability to simultaneously accommodateanmréduid than
the a lower molecular analogs.

This chapter descréds a series of proof of concept experiments exploring the viability of
using epoxidized Pl as a suitable material for producing crosslinked sphericalltmehapter
starts with the successful synthesis of a high molecular weighRERIPPEOPI systemthat
melt assembles into a liquid like packing of Pl spheres. What follows is a seriesngptatto
use selective photo crosslinking of the Pl spheres using photoactivated catigmenation
of epoxidized versions of the above system. There are well established methods fealchemi
crosslinking PP, however routes for selectively crosslinking Pl withdisturbing the existing
morphology when it is a part of a phassparated structure are rare. In this work, we have
adapted the chemistry developed specifically for this purpose by our group aradezhiidlow

molecular weight systems to this new systgrmuch higher molecular weight.

4.2 EXPERIMETAL

4.2.1 Materials and Methods

Isoprene (99%, 100 ppm p-tert-butylcatechad inhibitor, Aldrich) waspurified by successive
staic vacuum (15-30 mTorr) distillations with n-butyllithium (1.6M in hexaes, Aldrich).
Ethylene oxide (99.5+%,compres&d gas,Aldrich) was purifi ed by successivalistillations with
di-n-butylmagnesium(1.0M in hepare, Aldrich). sec-butylli thium (1.3M in cyclohexane/hexang

Fisher)was usedas receival. 3-dloroperxybenzac acid (MCPBA, 70-75%, Acros Organics)
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wasdissdved in t-BuOH and dried twice over anhydrous dium sulfae. Naphthdene (Fisher)
was recrystallized once from diethyl ether Potassum metal (98%, Fisher)was cut into pieces
under light mineral oil and fresh non-oxidized metal sufaceswere obtained by washirg in a
pentanefor 30s. Potassum naphthalenidesolution was preparedby dissdving excess(1.1x)
recrystallizednaphthalenend freshi/ cut potassum in tdrahydrofuran(THF) under argn. The
dark green soution was allowed to stir overnight with a glass spnba befae use. (4-
iodophenyl) dphenybkulfonium trifl ate (IPDPST) phob initiator was purchased from Aldrich
andusedasreceived. a,a-Dibromo-p-xylene (98%, GC Purum Fluka) was vacuum dried for
a hour. All othercommonchemicalswvere usedas received unlessotherwisestated THF was
degassedby spaging with argon (10 psi)for a periodof 45 minutes andthen purified over
two molecularsieve codumns of neutralalumina(Glass Contour, Inc.) Cyclohexane(CHX)
was degassedavith argon and purified through a cdumn of neutralaluminafollowed by a
cadumn of Q5 copper(ll)oxide catalyst (Glass Contour, Inc.). Ultra high purity argon
(99.998%aAirgas)waspassedhroughacoumn of 5A molecularsieveswith drierite (Agilent)
and an oxygen asabing purifier cdumn (Mathesa Tri-gas). All glasswae and

polymerizationreacors were flamedundervaauum andbad«filled with argon (3x).

4.2.2 Physical and Analytical Measurements

'H NMR spectra were recorded on a Varian Inova 400 MHz spectrometer with a pulse
delay of 25s to ensure complete relaxation of end groups. The spectra were referethee
residual protio solvent (CHg)l Gel permeation chromatography (GPC, also referred to as size

exclusion chromatography, SEC) was performed on a Viscotek-NECchromatography
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system outfitted with three 7.5 x 340 mm Polypore (Polymer Laboratories) columnges se
The columns were maintait at 40°C or 55°C in an Alltech column oven depending on the
mobile phase. The GPC system was attached to a Viscotek differential refradixe(RI)

detector. All polymer samples were run in THF or DMF (mobile phase, 1 mfmin

4.2.3 Dynamic Mechanical Spectroscopy

Rhedogical experimentsvere runon a TA InstrumentsARES rheometer Sanpleswere
formedasdiscs (8mmnd put betweenwo paallel gates In UV photo curing experiments, the
upper plate was a 20 mm quartz parallel plate attachment with a 45° refleatiag (onsed to
direct the light from the source to the sample) and the lower plate was a peltiemattadine
gap between two plategas adustedio ensue evendistiibutionof thesanple. Typical ggoswere 0.2
- 0.5 mm. A Hamamatsu Lightning Cure LC8 UV spot cure system was utilized with a 200W
mercury xenon lamp, synthetic silica light guide, and short focal point condensedyeasiic
temperatue ramp tests were perbrmed while heatirg and cooling at IC min™ at amula

frequenyg of 1 rad & and astrainof 0.5- 2.0%(dependig on thelinearviscoelasticregime).

4.2.4 Small Angle X-Ray Scattering (SAXS)

Scatteringdatawas cdlected on aRigaku SMax 3000 Hgh Biilliance three pinhde

SAXS sysem oufitted with a MicroMax-007HFM rotaing anode(CuKa), Confacal Max-Flux

Optics, Gabiel multiwire aea deedor, and aLinkam thermal stage. Pdymer sanples were
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sandwiched between Kapton discs. Exposue times for uncued sanples wee typically on the

order of 1200-3608. Curedsanple exposue timesvariedbetweer8600-10800s.

4.2.5w -hydroxypolyisoprene (PIOH)

Anionic polymerization of isoprene (30.8 g, 12 hrs) waBated with seebutyllithium
(3.03 mL, 1.28 M) in 1L of cyclohexane at°@Ounder a positive argon pressure of 5 psi.
Ethylene oxide (1.7g, 20 hrs) was added as ancapding agent. The terminal alkoxide was
guenched with methanol (25 mL), and the cyclohexane polymer solution was reduced to 500 mL
on a roteevaporator. The product was precipitated from 4:1 MeOH:EtOH solution (2.5L). The
polymeric alcohol was redissolved in THF and fredded in vacuo (2%, 7 days). The
recovered product was a sticky clear viscous liquid, 30.2 g (98%). SEC (Polgstyaexards):

Mw/Mn = 1.06.Mn (calc. FromH NMR integrations) = 8450 g mdl

4.2.6w-hydroxy-polyisoprene-poly(ethylene oxide)(FPEO)

PIOH (4.80g) was dissolved in 500 mL dry THF. The solution was titrated with
potassium naphthalenide until a light green color remainedtfteast 5 min at 40°C. Ethylene
oxide (46.2g, 20hrs) was added to the reactor under a slight positive pressure of argpth€l ps
solution immediately went from light green to clear. The terminal alkoxide wahee with
25mL of methanol. Then the polymer solution was reduced to 200 mL on-eviaytorator. The

block copolymer alcohol product was precipitated from pentane (2L). Filtratidrdeying in
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vacuo (25°C, 24 hrs) resulted in a white elastic solid as the product. Yield= 46.4 g (91%). SEC

(Pdystyrene standards): Mw/Mn = 1.08.

4.2.7w-hydroxy-polyisoprene-poly(ethylene oxidep-hydroxy- polyisoprene (FPEO-PI)

PIHPEO (7.0g) was dissolved in 750mL of THF and titrated to a light green color witlsipatas
naphthalenide under argom,d-Dibromo{-xylene was dissolved in THF (2.08 mL, 0.024 M,
1:0.5 eq PHPEO: o,6-Dibromop-xylene), and was added at a rate of 0.1 riilwith a Chemy
Fusion 200 syringe pump to the titratedEO flask. The copolymer mixture was precipitated
from pentane (1.5L;20°C). After filtration and drying in vacuo (25°C, 48 hrs), the copolymer

was an offwhite elastic solid. Yield = 5.7g (82 %). The copolymer mixture was 22 mole %

triblock (calculated from SEC peak integrations).

4.2.8 Standard procedure for epoxidized polyisoprempelip(ethylene oxide)polyisoprene

(eP-PEO-€PI)

A PI-b-PEGb-PI triblock and Plb-PEO diblock blend was dissolved in a 20BUOH:CHCl,
mixture. For a targeted epoxidation of 80% of the olefins on PI, an equal number of moles of
MCPBA was used. The calculated amount of MCPBA, dissolvedBuGH and dried twice

with anhydrous NgO,, was added to the polymer solution and stirred for 2ath$0°C. The
reaction mixture was then filtered with a 0.22 micron filter. Filtrate was washed &

(2x), followed with DI water (3x), and then dried with anhydrous3@, The product was then

precipitated in an excess of pentane. The precigitateduct was isolated and dried in vacuo
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(25°C, 48 h). This reaction yielded the epoxidized blockcopolymer blend as an off-white solid.
Yield: 20 - 40% (highly epoxidized products become more and more miscible with water). The

product was characterizedtivtH NMR and SEC chromatography.

4.2.9 General procedure for preparing samples for photocuring

Epoxidized diblock and triblock copolymer blend samples wereissplved with 1
mol% (relative to modified and unmodified PI repeat units) IPDPST in béhizene:chloroform
mixture and freezéried overnight. The resulting blend was then melt pressed into discs (8mm
diameter, ~0.2 mm thickness) at 100°C for 15mins. The sample disc was placed (centered) on a
TA instruments rheometer outfitted with a peltier and a quartz parallel plate attachrne
sample was heated to 95°C prior to cure and held at the same temperature during the curing. All
experiments were conducted under argon. The intensity at the cure site wa6®@fmWcn?

(measured in the range #80-410nm with a Coivol- Cure Silver Line UVradiometer).

4.3 RESULTS AND DISCUSSION

4.3.1 Block copolymer blend synthesis and characterization

A single o-hydroxypolyisoprene(PIOH) was used as the basis for all studies in this

chapter. The PIOHparent molecule was synthesized by anionic polymerization of isoprene
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monomer, initiated with seloutyl lithium, end capped with single ethylene oxide unit and
terminated with methanol to give the terminal hydroxyl functionality. The proceduzdsnese
identical to those documented in a previous publication from our §kdtipNMR and the SEC
chromatography allowed the efficient characterization of the product. A matesegight of
8450g/mol (DP = 125) was calculated using end group analysisl MR, and the SEC
chromatogram calibrated using PS standards verified a nawtyadispersity index (PDI) of

1.06. (Figure 4.1)
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Figure 4.1 *H NMR and SEC data for anionically polymerized isoprene capped with single EQ'lumit
molecular weight of the resulting PIOH parent molecule was calculated utikzidggroup analysis
(utilizing normalized peak integral ratios wfand I, relative to the normalized peak integral of the
initiator fragmenta).

The PHb-PEO (referred as 10 hereafter) diblock copolymer used was synthesized by

anionic ring opening polymerization of ethylene oxide utilizing the pafIFf®H as a

59



macroinitiator. The PIOH could be activated for anionic polymerization thrdiagie
deprotonabn of the terminal hydroxyl using quantitative titration with potassium napthalenide
to generate the initiating system. flkal molecular weight of 923%flmol was calculated by
analyzing théH NMR spectra of the product, and the narrow PDI of 1.08 wesetdkfrom the
SEC chromatogram of the product (Figéié1, Addendum II). The targeted volume fraction of
PEO €pes=0.89) was confirmed byH NMR spectroscopy. Small angleray scattering was

used to characterize the morphology of this diblock copoly{Figure4.2).

(a)

Intensity (arbitrary units)
i

Intensity (arbitraty units)

Figure 4.2 SAXS data for |0 showing a scattering pattern consistent with Hikgédpacking (LLP) of
spheres. For comparison, the inset depicts SAXS data of an analogous SO systetaromsiegular
weight and composition determinedaiso adopt a LLP of spheres, described previously by Gud'ét al.

The existence of the prominent (Bragg) scattering peak at a low 0.0263 A)is
indicative of some latticéke (i.e., bcelike, given the very asymmetric volume fraction and

known phase diagram for AB diblock copolymer systems) character on the local stales bu
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prominent shoulder (and lack of higher order Bragg cafles) at the same time indicates
significant disorder, or liquiike packing, when longerange organization is considered. This
liquid-like packing of spheres is here after denoted hy. $or large molecular weight block
copolymer systems liquid likeacking is quintessentid™®. Larger molecular weight systems in
general and sphefferming systems in particular, often kinetically hindered from forming phase
separated structures with lorange periodic ord&f*°

The inset of Figuret.2 is adapted from a previous publication by Guo ét’aknd
depicts the SAXS data collected for aB8EO (SO) diblock copolymer with similar molecular
weight and block composition to the-BIPEO (10) considered here. That data has been closely
fitted to the Percu¥evik (PY) modéef® of polydisperse solid spheres, through which key
dimensional characteristics of the structure could be extracted. A similgsiamal SAXS data
of 10 would provide similar structural details, but was not performed for this sample due to t
extensive data collection and analysis required. However, Guo et al. showed that a rough
estimation of the dimensions of these spherical Pl domains is possible by agspming the
localized bcc lattice structure is representative of the sample. In such a case, tipalprinc
scattering wave vector is taken to be the first allowed reflection of the Im3m (lao® gpoup
(q110. Calculations based on this assumptiorrevased to analyze the 10 sample and are
presented later in this chapter.

The next step was development of eoFREOb-PI (referred to as 10l hereafter) triblock
copolymer with latticematched symmetry to the 10 diblock copolymer. A good approximation
for matching the lattice dimensions adopted duringastembly between AB diblock and ABA
triblock copolymer is to simply couple the diblock copolymer. While there is some

computational evidence that the phase diagrams do not entirely overlay for such systems, t
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distinctions are quite minor. Thus, a coupling reaction of 1O diblock copolymer was usechto f
|01 triblock copolymer. In general, these types of coupling reactions with high moleezitght
polymer systems are never quantitative, resulting imigure of (uncoupled) diblock and
(coupled) triblock copolymers. Several reactions were carried out. The dibhackriblock
copolymer blends that resulted were named as I0Ixx where xx indicates khektabpolymer
mole percent in the blend. Diblock and triblock copolymer mole percentages irotheipwere

calculated using SEC peak integrations. The SEC data is shown in &£igure

10122 10125
10146

T T T T T 1 T T T T T 1 T T T T T 1
18 18 20 21 22 23 18 19 o] 21 22 23 18 18 20 21 22 23

Retention volume (mL) Retention volume (mL) Retention volume (mL)

Figure 4.3 SEC chromatographs of the three BCP blends; 10122, 10125 and 10146. SEC traces ar
normalized to the height of the diblock peak for the ease of comparison. All the sampdasin in THF
as the mobile phase at 40°C.

Three coupling reactions were runthtee different times. The degree of coupling for
each run was different even though the same reaction conditions were used faeeall th
experiments. The efficiency of coupling reactions applied to macromolecule clgimnsehighly
susceptible to the a&dntitious concentration of impurities present in the system. This is the
probable cause of differences in the coupling efficiencies obtained in rine itidependent

coupling reactions carried out.
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The morphology of the resulting 10Ixx blends was thenrattarized using SAXS
(Figure 4.4 -data in green). All three blends show a wdEleloped, prominent principal
scattering peak at low g, and a slight shoulder at higher g, but no higher order scattering peaks
can be distinguished. As discussed previoublky,form of the scattering profile is characteristic
of the classical liquidike packing of spheres (&) so prominent in this region of the phase
diagram (very asymmetric volume fractioriss 0.14). Given the $p behavior exhibited by
the 10 diblockcopolymer, a similar morphology and scattering is anticipated for the 10Ixx
blends. Notably, the addition of the triblock copolymer does reduce the definition in the LLP
structure factor when compared with the analogous neat diblock copolymer sampges. It
reasonable to assign this change in the structure factor with the loss in kiobtlity expected
in the system with the addition of a significant fraction of even higher molecelighivOl
chains (2x the molecular weight of the 10).

Figure 4.5 show the mekstate rheological properties, in this case given by a dynamic
temperature ramp test (DTRT), for the 10125 blend. The dynamic temperature rsimp te
performed by performing oscillatory shear on a polymer sample in the melt stajeausxed
strain (here, 2%) and frequency of oscillation (1 rdj, sind allowing the temperature to be
ramped at a constant rate (1°C min'1). The 10125 blend exhibited elastic moduli in the Ba
range (typical of ordered block copolymer melts up to 150°C). The transition visible at 65°C
corresponds to the PEO crystal melt transfflofihe largely plateau behavior in both elastic and
loss modulus is prototypical for an ordered spherical morpholaggording to the data this
material (IOI25) shows no observable phase transitions below 300°C. An order to disorder
transition (ODT) was observed around 310°C, although this is beyond what is typically

considered an experimentally viable temperature range for these measurements. aiiatei
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about 250°C, sample degradation can influence observed behaviors and so transitions above this
temperature must be considered cautiously. It is evident that the polyisoprene bRssys&Gh
has improved flow resistae over the polystyrene based system, as indicated by a significantly
higher ODT temperature (310 °C verses 225°C). This is consistent with the larger Flory-like
interaction parameter (y) between PI and PEO, as compared with that between PS and PEO in
the previously studied system.

Once synthesis and morphological characterization of all blends was complete, the next
step was to determine the feasibility of selectively ctimésng Pl domains. First, incorporation
of a crosdinkable epoxide moiety intohe Pl domains was attempted, and the effect of that
modification on the molecular weight distribution and subsequentstagé seHassembly of the

blends was systematically studied using SEC chromatography and SAXS analysis.
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Figure 4.4 SAXS data for each of the three native coupling reaction products, their epoxidiegurista

to crosslinking, and their final cro$sked form, each collected at 100°C. Data was collected on samples

that were annealed at 100°C, 175°C, and 225°C for 1hr prior to analysis, however the results are shown

only at 100°C here. All three blends show the same trends in phase separation behavior as they go

through the process of epoxidation (loss of phase separation) andiphated crosdinking (recovery

of phase separated state) of the PI spherical domains.
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Figure 4.5 Dynamic temperature ramp test (DTRT) data for IOI25. Data were collected at 1°C min™
(while heating) at a frequency of 1 rad and a strain of 2%. The inset is DTRT data for an analogous
SOS72 system (red) of similar block molecular weights and PEO volume fractionibddsin the
publication by Guo et &[.

4.3.2 Epoxidation of block copolymer blends and characterization

Controlled partial epoxidation of the olefin units in the 1,4 repeat units of polyisopren
the blends was attempted following procedures documentedprevious publication by our
groug™. In order to explore the optimum crdisk density needed within the Pl domains,
incorporation of different concentrations of epoxy groups into the Pl block was investigated.

The initial goal wasd epoxidize 20% of the olefin units in the Pl blocks of the 10125
blend. Treatment with MCPBA, a common reagent used in the transformation ofsatkene
epwxides, in methylene chloride resulted in the successful epoxidation of Pl repeatitmiss
product yield of about 85%H NMR spectra of the product (Figurll.2, Addendum II)

confirmed a degree of epoxidation (922 consistent with the targeted valiée product of this
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epoxidation is referred to a; #0125, with the prefix denoting the percent epoxidation &%.22
This convention is used with all epoxidized blends discussed within this chapte

In an attempt to epoxidize 100% of the olefin units in the PI chains, &/
conversion was achieved (confirmed with the NMR in Figure4.6). Likewise, a targeted
epoxidation of 45% resulted in only 40% epoxidation of the chains. Resonances in the 1.90
2.25 ppm range, which correspond to the methyl and aliphatic protons in polyisoprene repeat unit
show a change in the relative peak shapes and intensities. This is likely dueror¢lsead
oxygen incorporated within the polyisoprene backbone as a result of introducing the epoxide
groups. As discussed in the caption of Figdre, the percentage of epoxidation could be
calculated by comparninthe peak integral corresponding to the methyne proton in the oxirane
ring in epoxidized PI repeat units, 2.6 —2.8 ppm) with the residual vinyl protons left in the
unmodified PI repeat unitsl.,x, 4.6 — 5.2 ppm).

Isolation of the product was found to be very challenging at high levels of epoxidation,
with the removal of benzoic acid formed during the epoxidation reaction beingufzatyic
difficult when the epoxidations were carried out in CHCb circumvent this issue, we changed
the reaction seknt from CHC} to tBuOH to induce direct precipitation of the benzoic acid
during formation, given its limited solubility inrBuOH. This modification to the previously
establish protocol for epoxidatiéhhelped to separate the majority of the benzoic acid, but not
removal was not quantitative. Residual benzoic acid was then neutralized by wasling wit
NaCOz and finally DI water. This prtocol was successful in removing the excess benzoic acid,
however, product yield was increasingly compromised with each washing dueincréesing

affinity of the epoxidzed P blocks for the aqueous layer.
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Figure 4.6'™H NMR of eJ0I22. Thepercentage of epoxidation was calculated by comparing the peak
integrals corresponding to methyne proton in the oxirane ring in epoxidized Pl repedg)unith the
residual vinyl protons left in the unmodified Repeat unitsl( x). (= Int(€) /[Int(e)+Int(1)+Int(x)/2] )

As with epoxidation of the 10125 blend, targeting 100% epoxidation of all olefin units in
the PI blocks of the 10146 blend resulted inamual epoxidation of only 83/4. This degree of
epoxidation was calculated from tHel NMR of the product (FiguréAll.3, Addendum II).
Notably, it seems the conversion efficiency (efficiency of transforming thin almits to
epoxides) decreases as more epoxy units start to present on the PI blaclorlyH20% of the
olefin units were targeted, 100% conversion efficiency was achieved simply adding
stoichiometric amounts of MCPBA.

In contrast, the addition of stoichiometric amounts of MCPBA, when targetingrhighe
epoxidation levels was not as efficient, with the reactions targeting eporiddt40% of the
olefin units giving conversion efficiencies just shy of 90%, while reactions tagg&00%

epoxidation resulted in conversion efficiencies consistently i85 - 87.86 range While it is
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feasible to increase the amount of MCPBA in these reactions, it is not clear thaarsuch
approach would improve conversion. It is likely that as the epoxidation levels inaleagehe
polymer backbone, the steric hindrance to further epoxidation becomes significantyasidwna

the reaction kinetics senady.
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Figure 4.7 SEC analysis examining the effects of epoxidation modification on molecular weight
distribution. a) Comparison of SEC chromatograms of the 10125 systenin THF as mobile phase at
40°C. 10125 and e,l0125 share the same chasizedistribution that verifies no chain degradation after
partial epoxidation step. b) Comparison of SEC chromatograms of 10122,@@i28, run in THF at
40°C. A significant change in molecular distribution is present from 10122 to e40lO122. ¢) Comparison of
SEC chromatograms of 10122 angy @0122, run in DMF at 55°C. Poor solubility of eg; 50122 in DMF
required dilute samples, producing a lower signal to noise ratio. d) Comparison ob&HGr 10146 and
63540146, run in DMF at 55°C. Poor solubility of egs 4OI46 in DMF required very dilute samples, again
limiting the signal to noise ratio in the data.
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In total, four epoxidized blends were studied:l@I25, 00122, 740122, and
es5.40146. All epoxidized products were also characterized with $E©matography (Figure
4.7). As shown, the molecular weight distribution given by the SEC chromatograss ©fR2&
closely matched that of the unmodified 10125, showing only a slight shift in the distribution to
the right (Figuret.7g9. The shift to theight implies that the modified 10125 (i.e 2280125) has a
smaller hydrodynamic volume than the unmodified 10125, despite the increase in molecula
weight associated with the epoxidation of the olefin units. This further implieaghhée oxygen
contentin the polydiene backbone is increased, the solubility of the chain in THF is degreasin
causing some degree of collapse in the swollen chain conformation.

SEC data for £40I122 and 540146 (Figure 4.7b, 47c and 4.7d) suggest the
epoxidation modification with MCPBA has affected the molecular distobstiof the starting
materal. In all cases of more than®@2epoxidation, two major changes to the original molecular
distribution are visible. The first is the diminisgimtensity of the peak corresponding to the
triblock copolymer, and the second is increasing degree of tailing on the peak correspmnding t
the diblock copolymer chains. The first change may be due to the decoupling of triblock
copolymer chains as an ursil@ble effect of the epoxidation conditions. The effective triblock
copolymer mole percentages remaining after the modifications were calculated.6rbel%
and 9.7 mol% for £40I122 and g540I146 respectively (compared with 22 mol% prior to
modification). The loss of triblock copolymer following modification has a direct impadhe
mechanical properties of the ultimate swollen network (using RTIL or water sselling
solvent). As seen in Chapter 3 and the earlier publication from Guo, ¢ etta mechanical
strength of the swollen network is strongly correlated to the tether (triblopklyner)

concentration connecting the sphericaidins in the molecular assembly of these BCP systems.
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The tailing of the diblock copolymer peak is most probably caused by undesirable arolecul
interactions between oxygen (from epoxy groups) and the column packing, although this
behavior may also be influenced by residual salts remaining following the acidlizetibn and
washing stepsWe have experienced this effect on several other occasions with modified PEO
chains.

The shift to the right of the whole molecular weight distribution after modificas also
common to all three blends. As mentioned above, this common effect impliesea low
hydrodynamic volume for the modified chain, as compared with unmodified chains. Since the
addition of oxygen in increasing molecular weight, it appears the seE@anes at the expense
of reduced solubility in THF (and DMF), or a change in overall chain flexibiésulting in
(perhaps countentuitively) a collapse in the swollen chain conformation.

The SAXS data of the epoxyodified blends were previously included in Figurd, 4
together with the scattering observed for the unmodified systéatably, the SAXS data of the
epoxymodified systems shows a further decay in the scattering profile, with a partial to
complete disappearance of the broad shoulder typical of the fo$tBucture factarA principal
peak and broad hump persists in the case of lower epoxidation levels, as shown inghegscatt
of the e,10125 blend, however, at very high epoxidation degregsi(@122 and g5 40OI146), the
complete los of any significant scattering signature occurs. It is believed that asepoxg
groups are incorporated into Pl blocks, the chemical signature (increased oxygeicutapaof
the ePl units becomes more like that of PEO. When the different blogk®lotk copolymer
become more alike in their chemical structure, the energy penalty of mitergdscreases and
the material will be less likely to phase separate. Thus, it appears thabxmagpn is having

the impact of compatibilizing the two ldks. In addition, the contrast (electron density
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differences between the two blocks) may also be diminishing, reducing the abilitysylstee

to scatter Xrays. Even though the modified blends were confirmed to lack a clear S
morphology, we decided to continue the studies on feasibility of-trdssg these blends in
melt state and in the presence of acid forming photator IPDPST. As is discussed below

and can be see in Figureldthe cross-linking reaction appears tangdce phase sepaiat.

4.3.3 Photo cross-linking and swelling studies on each block copolymer blend

4.3.3.1 10125

As described in an earlier publication from our group, selective gitosslinking of Pl
domains to preserve the mestate morphology was possible usimgjum salt¥’. IPDPST is a
thermally stable (up to 200°C) onium salt that has been used for initiation of cationic
polymerization of epoxy groups on the PI block. The efficacy of this method in preserving the
melt-state morphology of block copolymer systems with higher molecular weight blocks was
examined using the epoxy-modified IOl blends.

The e,l0I125 polymer blend, in which some degree aflering ($.p) was present
according to the SAXS data, was solution blended with the IPDPST photo initiatae fdried,
and exposed to broad band UV light following a protocol established by our group prétliously
The amount of the IPDPST photo initiator added was 1.0 mol% of the total olefin unitst imese
the unmodified 10125 blend. Samples containing IPDPST hereafter are refeusitg a suffix
to denote the amount of photoinitiator in the blend. For example, the sample just describe

containing 1 mol% IPDPST is denotegl®125-1.0. Once exposed to UV to initiate the cross
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linking reaction, the “e” in the prefix is changed to “x” to denoted the sample isnosalioked.
For the sample above, the designation following UV exposure is dengit@t%-1.0.

The e,10125-1.0 samples were pressed into discs, photo tirdssd and then swollen in
DI water and [EMIM][T&N]. In both cases, the discs did not dissolve, which confirmed the
chemical crosslinking. In contrast, non criisged e,10125-1.0 was easily “dissolved” in water
to form a heterogeneous, slightly cloudy solution.

Crosslinked e,10125-1.0 samples (4l0O125-1.0) swollen in water to form hydrogels
retained their shape but the mechanical properties were poor to an extent thatatlimlanahy
meaningful, quantitative mechanical testing to be performed on them. Thengwatld in water
(Q) for the x%.0I125-1.0 sample was 11.9 g .8/g polymer. The disk swollen with
[EMIM][Tf 2N] also retained its shape while submersed in the excess RTIL. However, once taken
out of the RTIL, it could no longer retain its shape, and collapsed much like weakHfickesis
gelatin.

For purposes of comparison, two samples taken from the previously published studies
from our group were examined. These samples consisted of dphameg blends of
polybutadiends-poly(ethylene oxide) diblock copolymer and polybutadibrmoly(ethylene
oxide)-b-polybutadiene triblock copolymer (BOB11.5) in which 20% PB olefin units were
epoxidized. The samples, previously blended with 0.5mol% IPDPBdB811.50.5), were
exposed to UV under the same conditions we maintained for our previous experimell® with
elOl blends. Characterization data of this particular materigB@B11.50.5) can be found in
the publication by Scalfani et/@l Crosslinked %»BOB11.50.5 discs were then swollen in DI
water and [EMIM][T;N]. The resulting hydrogels showed better handling characteristics

(qualitatively) compared to that made ghl©0I25-1.0. The sample swollen in [EMIM][TN]
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(ion gel), exhibited lower mechanical stability than the hydrogel made ofaime material,
however that difference in behavior is consistent with that found for SO/SOS basmussys
swollen in the two different solvents, as well. Additionally, the RTIL swollgB®B11.50.5
sample was able to retain its shape during delicatelihgndvhereas the iongel based on

X2010125-1.0 was not able to do so.

The major differences between the two systemB@B11.50.5 and &l0125-20-1.0 are
1) the block copolymer molecular weights, 2) the composition of triblock copolymer, angl 3) th
amoun of photoacid used in the blend. The difference in molecular weight may be the most
significant, as it gives rise to much different domain sizes within the sphenmadhology
formed. The diblock and lattiematched triblock copolymers used in theB©B11.50.5 blend
are much lower in molecular weight (29.5kDa and 59 kDa, respectively) than that used in the
e210125-1.0 blend (93kDa and 186kDa, respectively). Consequently, the derived (from the
SAXS data) radii of the spherical PB and Pl domains were 7.6 nm and 14.9 nm resffetfively
In addition to producig smaller domain sizes, the degree of order achievable in lower molecular
weight systems is significant with thes@OB11.50.5 blend able to form a very walkfined

BCC packing of spheres¢&).

As we've discussed in an earlier chapter, the spherical domains are the anchorgg point
of the network and the integrity of the spherical domains is the key parameteifabts the
mechanical properties of the hydrogels. Hence the degree sé$liokding of Pl spherical
domains should naturally influence their ability to withstand loading. In our SO/SQOSnsyst
vitrification of the core, rather than crefasking, was found to provide excellent core integrity at
temperatures below thg @&nd wten water or [EMIM][TEN] was the swelling medium. In those

cases, with a solid core, we found that a large fraction (up to 90%) of the hydrogel mbdalus
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becomes attributed to the dynamic entanglements produced through overlap between the dense
coronal PEO brushes emanating from adjacent spherical domains in the network. When the
coronal chains are large, the population of dynamic entanglements is significaatigrghan in

low molecular weight systems, and gives rise to significantly enhanced mechanicahpnce.
However, the mechanical properties of the hydrogels based onAH2%-1.0 blend, with

much higher molecular weight PEO chains than those,dd0811.50.5, were found to be
inferior —directly contradicting this trend. This result ingd degree of crodsking in the cores

was is insufficient to completely solidify Pl domains, such that the intedrityeocore was the
determining factor in the mechanical properties observed. However, the two blendselo sha
identical concentrationsf epoxide groups within the polydiene blocks. This effect is more likely
due to the difference in sizes of the spherical domains of two samples. Since the degree of
epoxidation on both samples were equivalent, it follows that not all of the epoxideviities

larger Pl sphere are able to be cro$isked. Crosslinking is achieved using a cationic
polymerization reaction (of the epoxides) initiated through light induced decorposit
IPDPST to form a protic acid. Hence efficient crbeking requiresthat the protic species be
generated in the vicinity of the ePl domains, such that access to the epoxide we#dily
accomplished. At this juncture, it is not clear where the IPDPSd@agsvithin the sample, be it

in the PEO domains, the Pl domainsdistributed between the two. The protocol established by
an earlier publicatidfl involving lower molecular weight PI blocks that werkaayer fraction of

the block volumes was to dissolve the block copolymer in benzene and the photoacid 4n CHCI
mix the solutions, and freeze /vacuum dry the sample. However, after several erfseriith

this system, in which the PI block are higher in molecular weight but a smaller rirattibe

sample composition, we found that the ratio of two solvents used has an effect thicdabg ef
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photoacid. For this new system, the ratio of benzene to chloroform needed to be equal to or
higher than 5:1 to achieve good crtis&ing efficiency. We believe that transport (and
retention) of IPDPST to the Pl domains seems to be favored in benzene over chloroform.
Anecdotally, we also concluded that traces of benzene present in the dry miseri@dthe

effect of diminishing the crosknking efficiency. Obviously the drying step was critical to the
successful crosslinking of ePl spherical domains. That being said, at 20% epoxidatieerewe
never able to achieve the mechanical stability exhibited by thé smealler x,BOB11.50.5

system used a comparison reference.

Finally, the x,0I125-1.0 sample was characterized with SAXS (Figutelb.
Characteristic Sp peaks are once again, present in the data. An interesting phenomenon
discovered from the SAXS dateas that crossinking induced phase separation that had been
previously lost with sample epoxidation4©125-1.0). This trend has been observed previously
in similar BCP systenfs!, and suggests that even the disordered systems retain some level of
local organization. This retention of some degree of weak segregation is arkalfnsphere
forming block copolymers near or even beyond the oddsrder transition

As discussed earlier in this section, the amount of pimitiator available to the ePI
domains had direct impact on the degree of the diassg. In order to understand this further,

a series of crosslinking studies was conducteeépoxy modified polyisoprene horpmlymer.

These studies are discussed below.
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4.3.3.2 PIOH

PIOH homopolymer (8450 g/mol) was modified such that 47.5% of the olefin units along the PI

backbone were to be epoxidized. The product (e47.5PIOH) wastdrared with 1H NMR and

SEC chromatography (Figure 4.9).
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Figure 4.9 '"H NMR and SEC data of,PIOH. The percentage of epoxidation was calculated by
comparing the peak integrals corresponding to methyne proton in the oxirane ring in epoRidepeat

units €) with the residual vinyl protons left in the unmodified PI repeat uditsx). (= Int(€)
MMint(e)+Int(1)+Int(x)/2] )

As Figure 4.9 shows, the major fraction of the modified product closely follows the
molecular distribution of the starting material (according to the SEC chroraathgrhe small

peak on the higher molecular weight side of the starting material is probaligiaation of
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some degree of crod$isking during the epoxidation. Interestingly, this phenomena seems to be
predispsed to chain coupling, as indicated by the-reoxdom higher molecular weight peak
occurring at a location consistent with a molecular weight doubling event, and the latgk of a
lower molecular weight chain scission products eluting after the diblock copolyueh an
undesirable side reaction may be the product of radical formation at high loadin@P&Avor
simply the nucleophillic attack of main epoxides by the terminal hydroxyls innatehaochain
terminus.

Interestingly, the SOS22 membranes examined appear to exhibit a slightly higlhgeaver
CO./N; selectivity when compared to the SOS46 composites when the behavior across all
transmembrane pressures is considered. In contrast, the@df@eability exhibits the inverse
trend. While the inverse relationship itself, being consistent with the Robesesefectivity
tradeoff, is not entirely unexpected, that the membrane system containing the higher RT
content (SOS22) should exhibit tlwever permeability (but the higher selectivity) is not entirely
obvious. As proposed earlier, it seems possible the role of RTIL mobility and $itjucture as
a function of the PEO chain concentration throughout active layer may be playing araimhport
role in the determination of ultimate gas separationoperince Different amounts of IPDPST
photoacid (0.5, 1.0, 5.0 mole% of the olefins on PI) were addestTc6PIOHby mixing
solutions of thee47.5PIOHin benzene and the photoacid in CE(#:1). Heeze drying of the
combined mixture of polymer and photoacid on a Schlenk line was extremely slow and took
about 10 days for 0.5g of polymer. This was primarily the consequence of requiring full removal
of benzene from the viscous polymer liquidnce dry the three €7.3°I0H samples with
differing amounts of photoacid 4&.5PIOH-0.5, e7.5°IOH-1.0 and g/ PIOH-5.0) were

exposed to UV (mercuryenon lamp) under the same experimental conditions described
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previously. While curing these samples, their med@nmesponse under a small, constaté
oscillatory shear was recorded in the form of a storage modulus (G’) and a lodsism(@i

with respect to time. Prior to the curing experiment, a dynamic strain sweep i@spdron

each sample in order totédemine the linear viscoelastic region of each sample (prior to cure).
All three samples showed a similar linear viscoelastic regime, where the moduli were
independent of the strain and where the strain varied linearly with /&tré8s Actual

measurements on all polymer samples weega thitiated in their linear viscoelastic regime.
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Figure 4.10 The storage modulus fog&PIOH with 0.5 mol%, 1 mol% and 5.0 mol% IPDPST exposed
to broadband UV (mercuryenon lamp) under argon while under oscillatory shistmain = 0.5%,
frequency =1 rad &). Exposure to UV was started at 5 min and continued until 140 min. UV intensity
was ~ 60 mW cri (measured in the range of 2300 nm with a Cofrol-Cure Silver Line UV
Radiometer. Inset shows the behavior of loss modulus with the increaseragjesmodulus for the
€47.8P10H with 1.0 mol% sample.

Figure 4.10 shows variation of G’ for the three samples as a function of time time
(dynamic time sweep test at a constant frequency of 1lradsl a constant strain rate of 0.5%).

Upon exposure to UV, the photoacid degradation was expected to initiate the cationic
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polymerization of the oxirane rings instantaneously with the propagation to addaoraies
resulting in the crosslinking of the ePl chains. Cationic polymerizations amenkfay their
extremely fast rates of reaction[4], which can favor rapid crosslinking. Howexsr a¢ 15 mins
of sample exposure to broadband UV (intensity at the curing site ~ 60 rRAVam found the
insufficient crosslinking to transform physical state of ePIOHnfi@ viscous liquid to a solid.
This delay may be explained by the limited solubility of the IPDTST causingltdse separate
into macroscopic aggregates curing the drying process. Importantly, the mobiling ePI
chains at room temperature does not restrict the phase separation process. yJltshoatel
diffusion of the acid within highly viscous e47.5PIOH may be the culprit for the slow
crosslinking kinetics. It is clear from the experiments that having more mibim@mote more
rapid cross-linking.

Notably, e47.5PIOFb.0 shows an increase in storage modulus at a nearly a constant rate
of 240 Pa mirl for a period of 140 min with a sudden gain of 106kPa in the 10 mins following
the removal of UV light. In fact, all three samples experienced a suddesase in moduli after
the UV was removed. The cause of this sudden increase has not been determined, but may point
to the possibility of “overexposure” that should be investigated further. It is known thetithe
dissociation equilibrium can dramatically influence the kinetics of catjpoligmerizations, and
may be a factor here. After an exposure of 170 min to broadband UV, all three sampdesicha
color from milky white to light yellow and changed texture from a viscous liquid to a rolde s
like paste. The photocured materials made suspensions in @H&i8as the preured material
dissolved easily in CHCI3. The inset of the FigdrH shows both the storage and loss modulus
changes of e47.5PIGH.0 with time. A decrease in loss modulus vatlconcurrent increase in

storage modulus is consistent with what is classically expected for polymergyaindea
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crosslinking reaction. Based on the findings from this experiment (1.0% IPDPSdigcmed to
incorporate the same ratio of photoinitiatatoi the e87.510122 and e85.410146 samples and

investigate mechanical property changes during cure.

4.3.3.3 10122

The g;40I122 was further characterized with SAXS prior to addition of photoinitiator
(Figure 4.4b). SAXS data confirmed that the targetpdriodic spherical morphology was
disrupted by the epoxidation modification, which appeared to induce compatibilization of the
two blocks. Despite this, investigating the photocrosslinking behaviog/@f0#22-1.0 and

es750I122-5.0 was a carried out.

Storage Modulus (KPa)

0.327mm, d=12.54mm, 5 mins UV light, 85g initial force
0.338mm, d=12.56mm, & mins UV light, 88g initial force
0.405mm, d=11.43mm, 7 mins UV light,100g initial force
0.350mm, d=13.35mm, 8 mins UV light, 76q initial force
10 —
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Figure 4.11 The effect of UV exposure time on modulus gain fpg®©I122-1.0. Samples were heated to
95°C and maintained at 95°C for the whole duration of the experiment. UV exposure was started at 5 min
and maintained for the duration indicatedha legend.
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Figure 4.11shows the data from this UV exposure time study performedqfOe22-
1.0 samples, in which UV exposure was varied between 5 and 8 miAstegentioned earlier,
initiation of cationic polymerization epoxy groups by the IPDPST wapected to be
instantaneous in the presence of broadband UV, if uniform distribution of the photoacid is was
possible. As the previous experiments indicated however, the solubility of tHeSIPnh
epoxidized Pl appeared limited. In the case of 10122,haped the added solubility of the
IPDPST in the PEO block would help distribute the photoacid such that it was in closeifyroxim
with the homogenously distributed ePIl spherical domains. As Figure 11 shows, the sudden
increase of storage modulus at 5 mfas the beginning of the UV exposure) for all samples
tested agrees with this theory. There was no observable (significant) rdiffefi@ modulus)
between samples exposed to times over the range of 5 to 8 minutes and thus we baiexasther
likely no effect on the degree of crosslinking (which is reflected in the modulus) in this
experiment. The starting moduli of all four samples are consistent (~13.5kPd)eagdirn in
modulus (~710kPa) with UV exposure varies in only over 2 kPa range. This variation may be
due to the sampitm-sample difference in photoacid distribution and slight differences in the
uniformity of the sample thicknesses (impacted by UV penetration depth).

The next step was to subjegt ¢0122-1.0 to longer exposure periods of UV light. Figure
4.12shows the change in storage and loss moduli G’ and G” with time. An increasevithi@’
the first five minutes of UV exposure was about 6kPa and for the rest of the tims jtista
3kPa. If we assume the change in modulus is roughly linearly dependent on the degree of cross
linking in the Pl domains, the majority fraction of the crosslinking reaction (}@@ke place

within the first 5 min.

81



25+

g
=3 G’
o
U}
» 20 +
=
3 S
(=]
£
w L
w b4
S <
T
C \
m -
2
o
2
w
10 e e T T
0 5 10 15 20 25 30 35 40 45 50 55 60

Time (min)

Figure 4.12 The g,50I22-1.0 blend was heated to 95°C and maintained at 95°C for the whole duration
of the experiment. UV exposure was started at 5 min and continued until 55 min.
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Figure 4.13 The ¢,BOB11.50.5 blend was heated to 95°C and maintained at 95°C for the whole duration
of the experiment. UV exposure was started at 5 mircantinued until 55 min.
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Another interesting observation is that there was no loss of storage modulus even at
longer UV exposure times. Typically, longer UV exposure times (on the scale of hours) are
associated with diene polymer degradation (usuallyceéetsea with radical formation and chain
scission). However, for our sample, polymer degradation, (if any present) due to longer UV
exposure was not significant enough affect the moduli of the sample. Not unexpectedliera grea
starting G” than G’ was meared for uncuredgd40I122-1.0 melts, which was consistent with
the lack of structure detected in t8B&XS. As the crosdinking of the Pl domains progressed,
the rheology confirmed the decrease of liglik@ behavior (decreasing G”) and increase in

soliddike behavior (increasing G’) as expected for a matemaergoing cure.

Finally, the morphology of thegxdOI22-1.0 was characterized with SAXS (Figure
4.70. Recovery of §pordering is evident from the appearance of the primary scattering peak at
0.015 A, indicating the onset of crodisking successfully induced phase separation between

the ePl and PEO domains in the system.

For the purpose of comparison, a curing experiment¢80811.50.5 was performed
(Figure 4.13), maintaining the same conditions that were used for the curing expedament c
out on g740122-1.0. Similar to g 40I122-1.0, the total G’ gain with UV exposure by the
e0BOB11.50.5 sample was 7 kPa, with 50% of the modulus gain in first 5 min of UV exposure,
and the resbccurring during the remaining 50 min). Interestingly, the loss modulus of this
sample stays significantly lower than theddhtaining sample §g40I122-1.0). This may be due
to the presence of a well developed ordered morphologhe)($ e0BOB11.5-0.5in the melt
prior to cure. In contrast, the Bbntaining sample was essentially disordered prior to cure.

Photocrosdinked xg740122-1.0 samples were then swollen in DI water to evaluate the

swelling and mechanical behavior of the resulting hydrogdlssamples that were exposed to
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UV (from 5 to 8 min), retained their shape when swollen in water. However, énbbhamical
properties of these hydrogels were so poor that they effectively disintegrated walaéed haut

of the water. In contrast, thg»dOI22-1.0 sample exposed to UV for 55min showed better
mechanical properties (qualitative conclusion) when swollen with DI watem, gamples that

had the much shorter curing times, although they remained quite fragile when handletl, Overa
the poor mechanical stability of the hydrogels formed might be a consequence of a tombina
of factors: the lack of triblock in the blends post epoxidation (only 4.6% of triblog&lymer

was present following the epoxidation modification of 10122), and the lackwadlladeveloped

S 1 p (verified with SAXS datérigure 4.7hb morphology due to the compatibilization of blocks at

high epoxidation levels.

4.3.3.3 10146

Just as in £40I122 samples, SAXS data forgs@lOl46 (Figure 4.7¢ showed the
disappearance of aktattering peaks corresponding to thg &orphology. Despite the fact that
es540146 samples lacked the ordered phase separation, the studies on curability of these
materials were also continued. Thg £0146-1.0 samples were exposed for approximately 120
min, then swollen with DI water. The resulting hydrogels (Figdré4) had improved
mechanical properties over the ones basedp#Gi22 and »,10125 (discussed in greater detall
below). Isotropic swelling behavior was observBdmples with a higer amount of IPDPST
photoacid were then examinedss(g0I146-5.0) during cure while monitoring their moduli
response to a fixed oscillatory shear. In this experiment, a sample sandwichednbqtiartz

coverslips was first exposed to broadband UV for 125 min and then cooled to room temperature
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Subsequently, it was flipped and reheated to 100°C without UV for 30 min. The molten sample
was then exposed to UV for another 85 min. Flipping of the sample was done to ensure the
crosslinking throughout the sampthickness of 0.65mm, and examine whether UV depth

penetration was playing a significant role in the modulus exhibited by the sample.

Figure 4.14 Hydrogels based onxJ0I146-1.0. Inset is a photograph of the dry polymer disk.
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Figure 4.15 The change in G’ and G” 0fsJ0I146-5.0 with UV exposure time at 100°C. Sample
exposure to broadband UV was started at 5 min and continued for another 125 mgrgfilgt The

sample was then cooled to room temperature and flipped, reheated to 100°C without UV for 30 min,

then exposed to UV for another 85 min (second graph). Flipping of the sample was done to
examine the depth of penetration of the UV light throughout the sample thickness of 0.65mm.
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The first plot in Figuret.15 shows the gradual increase in G’ of 100 kPa during the first
curing step, and the second graph depicts the effect on modulus during exposurejaifter fli
the sample. The second plot reveals only a slight increase in G’ withinstite min and plateau
behavior for the rest of the UV exposure time. ThisI®146-5.0 sample showed the highest G’
gain with crosslinking when compared to all other samples examined. Alsoss#@146-5.0
sample was characterized with SAXS and revealed the reemergence gitmerghology. In
this case, incorporation of the additional onium salts may have aided in the curiredipthase
separation of this sample. Saltluced phase separations in BCP systems are not uncommon,

and can be found occasionally documented in the litefture

10°
10
10°

10°

'(Pa) G" (Pa)

O 1o

10°

107 LI T B T T % v T N T
0.1 1 10 100

o (rad/s)

Figure 4.16 Frequency dependent moduli for a hydrogel dase %5 40146-1.0 under oscillatory shear
(1% strain) at room temperature. The photograph in the inset shows the relatioé thie preswollen
and post swollen hydrogel formed frorg 3O146-5.0.
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Photographs of hydrogels formed fromy 40146-1.0 andxgs 40146-5.0 are shown in
Figure 4.14and 4.16 (inset). Both hydrogels showed improved mechanical stability relative to
the hydrogels based 0g%/O122-1.0. This is clear evidence that the amount of triblock present
in a blend is a key pameter in determining the mechanical stability of the resulting hydro/ion
gels formed. In general, the storage and loss moduli exhibited during dynamic frequernzy swee
of the hydrogels based of3s40146-5.0 were in the same range as the hydrogels based
S0S7.58" and %BOB11.50.5%. However, these small strain experiments rarelyiptethe
response of a material under typical handling conditions, where strains placedsamitie can

easily exceed those performed in a typical frequency sweep experiment.

4.4 CONCLUSIONS

A sound conclusion on the feasibility of replacingwigh crosslinked Pl was unable to
be drawn at this stage of the project, with further studies necessary. Hdhe\ey findings
from this study should permit future approaches to be significantly more streamlinedlpand a
for focused planning of new experiments going forward.
Three major issues were identified that need to be addressed in order to achieve the level
of mechanical strength expected from these targeted membrane materials. At tbatforas
the degree of epoxidation of olefin units in the Pl domains. This conclusion was derived by
comparing the qualitative mechanical properties of hydrogels baseglOf2% andxgs 4OI146.
That is, %0125, which has approximately 25 mol% triblock present in the blend afteptixy e

modification, showed significantly lower mechanical stability and strength trexss 40146
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sample, which retained only about 10% triblock in the blend. Inevitably, more epoxy sites in a
sample enhance the higher degree of eliokgg within the Pl domains, resulting in more
solid-like spherical junction points that improve the toughness of the whole materiabf @ree
challenges recognized in this study was the loss of triblock copolymer during the oxidalien of t
Pl units. It was found that when the degree of epoxidation of the olefins on Pl exceedbeé25%
molecular weight distribution of the whole BCP blend is negatively impactedrnAtiee
synthetic routes to incorporate epoxy groups into Pl domains, that impose no or a minimal
disturbance (triblock copolymecontent) to the BCP molecular weight distribution will
ultimately be necessary if replacement of the PS domains with-latked PI is to become
feasible. Methyltrioxorhenium catalyzed epoxidation of olefins with hydrogen peldkisiene

of the many alternative routes worth pursuing. In addition to the reaction conditiorierteat

the decoupling of the triblocks in the blends, the presence of higher percentagearesogim

Pl itself seems to hinder the selidering of the BCP blends (evidenced with the SAXS data).
Hence, looking for a crodsking strategy that does not regelisuch extensive modification of

Pl, such as the use ofhydroxycyclohexyl-phenyketone (HCPK) with free radical photo
initiation ¥ may prove more appropriate. Ultimately, if the PEO blocks are successfully
derivatized to include significant RTIL character, compatibilization throggixidation may no
longer be a considerable ptem.

The second most influential factor on the overall mechanical properties of the hydrogels
is the amount of the triblock copolymer present in the BCP blend. This conclusion was drawn
from a comparison of the mechanical stability (handling properties) of hydrogelsced from
the %540146 and x%7;40I122 samples. Both samples had approximately the same degree of

epoxidation, but after the epoxidation modification only 9.4 and 4.6 mole percent triblock
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copolymer were present ingse46 and g;d40I22 blends, respectively. Complex modulus
response to dynamic frequency sweeps on a hydrogel madg ADI146-0.5 (with 9.4 mole
percent triblock copolymer) was in the same range of magnitude as a quite saivagehwith
7.5 mole percent triblock copolymerade from SOS758!. However, the complex modulus of a
hydrogel formed from thegxdOI22 could not be measured due to the fragility of the swollen
sample outside of water. Again, these results suggest that the adopting an epoxiddtign st
that would preserve the amount of triblock in a blend will be required to reachettignical
stability that is ultimately on par with (or exceeds that ofpBSed hydrogels.

The third factor that should be addressed to improve the mechanical stabiliggfstvén
the hydrogels is careful selection of the molecular weight of the BCP system. WWB&B&1.5
and e,l0I25 systems are compared, the low moleculaigit ¢,BOB11.5 system possessed
well-defined periodic & lattice with PB spherical domains (~7 nm radius), where as the higher
molecular weight £10125 system lacked such periodic ordering (with spherical domains ~14
nm in radius). Crosbnking within the smaller PB domains seems to produce hydrogels of
higher mechanical strength compared to ctimésng with the larger Pl domains. This may be
due to increased accessibility of the reactive groups to the protic acitbmitiad/or a higher

degree bordering possible due to a increased chain mobility during phase separation.
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CHAPTER 5

INVESTIGATION OF ALTERNATIVE MATERIALS FOR

CO./N; SEPARATION MEMBRANES

5.1 INTRODUCTION

The CQJ/N; separation membranes discussed in chapter 3 have potential for further
improvement. Crosslinking of the spherical cores in the membrane structurenaana of
improving thermal and chemical tolerance was introduced in Chapter 4, although theclapproa
involving the epoxidation of Pl showed limited success. Productivity, (@®meability) and
enhanced transmembrane operating pressures represent two additional areas in wich thes
membranes can be further improved. Strategies explored addressingethedathe primary
subject of this chapter. Because much of the work described in chapter 4 was carried out
concurrently with the work described here, some of the themes regarding the use of epoxidize
Pl as an alternate core material arise here as well.

For improving the productivity of the membrane, the ;Q&&rmeability and permi
selectivity need to be increased. Increasing the mole percentage of RTIL inla@amerhas

shown to improve the Gpermeability of similar type membrarfes. Also RTIL enriched

® The content of this chapter was written by Dilanji Wijsglean. This chapter is intended to serve as an
educational chapter, documenting a range of findings pertinent to further plaealo of these novel block
copolymer materials.
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matrix materials are expected to increase mawlubility in the neat RTIL while simultaneously
strengthening matriRTIL interactions aimed at preventing potential RTIL leaching under
higher operating pressure differentials.

To capture each of these improvements, including increased chemical amlthe
tolerance of the membranes, we proposed two additional novel block copoB@Gte)y gystems
aimed at enhancing RTIL content in the system.

The chemical structure of the first of these (system 1), PARBEBCsmim)/ P(NBe)
P(NBGmim)-P(NBe) is given irFigure5.2a A BCP system very close to this proposed system
has been previously synthesized by the Gin group at University of Colorado, Boulder &l stud
extensively in our lab for its unique morphological behd¥iofrhe highly tunable phase
behavior of this BCP system (FiguBel®) and the feasibility of polymerizing norbornene
monomers derivatized with imidazolium based RTIL pendent groups provided thatiospior
the analogous BCP system 1 proposed here. The difference between the previously studied
system and the proposed system is in the attaRhgmbup shown in the Figurg.2 The epoxy
ring in the proposed substituerR)(has been included to enable photoinduced crosslinking
within the A block domains following sedssembly. As with the Pl system studied in chapter 4,
the very low glass transition temperature associated witynpddornene and its derivatives
require crosslinking to achieve the necessary mechanical strength required for thesein
membranes. Importantly, the previously repditedCP system (without the epoxy
functionality) does not possess an intrinsic chemical functionality in theion@n block

amenable to chemical crosslinking.
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Figure 5.1 Phase diagram of mophologies observed in the imidazddased alkyionic copolymer melt
system including lamellae(L), hexagonally packed cylinders(Hex),istoex L and Hex, spheres on a
body centred cubic lattice (BCC) , and a liquid like packeing{Lof spheres.Solid symbols represent
regions of weldefined ordered structures, semeifilled and open circles represent regions ypbpdard
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Figure 5.2 ABA BCP studied previously having an alkyl substituent on the 5 carbonsinge/proposed
system of ABA BCP would have an oxirane substituent on the same location
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Notably, a study investigating the @&, gas separation performance of this fon
crosslinkable BCP system was also recently condl{t@tie results from these materials are

reproduced here in the form of a Robeson plot (figure 5.3).
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Figure 5.3 Robeson plot comparing G@nd N transport properties of tbe BCP samples of alkyl
imidazolium system with other existing membrane mateHals.

Unlike the spherdased morphology proposed for the current membrane systems, the
selfassembled nanoscale structures of the BCP sampkagure 5.3were lamella for 1B, and
liquid-like packing of spheres for 1C and YD Further, samples 1C and 1D have a higher
volume fraction of nowionic blocks (according to the phase diagram Figud¢ whereas in our
proposed system, neanic blocks (spheres) are designed to be the minority component.
Importantly, without the ability to crosslink the n@mmic component, the mechanical
performance of thse materials was severely limited, and additional swelling with free RTIL led
to complete loss of membrane integrity. These observations further justifiedrat@gyptto

introduce the crosslinkable epoxy group to the non-ionic block.
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The second BCP systeproposed (system 2), (eFJEOemim) / (ePHP(EOemim)
(ePl), is more closely related to those studied in Chapters 3 and 4. The chemitatescan be
found in Figure 5.2b As we’'ve discussed in the chapter 3, when neat RTIL is combined with
PEO, a damatic increase in permselectivity (CQ/N2) with only a slight loss of permeability
was observed when compared to neat RTIL alone. The second BCP system proposed was thus
designed to include an RTIL functionalized PEO block instead of just PEO aldhe amtrix
block. It was anticipated that adding a RTIL functionality to the PEO blocks would rfaithen
improving the permselectvity. Also the solubility of RTIL functionalized PEO in neat RTIL
would likely be higher than PEO alone. Improved soltybibf the solid matrix in neat RTIL
would theoretically increase the membrane’s ligikd character, enhancing the solubility and
diffusion of CQ in the matrix, and ultimately improving G@ermeability. The synthetic route
proposed is based on usingalyglycidol starting block, such that a variety of imidazole based
RTILs can be easily incorporated. The second BCP system was designed to halekew$d
spherical domains, since the concurrent research on this aspect was already in @megress (
chapter 4). Extensive studies on synthetic feasibility of the prof@&&dsystem 2 were carried

out, with the findings reported in detail in Section 5.3.

5.2 BCP SYSTEM % P(NBE)-P(NBCsMIM)/ P(NBE)-P(NBCsMIM) -P(NBE)

The ring opening metathesis polymerization (ROMP) of epoxy and imidazolium
functionalized norbornene monomers were proposed for the synthesis of BCP system 1.

Polymerized (R, 4R)-oxiran-2ylmethyl bicyclo [2,2,1]hepb-ene-2earboxylate (NBe,
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monomerl) was selected for the A block&s mentioned earlier, A blocks were to be designed
to phase separate into spheres and the pendant epoxy functionality would allow thesetsphe
be internally croséinked following selfassembly.The choice of the epedgrivatized
norbornene monomesdhe A block repeat unit was predicated on the ability of the epoxy unit to
be cationically cured using thermally stable onium photoacids, in combination vath th
compatibility of the norbornene functionality with the ROMP polymerization mechanisth us
for the ionic B monomer, -Bicyclo[2.21]hept-5en2-yImethyl-1-hexyl-3-imidazolium
bis(trifluoromethysulfonyl)amide ([NB§nim][Tf,N], monomer2) previously polymerized by
our group. Synthetic schemes for monorhieand monome® are shown below. The reaction
conditions for Schemé are adopted from previous collaborative work with the Gin group at
University of Colorado, Bouldét involving the block copolymerization of bicyclo[2.2.1]hept

5-ene-2-carboxylicdeodecylestemwith monomer2.

0
MOH DMF CHoCly M “ TEATHE Moy
1

Scheme 1 (1R, 4R)-oxiran-2-ylmethyl bicyclo[2,2,1]hepb-ene2-carboxylate monomer; Monomer for
‘A’ blocks
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Scheme 2 3-Bicyclo[2.21]hept5-en2-yImethyl1-hexyt3H-imidazolium
bis(trifluoromethysulfonyl)amide monomar
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In this BCP system, AB diblock and ABA triblock copolymers were to be obtained via
sequential ROMP of monomérand monomee as shown in Schen® Grubb’s ' generation
catalyst G1 Cs3H7.CloP,RU) was to be used to catalyze the polymerization. Ethyl vinyl ether

was to be used as the terminating agent.
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Scheme 3 Synthesis of AB diblock3) and ABA triblock @) via sequential ROMP

The previously reported that homopolymerization of mono2na ROMP reported by
Gin and coworkers resulted in a narrow molecular distriblitiom addition, ROMP is
recognized as a desirable polymerization technique for -atiighazolium BCPS! due to its
living and linear character, precise molecular weight control, low poly dispgPDI) and
tolerance of a diverse range of functiomgbups including epoxid€€!. The independent
polymerizations of monomefdsand2 via the readily availabl&1 catalyst suggest the formation
of diblock copolymer3 and triblock copolyme# via Scheme3 was likely reasonable and

straightforward.
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5.2.1 Experimental Procedures

5.2.1.1 Materials and General Procedures

5-norbornene-Z:arboxylic acid, ethyl vinyl ether, and oxalyl dichloride were purchased
from the Sigma Aldrich Co., and used as received;@IHwvas purified by distilling prior to
degassing. Glycidol was distilled under reduced pressure prior to use.efliczt syntheses
were carried out in a dry argon atmosphere using standard Schlenk line technigeegesili
purification was performed using 230400 mesh, normglhase silica gel purchased from

Sorbent Technologies.

5.2.1.2 Synthesis of (1R, 4RXxiran-2ylmethyl bicyclo[2,2,1]hepb-ene-2-carboxylate

(monomerl)

5-Norbonene-Zarboxylic acid (3.5 ¢,0.025 mol) and DMF (1.5 ml) wererestirin
distilled methylene chloride (G&l,, 100 ml). Oxalyl dichloride (0.038 mol) was then added
dropwise to the mixture at’Q, and the reaction mixture was stirred at room temperature for 18
hrs. The reaction mixture was then concentrated in vaccuo (rm, 70 mTorr) befadsliten of
THF (70 mL), triethylamine (4.5 mL) and distilled oxir@rylmethanol (glycidol, 1.7 mL) at
room temperature. After stirring for 24 hrs, the reaction mixture was @ltend concentrated at
room temperature using rotagporation.After stirring for 24 hrs, the reaction mixture was
fillered and concentrated at room temperature using rotoevaporéhencrude product was

purified by silica gel column chromatography using 80/20 hexanes/ethyl acetate (v/onsatuti
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the duent. The final product was concentrated from the elute in the rotovap and vacuum dried to

yield a light brown o0il.(1.5 g, 41%).

5.2.1.3 Polymerizationof (1R, 4R)oxiran-2-ylmethyl bicyclo[2,2,1]hept-5-ene-2-carboxylate

(monomerl)

Under argon atmosphere, monorh€0.69g, 3.55 mmol) was diluted to a total volume of
50 mL with dry, gadree CHCl,. Under argon atmosphere, Grubb®sgeneration catalyst (G1)
stock solution was made (0.114M). From this stock solution, 0.8 mL was tatteelmonomer
solution, and the reaction mixture was stirred at room temperature until theepigtion of
monomerl was complete (~15 min). The ROMP copolymerization mixture was then quenched
by addition of excess ethyl vinyl ether (0.5 mL). The resulting polymasisolated by removal

of the solvent in vaccuo at ambient temperature for 24 hrs (0.5g, 72%).

5.2.1.4 Molecular characterization of synthesized products

'H NMR was used for chemical characterization of the products and performed on a
Varian Inova 400MHz spectrometer with a pulse delay of 25s to ensure completaaelakat
the end groups. The spectra were referenced to the residual protio solvehd) (BHRGscoteck
GPGMax chromatography system outfitted with three 7.5 mm x 340 mm Polypore (Polymer
Laboratories) columns in series was used to perform gel permeation chromatq@ea) on
polymers to determine the equivalent PS molecular weight and polydispersity iridi@xo{P

polymer. The columns were maintained atG an Allted column oven. The GPC system
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was attached to a Viscotek differential refractive index (RI) detector.ofthper samples were
run in THF (mobile phase, 1mL mth and the molecular weights were measured against the
polystyrene calibration standards. Term GPC and SEC (size exclusion cigoapaiy) are

inter-changeably used in this document as both referred to the same analysis.

5.2.2 Material Characterization and discussion

Monomerl was synthesized by mixing acid chloride of norbonene carboxylic acid with
glcidyl alcohol in the presence of an acid scavenger to produce the gylcidyl ester. dée cru
product isolated by solvent evaporation via rotoevapoartion was further purifieasiyg the
product through a silica gel purification column. Adequate purification of mondnveas a

constant challenge throughout almost all of the synthesis attempts of manomer

The 'H NMR spectrum of monomef is given in Figure5.4 The presence of
stereoisomers in both of the starting materials creates considerable complexiy'ihNIMR
spectrum of the product. For example, bicyclo[2.2.1}fiephe-2earboxylic acid is present in
both endo and exo forms. The glycidol starting material contains a racemicemoktdrand S
stereo isomers, as well. As a result the product produced can contain fourepstesddisomers
of monomerl. The distinct resonances in the 5-76.25 ppm region correspond to the vinyl
protons (20 and 21) on carbons 1 afil She distinction in these resonances is duthéotwo
product isomers with both vinyl protons in the minority exo product (20" and 21" forming a
single multiplet at 6.1 ppm. Further, the integral ratio under these peaks aghetteevendo to
exo ratio reported for the norbonene carboxylic acidtistarmaterial. The signals which

correspond to the different chiral configurations of the product (S and R) hawetnbeen
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assigned due to the complexity of the spectra. The resonances in the 52%ppm range are
not expected based on the chemisttucture of the monomer. They may be due to the
unidentfied impurities in the product

The multiplet at 3.2 ppm, adjacent to the peak 19, corresponds to either proton B6 or 27
Signals from 2.84 ppm2.5 ppm correspond to protons numbered 25 and either proton 26 or
279, Unfortunately, the signals in the range of 3%85 ppm are an indication of ring opening
of the epoxy grouf. However, a fraction of the product seems to have the retained the
unopened epoxy functionality. That is evidenced by the two prominent multipletspgn3.@nd
4.4 ppm, which correspond to the protons 23 afd. 2Because of the considerable daprof
these peaks with other proton sources, the extent to which the epoxidenisdra@taihe product
has yet to be verified with reliable accuracy.

The ring opening of epoxides evidenced'ih NMR spectra, may be due to their high
sensitivity to acidicenvironments and may demand a more efficient removal of the HCI
byproduct during reactiorl of schemel. However, all attempts in this work resulted
considerable fractions of opened epoxide units. Opened epoxides can have significant impact on
the abilityto cationically cure epoxide systems using photoacids, and their presence was a major
concern during the synthesis of this monomer. Some consideration was given torgeplaeati
opened and closed epoxide monomer species but this approach was never investigated due to the
complex mixtures of isomers in the product complicating the separation. Resgaadl this
dilemma, some preliminary work was done investigating the polymerizatioimesk tnew
norbornene monomers regardless of the opened or closed state of the epoxide ring.

Figure 5.5shows the'H NMR spectra of homopolymerized mononter Broadened

signal peaks are an indication of polymerization. Calculation of the degree of pabtioe and
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the purity of the polymer was unsuccessful due to the level of complexity dHtHéMR

spectrum. Impurities in the monomer and the four ste@werized products result in a very

intricate’H NMR spectrum, and more advance NMR experiments are likely required to extricate

meaningful information regarding molecular weight and polymer composition.
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Figure 54 'H NMR spectra of (R, 4R)-oxiran2-ylmethyl bicycld2,2,1]hept5-ene2-carboxylate

monomer

Despite some success, the purification of unreacted epoxy functional monomedcoupl

with the complexity of the product mixture BCP system 1 proved to beyond the desired scope

of the project, and alternate proposed solutions were ultimately pursued. Howevern doretur

this system is likely warranted in future studies. In particular, selection of startiteyials to
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reduce the number of isomers in the monomer synthesis product mixture woulditéacilit
accurate characterization. ldentification of reaction conditions which mz@impoxide ring
opening, or identification of a suitable purification process to eliminateropened
contaminatesvould also move this approach forward. However, as it stands, without progress in
these areas of monomer synthesis, accurate polymerization and design offephec

compositions of BCP with monom2mwill continue to prove extremely difficult.
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Figure5.5'"H NMR spectra and the SEC chromatogram of homopolymerized mordomer
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5.2.3. Summary of progress on the investigation of BCP system 1

1) Schemel was investigated as a viable route for monorhelltimately, a reproducible
protocol was developed capable of achieving a product yield of 40%. Reaction products,
however, always included monomer containing 4opgned epoxide units, and adequate
purification protocols remain unidentified.

2) Homopolymerization of monomel via ROMP was investgfed. Polymerization was
confirmed with crude product yield with 72%. Characterization of product using proton
NMR remained incomplete due to the complexity of the spectra, although the prektree

epoxide unit (opened or closed) did not appear to inhibit polymerization.

5.3 BCP SYSTEM 2 (EPI}-P(EOEMIM) / (EPI}P(EOEMIM)- (EP)

(epoxidized PBP(charged imidazolium functionalized EO) / (epoxidized -Fbharged
imidazolium functionalized EO)-(epoxidized PI)

In the second BCP system proposed, the A and B blocks were to be substituted with
epoxidized polyisoprene (ePl) and [emim}Nif derivatized poly(ethoxyethyl glycidyl ether)
(PEEGE), respectively. Synthesis of AB diblocks was to be accomplished in tlpeeisity a
combination of anionic polymerization of isoprene and EEGE followed by [EmigN[Tf
functionalization of the EEGE block through post polymerization modification andalparti
epoxidation of the olefin repeat units in the PI backbone. The coupling of AB diblocks using

dibromoxylene(DBX) was proposed to obtain the requisite ABA triblock copolymers.
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EEGE, which is an acetal protected glycidyl alcohol (monoshevas to be synthesized
following the procedures reported by Fitton ét%alBy protecting the alcohol and removing the
acidc proton source, the EEGE monomer can be made compatible with the amgropening
polymerization technique, which is not true for the unprotected glycidyl alcohols. The @dotect
acetal group of EEGE, which is stable under the strongly basic poaatien conditions typical
of anioninc polymerizations is easily deprotected when the polysngtacedin an acidic
environment®” (Scheme 5). Deprotection of the alcohol once polymerized would allow for
facile post polymerization modification of the glgtne oxide main chain repeat unit.

While the direct initiation of EEGE from a living polyisoprenyl lithium chain end is
possible, the subsequent propagation of the EEGE polymerization with lithium as therioaunt
has proven to be extremely slow (~month® facilitate quantitative exchange of the lithium
cation with a much softer, larger potassium cation, the sequential anionicepaigtion of
isoprene and EEGE was to be broken into two distinct steps. In the first sepeeutyl
lithium initiated polymerization of Pl was to be followed by the addition of a single EO unit
providing quantitative functionalization of the PI chain with a terminal alcofThis terminal
alcohol could be reinitiated to form a potassium alkoxide, from which EEGE pobatien
proceeds at a much greater rate (although still relatively slow with typiaetigrs times in
days). The resulting macinitiator 5, o-Hydroxy polyisoprene (POH), is shown in Schemé
The proposed construction of -PEEGE diblock copolymers an®l-PEEGEPI triblock
copolymers is also outlined Scheme The synthetic route for making -PEEGE diblocks
(Schemed) is analogous to that reported by Guo et al. for the synthesis-BEPE”, differing

only in the monomers used.
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Postpolymerization modification of the PEEGE block to generate the [emigN[Tf
RTIL pendant side chains was to be achieved through a series of synthetic stepsaltiseemit
was the deprotection of the acetal group from each PEEGE repeat unit to litherate
polyglycidol (PG) (Schemé). The removal of the acetal group from EEGE is quick and
quantitative using an aqueous solution of THF and hydrochlori¢-acifransformation of the
liberated hydroxyl groups to mesylates comprised the second step and is shown in &cheme
Reaction conditions outlined in ScherBehave beenadopted from an analogous reaction
reported by Bara et 8F. The reaction between NaH and a solution of imidazole in THF is a
well-establishedrotocol for yielding an imidazolium anibfl to react with an electrophile, in
this case the pendent mesylate groups along the polymer backbone (Ftheme

The final step of the proposed synthetic scheme was the partial epoxidizationirof olef
repeat units in the PI backbone of diblddkvia a mild oxidation with metachloroperoxybenzoic
acid (mCPBA). Schem®& demonstrates the epoxidation of AB diblock. The same reaction
conditions should be compatible with the modification of the analogous ABA triblock
copolymer, as well. Once the proposed AB and ABA block copolymers were synthesized, it was
planned incorporate photoacid to the A domains and allow the AB/ABA blends to nesittédess
in to the targeted tethered sphere nanostructure. Finally, it was planned tenolsstmk the
spherical domains as discussed in chapter 4.

Work presented in Chapter 4 and Chapter 5 was conducted simultaneously. Hence the
conclusions derived from Chapté could not be constructively applied to these BCP systems.
For example, the polymerizations of EEGE may have been more appropriatetgdnitam
hydroxylfunctional PS, not PI, given the challenges uncovered with achieving reasonable

mechanical propées in the Pl systems
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Scheme 4 Synthesis of the polyisopreitepoly(ethoxyethyl glycidyl ether) (FPEEGE) intermediate
diblock copolymer and the polyisoprebgoly(ethoxyethyl glycidyl ethesh-polyisoprene (RPEEGE
P1) triblock copolymer. Termination with acidic methanol prior to the addition lwodioxylene in the
last step provides the diblock copolymer directly.
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Scheme 5 Deprotectlon of polyisopren-poly-(ethoxyethyl glycidyl ether) (PPEEGE) to afford
polyisopreneb-polyglycidd.
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Scheme 7 [Emim][Tf,N] functionalization of Polyisoprere-poly-(ethoxyethyl glycidyl ether)
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Scheme 8. Partial epoxidation of PP(EEGEemim)

At any rate, ontrolled polymerization of protected glycidol monomer (EE&Eo yield
high molecular weight PEEGE chains (at least 80,000 Da) initiated by the P#Otdimtiator
(product7) was found be extremely challenging. Such high molecular weights are cfiical
achieving the asymmetry in block copolymer composition necessary to form the sphere
morphology. With this newly imposed synthetic challenge, our goals for the prop&¥ed
system 2 were primarily focused on exploring alternate strategies for the synthesisasfHigl
molecular weight polyglycidols initiated with a magritiator like PIOH. Despite the potential
versatility of such systems, the reported synthetic routes have rarely Jibeeerapplied to the
formation of high molecular weight paliycidold™® and no reports exist involving high
molecular weight linear polyglycidol blocks initiated from maariators (about 8000 g/mol)
like PSOH or PIOH. Reports on anionic ring openingpotymerizations of protected glycidol
monomers likeallyl glycidyl ether AGE)**'" ethoxy ethyl glycidyl ether EEGEJ'®,
isopropylidene glyceryl glycidyl ether(IGE&Y, tert-butyl glycidyl ether £BuGE)?”, ethylene
glycol vinyl glycidyl ether(EGVGE) with (norfunctional) ethylene oxide (EO) can be found in

literature and were considered as a potential means of achieving higher maleighdrtargets,
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although with considerably smaller concentrations of polyglycidol repeat unitaldgafa
modification. For example, there now exist several publications reporting highutaoleeight
PSb-P(EOstatAGE)™> 2! BCP systems, however, the AGE mole percent of those high
molecular weight systems is less than 3% of the tota¢cntdr weight. The most recent record
found on anionic copolymerization of EO and AGE, initiating from maait@ator PSOH,
reports maximum number of AGE repeat units per P$EBAGE) chain of 58. This level of
protected glycidol incorporation, while insufficient for our current objective, provited t
motivation to explore many dhe alternate strategies documented in this chapter. The text that

follows documents these efforts.

5.3.1 Experimental Section.

5.3.1.1 Materials and Methods

Isoprene (99%, 100 ppm p-tert-butylcatechd inhibitor, Aldrich) waspurifi ed by successive
statc vacuum (15-30 mTorr) distillations from n-butyllithium (1.6M in hexanes, Aldrich).
Ethylene oxide (99.5+%,compres®d gas,Aldrich) was purifi ed by successivalistillations from
di-n-  butylmagnesium (1.0M in heptire, Aldrich). se-butyllithum (1.3M in
cyclohexane/hexang Fisher)wasusedasreceival. Nghthdene (Fisher)was recrystallizedonce
from diethyl ether Polassum metal (98%, Fisher)was cut into piecesunderlight mineraloil and
fresh nonroxidized metal suifaces were obtaned by washirg in pentanefor 30s. Potassum
naphthalenidesolution was preparedby dissdving excesg1.1 x) recrystallizednaphthalenend

freshiy cut potassum in tdérahydrofuran(THF) under argn. Thedarkgreensoution wasallowed
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to stir overnightwith a glassspnba befae use. Lithium metal wires (99.9%, Aldrich) were used
to make lithium naphthalenide, following the exact procedure f@aspoin naphthalenide. PIOH
(8450 g/mol) and PSOH (8000 g/mol) used were synthesized in our lab and theisyestioe
charaterization were given in Chapter 4 and Addendum 3, respectigdllyother common
chemicalswere usedas received unlessotherwisestated THF wasdegassey spagingwith
argon (10 psi) for a periodof 45 minutesandthen purified over two molecularsieve cdumns
of neutralalumina(Glass Contour, Inc.). Cyclohexane(CHX) wasdegassedvith argon and
purified through a codumn of neutral alumina followed by a codumn of Q5 copger (lI)
oxide catalyst (Glass Contour,Inc.). Ultra high purity argon (99.998%Airgas) was passed
through a cdumn of 5 A molecularsieveswith drierite (Agilent) and an oxygen absabing
purifier cdumn (Mathesa Tri-gas).All glasswae and pdymerizationreacors were flamed

undervaauum andbadfilled with argon (3x).

5.3.1.2Physical and Analytical Measurements

'H NMR spectra were recorded on a Varian Inova 400 MHz spectrometer with a pulse
delay of 25s to ensure complete relaxation of end groups. The spectra were referethee
residual protio solvent (CHg)l Gel permeation chromatography (GPC) was performed on a
Viscotek GPGMax chromatography system outfitted with three 7.5 x 340 mm Polypore
(Polymer Laboratories) columns in series. The columns were maintainedCain4n Alltech
column oven. The GPC system watached to a Viscotek differential refractive index (RI)

detector. All polymer samples were run in THF (mobile phase, 1 mtmin
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5.3.1.3 EEGE monomer synthesis and purification

EEGE monomer was synthesized following methods established by Fitabl5?et40g
of glycidol and 200ml of ethyl vinyl ether were stirred with a magnetic stirrbarsOOml round
bottom flask immersed in an ice bath. 1g ofojuenesulfonic acid was added to the mixture in
very small potions, keeping the reaction mixture temperature to beld@v #ibe reaction was
run for 3 hrs. After three hours, the reaction mixture was washed with saturated ada€Ds
and with DI water (3x). The washed product was then dried with anhydrous Mg8Giltered
twice with a Bichner funnel. Excess solvent in the filtrate was then removed by rotoevaporation
at room temperaturgielding a yellow, viscous clear liquid. The product was then vacuum
distilled using Farm set up and the colorless product EEGE was collected in the receiving side.
Minimum of three (or more) freeze, pump and thaw (FPT) cycles were requiredfitoent
static distillation. The distillation rate was slow, about 1g/hr. The finadl yiels 8590%.

Due to the extreme monomer purity(>9%*)required for anionic polymerization,
further distillation of the product was performed using short path distillatibogs Distillation
was performed at 60 with no vacuum with the distillation head covered in glass wool and foil.

The middle fraction was collected and characterized WitNMR.

5.3.1.4 Standard anionic polymerization procedure for EEGE with PIOH as méictor

Dry PIOH (0.5g, 8450 g/mol) was dissolved in 250 mL dry THF. $bkition was
titrated with potassium naphthalenide until a light green color remained foasatt3emin at

45C. EEGE monomer (4.5g), distilled froi-n-butyimagnesiumwas added to the reactor
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under a positive pressure of argon (1 psi). The solutioneidmtely went from light green to
clear. The reaction was run for 11 days. The terminal alkoxide was quenched with mgi@anol
mL). The resulting polymer solution was transparent yet browyeibw in color. The solution
was reduced to about 25 mL omao-evaporator. The product was then fredred in vaccuo
(25C, 72 hrs). The final product was a brown viscous oil. Tdb&immarizes the series of
polymerizations attempted, the specific experimental/reaction conditions dapplnel the

product detds.

5.3.1.5 De-protection of poly(EEGE) to yield Polyglycidol (PG)

PI-b-PEEGE (0.1g) was dissolved in 20 mL of THF. HCI (0.8 ml of 37%, 12.1M) was
added to the polymer solution and stirred for 15 minutes at room temperature. 8adtia@te
was added tohe mixture to neutralize the pH. Salts were removed by filteration and the filtrate

was dried under vacuum for 12hrs.

5.3.1.6 De-protection of poly(EEGE) on PPYEO statEEGE) to yield Pb-P(EOQstatG)

Pl-b-P(EOstatEEGE) (0.8g, clear orange viscous liquid) was dissolved in 300 mL of
THF. HCL (10 mL of 37%, 12.1M) was added to the polymer solution and stirred for 2 hrs at
room temperature. Upon addition of the acid, the color of the mixture turned fronoicdege to
cloudy, and the with time turned to peach. After 2hrs, the reaction mixture was neutralized with
saturated N£O; (salt formation was visible but separation of salt by filtration usitighBer

funnel was unsuccessful). The reaction mixture was then transferred tora@gpnnel and
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left to settle. Ultimately, three distinct layers were visible: a clear browabbw top layer, a
cloudy light yellow midlayer and a white, solilke bottom layer (salt). The top and middle
layers were collected separately, and eddbd with anhydrous N&OQ,, filtered with 0.22
micron filter and freeze dried in vaccuo. The product was found in the top layer. The product

was characterized with H NMR (Figure 5.18)
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5.3.1.7. Summary of polymerizations attempted to yield the high molecular wegnt fialyglycidols block copolymers

Table 5.1 Experimental conitions, observations and result

Targeted Monomer| Initiator T/°C | Solvent | time | Modifications to the standar Product Yielded
product procedure
QD Pib- | EEGE PIOH 45 THF 11 Pl-b-PEEGEK
P(EEGE)o 8450g/mol Product was a viscous oil
days yellow/brown color.
Figure5.6
2) Ptb- | EEGE PIOH 120 | Diglyme | 24 hr | Reaction mixture terminate Mixture of PEEGE; and
P(EEGE}7 8450 g/mol with methanol, was coole| Pl-b-PEEGE;
down to room temperature ar Figure5.7
diglyme wasdistilled off using
T arm set up and the remainder
(the product) is vacuum dried
3) PEb-P(t- | t-BuGE PIOH 120 | Diglyme | 24 hr | Reaction mixture terminate Pl-b-P(t-BuGE)
BUGE) 200 8450 g/mol with methanol, was coole| Product was a viscous
down to room temperature ar yellow oil.
diglyme was distilled off using¢ Figure5.8
T arm set up and the remainder
(the product) is vacuum dried.
(4) PSb- | EEGE PSOH 45 THF 7 days PSb-PEEGEs
P(EEGE), 8000 g/mol Productwas a offwhite
solid- more like PSOH
Figure59
(5) PSb- | EEGE Sechutyl 40 Benzene| 4 days| Catalyst: Phosphazene basg ( PSb-PEEGE,
P(EEGE)qo lithium t-Bu) LiNap is dark green
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EEGE dried with
overnight before distilling.
Catalyst to chain ends ratig
2.4:1

PSOH was titrateavith LiNap,
then added EEGE followed [
the catalyst

Cakl

Li alkoxide was deep purple,
with EEGE addition
immediately turns to
yellow/brown

Final product is off white solid
Figure5.10

(6) Ptb- | EEGE PIOH 40 Benzene| 4 days| Catalyst: Phosphazene basg (| PIl-b-P(EEGE)
P(EEGE), 8450 g/mol t-Bu) Li alkoxide was deep purple,
0.8M in hexane and turned to yellow within
Catalyst to chain ends ratio | 15min. With EEGE addition,
2:1 reaction mixturenstantly
EEGE distilled over +8uMgCl. | became colorless.
Final product was viscous
liquid with a clear brown color
Figure5.12
) Plseb- | Isoprene, | Secbutyl 40 Benzene| 3 days| Catalyst to chain ends ratio | Plizgb-P(EEGE) and
P(EEGE)so EEGE lithium 2:1 oligomers of EEGE
EEGE dried with Cakl| Li alkoxide was deep purplg
overnight before distilling. with EEGE addition
Sequence of reactant addition|tonmediately turns to yello
the reactor: /browm.
1) Benzene Final product was viscou
2) secBulLi liquid with a caramel color
3) Isoprene (24 hrs) Figure5.11
4) EEGE
5) Ps-t-Bu (48 hrs)
Methanol
(8) PSb- | EEGE PSOH 30 Toluene | 24 hr | Titrate with Knap then THHR Targeted product. Bgb-
PEEGEs; 8000 g/mol was vacuumed off P(EEGE)s
rm Initiator to catalyst ratio 1:5 Figure5.13
(9) P(tEBUGE)y | t-BUuGE Secbutyl 30 Toluene | 24 hr | (NOctBr):iBusAl 1:3 Oligiomers
(AM) lithium
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rm Figure5.14
(10) PHb-P(EO | EEGE PIOH 40 THF 4 days Pl-b-P(EOstatEEGE)
statEEGE) EO 8450 g/mol DP of EEGE =74 DP of EO
EO units-1850 =289
EEGE units - Figure5.15
280
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5.3.1.8 Modification of terminal hydroxyl group on PIOH with imidazolium

5.3.1.8.1 Mesylation of PIOH

Dry PIOH (2.7g, 8450 g/mol) was dissolved in 200 mL of dry methylene chloride.
Methanesulfonyl chloride (0.5 mL, 20 equivalents of PIOH chains) and triethylathimen(,
20 equivalents of PIOH chains) were added sequentially via gas tight syrintes reaction
flask placed in 3% oil bath. The colorless reaction mixture turned to orange after 24 hrs. The
reaction mixture was filtered with aiBhner funnel and neutralized with saturatech@(3s.
Finally, the product was washed with DI water (3x) and dried in vaccuo overa®@) (o yield
a brown, transparent and viscous oil. Product characterization was performedtu$ingR

(Figure5.19.

5.3.1.8.2 Imidazole modifications of mesylated PI

NaH (4 mg, 25 equivalent of polymer chains) was added to anéek round bottom
flask equipped with a reflux condenser and argon bubbler, followed by 8 mg of imidazole
dissolved in dry THF. The reaction was stirred for 1 hr aE58fter 1 hr, 0.5g of mesylated PI
dissolved in THF was added to the vessel under argon. The reaction was continued for another 3
hrs at reflux. After 3 s, the reaction mixture was cooled to room temperature and filtered with a
0.45 micrometer filter. Excess solvent was removed via rotoevaporation and tble daed in

vaccuo overnight. The product was characterized #tNMR (Figure5.19.
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5.3.2 Results and Discussion

5.3.2.1 Investigation of synthetic strategies for integrating pendant hydroxyl functionalitysto SO

and IOl polymer systems.

Out of a range of possible protected glycidol monomers that are compatibladioic an
ring opening polymerization, EEGE monomer was selected for a feasibility sioneyl aat
producing controlled, high molecular weight linear polymer initiated from a PIOH
macroinitiator. According t&rberich, M. et al. EEGE has shown the fastest polymerization rate
when compared to other protected gylcidol monomers like AGBaGE

To our knowledge, there is no literature on the polymerization of EEGE using the PIOH
as a macroinitiator to yield controlled linear high molecular weight block copol: Our first
attempts were based on simg@pplying the same reaction conditions typically applied to the
polymerization of ethylene oxide from a;F2OH macroinitiator (Table 1, entry (1), THF, 45
°C), a reaction routinely performed by our group with quantitative conversion of martderer
the 125 designates the Pl DP associated with a molecular weight of 8450 g/mol. The intended
target BCP product was R+b-PEEGE;, where the PEEGE block DP of 710 was selected to
produce a spherical BCP morphology with Pl comprising the spherical domairRE&RGEE
comprising the surrounding matrix. Our attempt at initiating a polymerization GEEEom the
Pli.sOH macrainitiator was successful, but propagation iasted to a very low degree of
polymerization (DP) of EEGE even after 11 hours of reaction time. The numbepezt units

of EEGE obtained on the attempted synthesis absBIPEEGE3, using this reaction

methodology was a mere 6 units (calculations follow). The SEC chromatogram of thet produc
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given in the inset toFigure 5.6 shows a monomodadistribution of polymer chains
corresponding to the actual-BAPEEGE product produced from the 11 day reaction, confirming

chain degradation, for example, is not an issue during the long reaction time.

PLb-PEEGE, | |

PIOH \T/O

2 24 2 2 27 28
Elution Volume (ml)

Unconverted & Unconverted EEGE
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Figure 5.6'"H NMR and SEC data (day 10) fratime anionic polymerization of EEGE usingRi0H as

the macrdinitiator, in THF at 45C (Table 1, entry (1))No changes in EEGE conversion were detectable
after the 18 day.

The calculation of the EEGE DP can be done efficiently u$ihijMR (Figure5.6), and
is described here using the data from the resultapPPEEGE product associated with this
initial attempt. Proton signals in 2:3.25 ppm range correspond to protons in the epoxide ring

of unconverted EEGE monomer left in the partially purified (vacuum dried) product. The
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broadened signal at 4:54.75 ppm is a collection of three resonances corresponding to (1) the
single proton on carbofy (2) the analogous proton on-polymerized EEGE monomer, and (3)
the vinyl proton in the 1,2 units of the polyisoprene. The integrals of the spectra have been
normalized to the initiator fragment, such that values shown in the spectrum asentégtive of
a single average chain. The logic of a typical calculation of DP frotHMMR is as follows.
According to the spectra, the unique monomer proton signal at 2.6 ppntesdapgroximately
10.14 unreacted monomer molecules are present for each polymer chain. The number of vinyl
protons belonging to 1,2 units of the PIOH mairntiator used was previously calculated to be
approximately 14 per chain (Chapter 4, Figbr®). The difference between the integral of the
multiplet at 4.5- 4.75 ppm and the total number of protons from these two sources, gives the
number of EEGE molecules on a PI chain. In this particular sample, thatatialcigave 5.76
EEGE repeat units per dng= 29.90-10.14-14).

By taking the ratio of the monomer present in the product to the total monomartéed i
the reaction, percentage of monomer conversion can be calculated. Monomer convassion w
less than 1% for the reaction period of 11 days. The major fraction of unconvertechenaveas
evaporated off during the product isolation process (the vacuum drying step). Thus the EEGE
present in the product®™ NMR spectrum is a minor fraction of the unconverted monomer.
Such a low monomer conversion for the reaction time of 11 days implies eitheopagtion
rate of EEGE is incredibly slow or that early termination of chain grovkstalace. However,
early chain termination has not typically been a problem in such reactions, and slow jwopagat
is the likely culprit. As a result, it was concluded that typical anionic paigagon conditions
used for EO are unable to yield high molecular weight EEGE in a practical regpéal time

frame.
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Hence our next goal was to research different chemistretpagmerization conditions
that might lead to higher monomer conversion arfdgher molecular weight PEEGE blocks.
Erberich, M. et al. has reported the hepwlymerization and copolymerization of glycidol
monomers at 12@ using dry diglyme as the reaction solvent in order to achieve higher
monomer conversiofd. Based on these reports, a second series of polymerization reaction
were conducted with EEGE using the samesf®H (8450 g/mol) macritiator (Table 1,
entry (2), diglyme, 120 °C). In this attempt, the targeted product wasbFPEEGEo
Changing the solvent from THF to diglyme and increasing the temperaturet$réno 120C
resulted in 100% EEGE monomer conversion (verified WittNMR, Figure5.7), however the
bimodal SEC ctomatogram (Fure 5.7 inset) of the reaction mixture confirmed the existence
of two predominant polymer products, one of higher (expected) and one of lower (unexpected)
molecular weight than the original the;£2O0H macroinitiator. The higher molecular weight
product was expected based on the extension of the@H but the lower molecular weight
product appeared to be the result of simultaneous homopolymerization of EEGE. Mor
exhaustive exploration of the literature revealed the proposed existence of an bleds&ie
reaction involving extensive chain transfer to the mon&fheHans et al. proposed that due to
the basicity of the alkoxide at the propagating chain end, proton abstraction from iyéeneet
group adjacent to the oxirane ring competes with chain propagation, forming an inactive
hydroxyl terminated primary chain and a new active allyl alkoxide which can readilyeratia
new, homopolymer chairSimilar chain transfer reactions have already been described in the
literature in the polymerization of propylene oxide and phenyl glycidyl éther!

Characterization data of the prodigpresented in Figurg?7.

123



In order to determine the molecular weights of the producttbyNMR end group
analysis (kgure 5.7, the additional initiating groups have to be taken into account. By
comparing the vinyl proton signal in the undesired initiating monomar §.25- 6.6 ppm) and
the methyl proton signals of the seatyl initiator fragment g, 0.6- 0.8 ppm) present in each
Pli,sOH macroinitator, the percentage of chains initiated by chain transfer (Cafope

determined using equatidf.

int(a)

ofy —m — 7
CT% int(p)/6+int(a)

x100% 1

Substituting the relevant integral values (int x) into equatjadhe percentage of chains initiated
by chain transfer was determined be 93.4%. If the propagation rate of all the chaatedinit
directly or by chaintransfer is assumed to be the same, we can calculate the DP of PEEGE

homopolymer using the equati@n

(int (4.5-4.75 ppm)—14
int(a)

DPPEEGE - X 934‘% 2

As mentioned earlier, the broad multiplet at 44.75 ppm is a collection of signals from the
vinyl protons of 1,2 units of RIsOH andthe single proton on carbe@nof EEGE monomer. The
difference between the integral of multiplet at 44.75 ppm and the known number of vinyl
protons on 1,2 unit of a PI chain (=14) gives the number of EEGE repeat units present (not
necessarily attachgdger Pl chain (576.98). Since 93.4% of chains are initiated with chain
transfer, equatior? allows the DP of PEEGE homopolymer to be determined. Here, that
calculation confirmed the DP of PEEGE homopolymer to be approximately 37 repeat units
Assuming thepropagation rates remain identical, the DP of PEEGE in the block copolymer
should also be approximately 37. Given that a DP of 37 enlFPEEGE; was still not
sufficient to produce the targeted spherical nanostructure, the seaparshtdock copolymer

from homopolymer via fractionation was not attempted. The dramatic iechegsopagation
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rate leading to total monomer conversion is consistent with the large increaseperatire

applied to the systems, however, it concurrently produces extremely high rates ofalnelesir

chain transfer incompatible with BCP formation.
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Figure 5.7 'H NMR and SEC odata from the anionic polymerization of EEGE using-®H as the
macrainitiator, in diglyme at 12@ (Table 1, entry (2))

Interestingly, itis not entirely clear if the increase in chain transfer is entirely a result of
the temperature increase, or is enhanced by the switch in solvent from THF to digbtime. B
solvents are noprotio ethers, although the increased complexing ability of diglynth alkali

metal cations may be a factor in the increased chain transfer. Ultimately, the chaaolyents
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was necessary to accommodate high temperature reaction conditions selected, witke digl
possessing a much higher boiling point than THF (@68 66C). Regardless, increasing the
temperature and changing the solvent seemed to have increased the reactivipragagating
chain end such that it can attack not only the oxirane ring, but also the adjacent methylene
protons resulting in chain tnafer. At this point, it appeared that increasing polymerization
temperature may provide a promising approach for achieving high molecular weighttiogbra
reaction time periods, but the chain transfer tendency of the monomer would haee to b
eliminated

Thuswe attempted another polymerization under same reaction conditions, but with a
different protected glycidol monomer, tdntityl glycidyl ether @BUGE), in hopes that a bulkier
substituent opposite the oxirane ring would hinder proton abstraction andhaustransfer
(Table 1, entry (3), diglyme, 120 °C). ImportantlyBuGE was also compatible with highly
basic anionic polymerization conditions and facile deprotection of an alcohol post
polymerization by simple exposure to a mild acidic environment.

In this experiment, the targeted product was; #d-P(tBUGE)300 Product
characerization data is presented ig&re 5.8 Broadened signal peaks at 3:28175 ppm inH
NMR spectrum corresponding to main chain protons are an indication of polymeriziation
monomer.The integral of the collection of signals from 3.28.75 ppm matches the expected
value from the monomer feed (5 protons on carbdhand3 x 1300), confirming quantitative
conversion (polymerization) of monomer. However, similar t@ fii NMR for the
polymerization of EEGE at these conditionsidlre 5.7), signals indicative of chain transfer are
present in thé.25 6.6 ppm range. The percentage of chains initiated by chain transfer (CT%)

can still be determined using equatibnAccording to the calculation88.5% of chains were
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initiated by chain transfer. This result is supported by the SEC chromatogrma pfoduct
which shows a very broad distribution with a majority of chains being lower molegalght
than the macroinitiatofPl;.sOH). By changing the monomer from EEGE #8UGE, it appears
there may be a slight lowering of the overall percent of chains initiated fram ghnsfer (by
about 5%), but this change is largely insignificant relative to the overalls goalthe
polymerization. It appears the steric hinderance by the bulkipuéyt substituent is insufficient

to alleviate significant chain transfer.

PIOH
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Figure 5.8 'H NMR and SEC data from the anionic polymerization-BUGE using PbsOH as the
macraoinitiator, in dyglyme at 12C (Table 1, entry (3))
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Figure 5.9 'H NMR and SEC data from the anionic polymerization of EEGE using®3 as the
macraeinitiator, in THF at 45C (Table 1, entry (4))

Subsequent examination of the £IOH macrainitiator revealed a bimodal distribution
which was not anticipated from analysis prior to the polymerization. While the @btenié of
this bimodal distribution was unclear (if it existed at the time of initiation) the confirmed
presence of chain transfer at é&v rivaling the EEGE monomer suggested further
experimentation was likely to be unfruitful. It was concluded that both monomerg BR¢+
BuGE share the same chain transfer propensity at higher temperatures thist pmbmgation
of the primary chain to molecular weights required for sphere formation. Hencésmlezas

made to continue exploration of the different reaction conditions and chemisiried ait
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increasing the DP of EEGE itself, and abandoning investigationBofGE as an EEGE
alternaive.

Hans et. al reported the apparent reduction of chain transfer in EEGE patioas
initiated with 3phenylpropanol/potassium-ghenylpropanolate by lowering temperatures to
60 C, yet the maximum DP of EEGE reported at 100% monomer conversion (claiming no chain
transfer) was 24 repeat uffits The initiator used and the initiator to monomer ratio were two
factors, other than the temperature, identified by that study to affect the dégieen transfer
and the extent of monomer conversidn To evaluate the potential effect of the initiator to
monomer ratio on chain transfer and monomer conversion using our macroinitigtm,sys
another EEGE polymerization was conducted changing the raragator from Ph,sOH to
PS+~OH (8000 g/mol) and increasing the initiator to monomer ratio from 1:710 to 1:67. Thus,
the targted product was PSb-PEEGE;. The reaction was run for one week and SEC samples
were drawn once a day for three days, and then once again on day 6 and day 7. SEC
chromatograms (Figurg.9) of a monomodal distribution of molecular weights and the lettwar
shift of the peak maximum (to earlier elution volumes) with time indicate the cki@nsen of
macroinitiator with EEGE. However, after day 3, no more shift of the peak maximasn w
observed. Interestingly, the chromatogram of day 6 shows a slight narrowing of the chain
distribution and formation of a low molecular weight shoulder, which implies tiséeexie of a
group of early terminated chains and a fraction of chains continuing to propagaighthiay 6.

From the'H NMR (Figure5.9), the degree of polymerization was calculated to be 26. The two
multiplets in 4.5- 5.0 ppm correspond to the proton on carldoof the polymerized and
unpolymerized EEGE monomer. Resonances at 4.7 ppm are from polymerized EEGE repeat

units and those at 4.8 ppm are from the analogous proton on unreacted EEGE mommeer. Si
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the integrals are normalized to the initiator fragment such that they represegleaaserage
chain, the integral at 4.7 ppm (26.31) directly corresponds to the DP of PEEGE eptderatg

the polymeization, presumably all initiated from the RP®H macroinitiator, given the
positioning of the product distributions to the left of the macroinitiator in the SEC
chromatogram, and the absence of a low molecular weight homopolymer peak seeroirsprevi
reaction attempts. The integration of multiplet at 4.8 ppm (26.13) corresponds to the number
unconverted EEGE monomers per chain that remain in the product after the viaolation

step. Also the monomer conversion calculated for this polymerization, by tdlenatio of
converted EEGE present in product to the EEGE in the feed, was 34%. The improvement in DP
of EEGE initiated with P&-OH compared to that of the ;2+OH is about 20, which is still not

high enough to achieve the targeted spherical morphology.

Ultimately, while the increase in initiator to monomer ratio appears to have supgess th
chain transfer reaction for this attempt, such a change is contrary to our goaletee dalgh
molecular weight linear PEEGE. That is, such molecular weightsebgssity require very low
initiator to monomer ratios, and so increasing this value, while beneficial teedietion of
chain transfer, will not enable the high molecular weight chains needed rfoatfon of the
sphere morphology.

Siebert et af® has reported a sequential anionic polymerizatyf styrene and EEGE
initiated withsecBuLi in the presence of phosphazene baseRR) to achieve high molecular
weights for the PEEGE block with partially controlled chain transfer. The reborte
polymerization resulted in a mixture of block copolynieSb-PEEEGE) and homopolymer
(PEEGE) with the BCP being the 80% of the total product. Siebert et al. edptaireed for

phosphazene base in order to grow higher molecular weight EEGE blocks from B &libes
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(paraphrasing): “Once all the styrene rmaorer is consumed, the reaction mixture is left with live
carbanion chain ends. Addition of EEGE monomer transforms the live carbanion ends to
alcholates. This site transformation from a carbanion to an alcoholate fororgaet ion pair
which is not actie in further polymerization of EEGE ?® The added phosphazene base acts as
complexing agent for the Lions forming solvent separated ion pairs. As soon as complexation
of Li* occurs the alcoholate initiates EEGE polymerization”. Interestingly, they dactigely
address the potential chain transfer issues in this system, even though they didogesyinoen
formation. Regardless, the amount of homopolymer appeared to alfgveeduced relative to
that found in our previous polymerization attempts. The highest DP of PEEGE reported by
Siebert et al was 210, in a 88&b-PEEGE;0 block copolymer. In an attempt to reproduce their
results, we targeted the block copolymer pradB&~b-PEEGE The reported protocol was
adapted to our B$OH macrainitiator (Table 1, entry (5)) using similar conditions, but starting
the reaction from the lithium alcholate (alkoxide) step. That is-©8 (8000 g/mol) was
dissolved in dry bexene and titrated witlithium napthanlanide (LiNap) to form the oxanion and
the Li" contact ion pair. EEGE monomer was then added, followed by phosphazene base. The
reaction was allowed to proceed for four days as reported. Fundamentally, these s=ud
recreate the sequential anionic polymerization reaction reported by Siebert atlgsiAaf the
SEC chromatogram and th#i NMR spectra of the product (Figu®10Q confirmed the
existence of a mixture of block copolymer and homopolymer.

As in prevous'H NMR analyses, the integrals of the spectra have been normalized to the
initiator fragment, such that values shown are representative of a single averag8iokaithe
two multiplets at 4.8 ppm and 4.7 ppm correspond to resonances of the single proton od carbon

of unreacted EEGE monomer and PEEGE, respectively, the average DP of (BE Riffsed
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(found in either BCP or homopolymer) equals the integral of the multiplet at 4.79483161).
Hence, the ratio of polymerized EEGE units present imptbduct (integral of the peak at 4.7
ppm) to the EEGE monomer in the feed gives the fraction of total mormmneerted. For the
attempted reaction, the total monomer conversion was 11.8%. Resonances dtaractehain
transfer typically show up irhe6.25 -6.6 ppm range. However, quantification of those signals
could not be determined since they overlap with the resonances from the apyotatis of PS,
which dominate in terms of overall concentration in the polymer chain. Givenintitedl
mononer conversion, and SEC confirmation of homopolymer in the final product, the BCP
produced has a PEEGE DP less than 24 (the maximum value if no chain transfezdyccu
Thus, reproducibility of theSiebert et al.’s results was not particularly successfuthis
polymerization attempt.

In an attempt to eliminate the overlap'ih NMR resonances between the macroinitiator
main chain (PS) and the chain transfer homopolymer product, the above mentioned
polymerization was reun changing the macroinitiator frolS~OH to Pl,sOH. In this
attempt (Table 1, entry (6), we targeted a low DP of the EEGE of only 60 for two reBsst)s
the previous polymerization showed slow propagation kinetics (only about 11.8% monomer
conversion for reaction time of 4 days) even in the presence of the phosphazene base, a wel
known accelerator for anionic polymerizations. Second, we decided to avoid therahafer
issues associated with high initiator to monomer ratios even though such an approath was
contrary to acldving a high molecular weight PEEGE block. At this point, we hoped to gain
some understanding about the ability to chain extend thgr®H macroinitiator using

phosphazene bases, leaving the high moleculathivel@llenge for future studies.
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Figure 10. 'H NMR and SEC data from the anionic polymerization of EEGE using®3 as the
macrainitiator, in benzene at 40, in the presence of phosphazene base (Table 1, entry (5)).

Figure 5.11 depicts the SEC chromatogram andHHeMR of the product of this second

attempt using the phosphazene base. The narrow monomodal SEC chromatogram sgbtvs a sl

shift towards high molecular weight, and did not show any indication of homopolymer

formation. Likewise, no evidence for chain transfer was found ifHHEMR. Using the same

arguments made in the analysis of the Figuéethe DP of PEEGE and the percent of monomer

conversion were calculated for this product. The DP of the PEEGE on a Phasaoalculated

to be a mere 3.51 (=21.24-3.76), confirming avery slow propagation rate using the 20OH

macroinitator.
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Figure 5.11 *H NMR and SEC data from the anionic polymerization of EEGE using-®H as the
macrainitiator, in benzene at 40, in the presence of phosphazene base (table 1, entry (6)).

When the monomer conversion rate is consideredORSseems to be a better
macroinitiator than POH for growing PEEGE. In the last two polymerizations, a reduction in
chain transfer was evident. But significant improvement of DP of PEEGE oroimonrer
conversions is not obvious with the use of phosphazene base as claimed by Siebert et al. The
only difference between these two polymerizations and the protocol estdliigiSebert et al.
was the use of a macroinitiator instead of growing the first polymer block in thersanoter.
Theoretically, as long as a living oxyanion is present, propagation of the chain end shoul
continue until all the monomer is consumed, but the influence of residual coetasin the

system, such as KOH base formed by reactf lithium naphthalenide with adventitious water
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during the titration step is unknown. In general, making a monomer meisteres more
efficient than water removal from polymer, given the ability to use reactsalation or
distillation from dryng agents with the former but not the latter. For example, drying isoprene
monomer by distillation from 4butyllithium is much more efficient and effective than drying
poly(isoprene). Drying 1g of isoprene via distillation takes about 15 mins whereng dgyiof
polyisoprene using vacuum takes roughly248hrs depending on the temperature used and the
molecular weight of the polyisoprene. However, our lab has extensive expertisengnitia
polymerizations from macroinitiators and anionically polymerizpgxy monomers like EO to
achieve high molecular weights up to 100,000 g/mol with very narrow PDIs. In addition, drying
polymer powders (polystyrene) is more efficient than viscous liquids (polyisopeerteinay be
correlated to the improved DP obtainelwihe P$;.OH initiator.

One additional caveat associated with our approach of starting the phosphazene
polymerizations with macroinitiators instead of low molecular weight alcholateghe
introduction of napthalene and dihyelmaphthalene into the aietion at the titration step. It is
possible that the phosphazene base can extract protons from either napthalene or dihydr
naphthalene, making itself inactive.

Given these considerations, one last polymerization was conducted in the presbace of t
phosfhazene base. The sequential anionic polymerization of isoprene and EEGE initthted wi
secBuLi in the presence of phosphazene base was attempted (table 1, entry (7)), closely
following the conditions and the procedure established by Siebert et al. ThehBkatogram
of the product (Figur®&.12 shows a bimodal distribution indicative of the existence of both BCP
and PEEGE homopolymer. For comparison, a small aliquot of the reaction mixturakeas t

following the isoprene polymerization, but prior to #uaition of EEGE monomer.
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Figure 5.12'H NMR and SEC data from the sequential anionic polymerization of isoprene and EEGE
using seaBulLi as the initiator, in benzene at @) in the presence of phosphazene base (Table 1, entry

(7))
The SEC data for this Pl intermediate is also includeignre 5.12 In this particular
SEC trace, the high molecular weight peak to the left is a byproduct of thergammtocol,
which involved cannulation of a small amount of the reaction mixtuettyy into methanol.
The presence of dissolved oxygen in the methanol leads to a small percentage of coupled PI
chains, which present in the SEC chromatogram. In constrast, terminatiorB&Rhproduct, if
all carbanions were converted to oxanions during EEGE addition to the reaotdd sbt be
subject to such coupling. However, a high molecular weight shoulder suggestive of chain
coupling exists in the SEC data for the BCP regardless. That is, thelsfiglard shift in the

primary elution peak suggests a small degree of chain extension, while the shoulder duibkel
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to coupling of the extended chains (speculation). This result was not expected, and furthe
investigation tH NMR of the distilled and undistilled isoprene monomer) revealed, theisit
likely associated with the presence of degradation byproducts later found to be prekent in
isoprene monomer added to the reactor. While not identified, the presence of #dmitants
appears to have affected the EEGE polymerization, while allowing the Pl p@gtieer to
proceed. It is likely that once the active PI chains were reacted with their firef BEGE, they
became susceptible to chain coupling or chain transfer in the presence of the isoprene
degradation byproducts. The bimodal SERQromatogram suggests the tendency to undergo
chain transfer to form homopolymer PEEGE was significant. Ultimately, theeqtage of
monomer conversion, the percentage of chains initiated by chain transfer and the BR of ea
monomer could have been derived from tHeNMR of the product using the same arguments
and the equations used for analyzing Figbou@ Unfortunately, this unexpected contamination
issue precludes drawing conclusions on the calculated values which have no physiaateele
to the system. While a new batch of isoprene monomer was procured in time, we @iaimot r
to this particular approach, and the effectiveness of phosphazene base in maitkaning
reactivity of the propagating chain end and suppression of chain transfer instdreea of the
naphthalenide titration was neveraealuated.

An interesting observation between previous two polymerizations (using Pl and
phosphazene base) is the significant difference in the degree of chain transferteftod the
two polymerizations (with degraded isoprene monomer) resulted in higher monomerscamver
(likely a product of a higher degree of chain transfer) than the former poiation initiated

from the preformed Pl,sOH macroinitiator. A fundamental conclusioratttan be drawn from
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these two polymerization attempts is that the purity of monomer (and by inféhenoeaction
media) is a factor that controls the chain transfer.

Ultimately, the polymerization experiments with phosphazene base to achieve high DP
PEEGE did not show any advantage over other polymerization protocols performedtibnaddi
the presence of phosphasene base in the product in very high ratios is also an undesirable
outcome not typically considered by previous reports. However, we found it could eweb&uall
removed from the product by addition of acid followed by subsequent filtration of the formed
salts. Given these results, a return to the phosphazene base approach may be warranted, if
particular attention is given to assessing theartance of monomer purity on the ability to
suppress chain transfer.

Virgini et al. reported a binary initiator system for accelerating the propagatierof
controlled polymerizations of epoxy monomers like propylene oxide affd BOGervais et al.
reported using the same-puotiator system forthe homopolymerization of EEGE andBuGE
monomers Inspired by their work, an attempt was madpdlymerize EEGE initiated from the
PS+~OH macroinitiator applying the aforementioned chemistry (Table 1, entry (8%hidn
reaction, the targeted produsas PS$-b-PEEGEs PS+~OH was first titrated with potassium
naphthalenide in THF to yield the alkoxide, after which the THF was removed via vacuum
distillation and replaced with dry toluene. EEGE was then added to the reactor dohgvilee
co-initiator triisobutylaluminum,(i-Bu)sAl. According to Virgini. et al., (i-Bu)sAl makes a
complex with the oxygen in the monomer’s oxirane ring, which makes teahstituted carbon
on the oxirane ring more reactive towards nucleophilic attack (by the oxanion chain end,
presumably). The mole ratio of macroinitiator itdB();Al used was 1:5, identical to that used by

Gervais et alThe only other significant deviation from previously established protocols for this
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polymerization was the reaction temperaturkisTreaction wastarted at30C (during EEGE
and(i-Bu)s;Al addition) and allowed to warm to room temperature.

Figure 5.13shows the'H NMR and the SEC chromatograms of the product. The DP of
PEEGE and the monomer conversion can be calculated following the arguments tised i
analysis of the spectrum in Figute9. The difference in the peak integrals corresponding to
multiplets4 and6 gives a DP of PEEGE of 19.2 (=42-83.63). The SEC chromatogram of the
product is narrow and monomodal and is shifted to left of the-®8 macroinitator, which
implies chain extension with EEGE. Also no formation of EEGE homopolymer or dfart c
oligiomers through chain transfer is evident in this chromatogram. However, the DP of
approximately 20 and monomer conversion of 9.5% over the four day reaction period implies
that the propagation kinetics of this system have not improved from the us8WEAl as
suggested by Virgini, et al. In fact it was quite comparable (smaller only by by 1.8%) to the
kinetics observed in the previous polymerization attempt witfeBit1);Al (Figure 5.9, Table 1,
entry (4). However, the controlled nature of the polyipation is evident by the narrow
distribution of chains. This could be due to either monomer activationBy){Al and/or the
low reaction temperature.

Gervais, et alhave also reported homopolymerization of glycidyl monomeBuGE
and EEGE) in the presence of ammonium salts, tetraoctyl ammonium braw@d&Rr) and
triisobutylaluminum (¢Bu)sAl), both with high degrees of polymerization. The maximum DP of
PEEGE and P{BuGE) that have been reported are 400 and 583, respectively. However, the
related polydispersity indices (PDI) were slightly broad at 1.27 and 1.37ctiespé*®. Even

with slightly broad distributions, the reported results seem ground breaking. Henoage®ne
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last attempt aimed at reproducing their results, with the intention of devgl@piconfrming) a

protocol that would be applicable for co-polymerizations in our future work.
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Figure 5.13 *H NMR and SEC data from the anionic polymerization of EEGE ustg®H as the
macrainitiator, in toluene at30 C, warming to room temperature, tine presence of-@u)sAl(Table 1,

entry (8)).

In this polymerization attempt we followed the synthetic protocol reporteddoyais et

al. very closely. The targeted product wasB(GE)qo. However, this reaction attempt was not

successfulThe'H NMR and the SEC chromatograms of the product are given in Figure 5.14.

The multipeak SEC chromatogram with peaks in the range of the solvent flow markerseimdicat

the presence of oligomers. The multiplet spanning 3.2 ppm in thé¢H NMR of the product

corresponds to the protons on carbdn® and3. However, the signals in the range of 128
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ppm were not anticipated and most probably related to an undesirable prodacord attempt
at reproducing the results from this publication (same experiment mentioned sdmeed in

no polymerization at all.
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Figure 5.14 'H NMR and SEC data from the anionic polymerization-BUGE usingNOct,Br initiator
and (iBu)sAl as the monomer activator, in toluene2® C, warming to room temperature (Table 1, entry
(9)). *H NMR spectra on top right (blue) is of th@8tGE monomer and the lower spectra from the
product of the polymerization attempt.

DespiteGervais et al.’€laim of producing high molecular weiglmear polyglycidol, a
controlled polymerization of EEGE to yield a DP higher than 30 still remains aneappar
challenge, with slow propagation rates and/or the undesirable chain transtenréaat is
particularly sensitive to the presence of very small concentrations of ¢oatdas If we were to

run a polymerization reaction for a longer time scale (i.e. months), a more edvaactor set
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up may be required to maintain a letegm airfree/moisturefree environment (due to seal
degradation with me).

A recent publication from Killops et al. has reported a controlled anionic co
polymerization of AGE with EO initiated from a PSOH madartiator (11000 g/molachieving
a total DP of the AGE monomer to bel®8 An earlier publication from the same group of
researchers, includingawkerand Lynd, showed that the addition of glycidybnomers (AGE
or EGVGE) to the initiator and growing chain end is favored over EO adifitjodue to
preferential coordination of the chain end to the AGE monomer. They also sughested t
polymerizations of EO with glycidyimonomers (AGE or EEGE) result in gradigype
copolymers where the functional glycidal ether is consumed early in the p@gtion such that
the chain produced is enriched near the inititoinspired by the work from these renowned
researchers, and at the same time compelled thighexisting challenges in synthesizing
controlled high molecular weight PEEGE, we revised the ‘B’ blocks of the prod®Sed
system 2 from PEEGE to P(E&tatEEGE).

Anionic copolymerization of B and EEGE initiated from the 24OH macroinitiator
by forming the potassium alkoxide, was carried out in dry THF & 4Dable 1, entry (10))n
this reaction, the targeted DP for PEEGE and PEO was 280 and 1835, respettiddiR and
SEC chromatography were used to characterize the product and the resstisvwaren Figure
5.15 As in previous’H NMR spectra analyses, peak integrals across the spectrum have been
normalized to the initiator fragment, such that values ineitare representative of a single
average chain. According to tfie NMR spectrum, there are no shifts present at 4.4 ppm that
would correspond to the unique proton on ca®oh EEGE monomer. This indicates that all of

the unconverted monomer was remowkding the product isolation process. The broadened
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signal over 4.6 4.8 ppm is a collection of two resonances corresponding to the single proton on
carbon4 of PEEGE, and the vinyl protons in 1,2 units of thedHlock. The number of vinyl
protons belonging to the 1,2 units of the,ROH macroinitiator was previously calculated to be
apprximately 14 per chain (Chapter 4, Figu¥d). The difference between the integral of the
multiplet at 4.6- 4.8 ppm and the protons belonging to PI block givesnimaber of EEGE
molecules present per Pl chain, which was calculated to be 74.07 (=183.0Vhe EEGE
conversion can be calculated by taking the ratio of this number to the targetel HREEGE,
which was 280 for this reaction. Hence the calculated EE@trersion is 26% (=74.07/280).
The broadened collection of shifts from 3.3.9 ppm can be assigned to the protons on carbons
2,5, 6, and7 of PEEGE and and9 of PEO. The fraction of the peak integral that corresponds
to the contribution by PEEGE can be calculated from the DP of PEEGE (74.07 x 5 protons from
2,5,6,7 = 370.35). Subtraction of the peak integral from 3.3.9 ppm from the previously
calculated value (370.35) corresponds to the total number of protons derivingPE@N
(1528.99370.35 = 1158.64). Since each EO unit possesses 4 protons, the calculated DP of PEO
is 289 (=1158.64/4). The ratio of the DP of PEO in the product to the targeted DP of PEO gives
the monomer conversion, calculated to be 15.8%. EO monomer conversion of 15.8% over fou
days suggests a drastic drop in rate of propagation of EO monomer in the presence of EEGE
monomer. AsLee et al. suggests, if the glycidyl monomer is preferentially coordinated to the
propoagating chain end relative to the EO monomer, the higher conversion of EEGE over EO
observed here is consistent with their hypothesis.

The peak at 22.5ml on the SEC chromatogram gkBPIH macroinitiator, howevewas

not expected; further investigation revealed that thesPIH used had been spontaneously
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partially malified/coupled disrupting the molecular distribution. Data specific to thisr latte

investigation is included in the appendix (Figuré 2).
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Figure 5.15 'H NMR and SEC data from the anionicpolymerization of EEGE and EO usiR,sOH
macrainitiator, in THF at 40C (Table 1, entry (10))

The SEC chromatogram of the product has three distinguishable peaks implying the
existence of three prominent products. The left most peak can be attributed tojahiey ma
product consisting digher molecular weight chains than the starting macroinitiatess{(©H).

Since no signals characteristic of chain transfer to monomer (in the 6.85pm range) are
present inH NMR, the other high molecular weight product could probably be due to an early

termination associated with byproducts in reaction mixture present in thadddgPi,sOH
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macroinitiator used. Further, the combination of an earyinated population of chains with
the third, low molecular weight peak in the oligomer rangggests chain transfer, albeit not to

monomer, is a major contributor to the observed molecular weight distribution.

Sound conclusions cannot be drawn from this experiment, unfortunately, due to the use
of partially degraded PIOH. However, even in firesence of some contamination, the chain
extension with EO and EEGE observed was inspiring. Another trial of the same experiment
using undegraded PIOH and higher purity EEGE, is definitely worth investigating. In the scope
of this thesis, however, this obvious next step remained uninvestigated and has been left for

future researchers to explore.
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Figure5.16 'H NMR of EEGE monomer distilled with shepath distillation set up.
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Key learning from all these polymerization attempts is the importance dévke of
monomer purity required in order to control the chain transfer. A protocol developeudweac
higher levels of purification is described in experimental section of thigerhapth the optimal
conditions found. Glycidyl ether monomer purified with this new protocol was not used in any of
the described polymerizations, since the development of this purification protasalome at
the last stages of this investigative work.

'H NMR spectra of purified EEGE monomer based on this protocol is shofigure
16. Peak integrations are normalized to the resonance for the proton on 4ambam that the
spectrum describes the relative number of protons detected per EEGE molecule. déssanhan
0.25 41.25 ppm correspond to the six methyl protons obar@s3 and1. The integral of these
two triplets should be 6.00, but the peaks integrated to 6.30 using the previous purification
procedure ¥H NMR, Figure All.1) suggesting additional contributions from another proton
source. With the new purification medures developed, the integral of those two triplets could
be reduced from 6.30 to 6.09. The consistency in this relationship suggests a signifieaseincr
in purity of the monomer. However, the removal of the proton resonance at 2.18 ppm, which is
not an expected resonance for an EEGE molecule remains even after the additifinatipor
Currently, its significance in the reaction is unknown. Regardless, a more v&ensiti
characterization technique like gas chromatography (GC) may be needed for datioralof

monomer purity in the future.
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5.3.2.2 Deprotection of the PEEGE to yield PG

As a proof of concept experiment focused on validating the methodologies proposed to
synthesize produc® (scheme5), some additional investigative reactions were carried out on
some of the polymeric species prepar€de acetal groups in the PEEGE bladkPI-PEEGE
block copolymer were cleaved to the resulting hydroxyl using simple contact of fhe alith
an acidicenvironment. Specifically, the product wist dissolved in THF and HGVas then
added to the polymer solution and stirred for 15 minutes at room tempeiéute saturated
NaOH was added to the mixture to neutralize the pH. Salts were removectatiditt and the
filtrate was dried under vacuum for 12hrs.and then extracted to DI watet,inin@ccuo, and

the characterized wittH NMR (Figure5.17).
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Figure5.17 '*H NMR of Pkb-PGe

The integrals of théH NMR are normalized such that the spectrum represents a single

average chain. The integral of the triplet at 3.75 ppm should reflect the five protoagons,
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6 and 7. Hence the DP of the resulting polyglycidol (PG), which is 19, was calculated by
dividing this peak integral by the number of relevant protons (97.81/5). The triplet at 1.8 ppm i
not characteristic to the unmodified PIOH macroinitiator and thus appearseiyntq the PG

block.
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Figure 5.18 '"H NMR of Pkb-P(EOstatG); The acetal group of EEGE was cleaved using simple
exposure to a weakly acidic environment.

Additionally, the transformation of HI-P(EOstatEEGE) to Pib-P(EOstatG) was
performed in THF and HCL media as discussed earlier. However the productrieems
slightly different for the two starting pradts (sections 5.3.1.5 & 5.3.1.@xtraction of the
product PI-b-P(EOstatG) ) to an aqueous layer was possible in the case of the copolymer,
perhaps due to the inclusion of water soluble EO repeat units. This productlssas a
characterized withH NMR for which the data is given in FiguBe18 The triplet at 1.81 ppm
and the doublet at 2.45 ppm are not characteristic to the PIOHBPEO. Assignments of
these two new signals have yet to be definitively made. Since the product €@ntaliock of

ranrdom copolymer of EO and EEGE, it is likely the chemical shifts of the protons on c&hbons
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and9 on polymerized EO units are strongly influenced by the chemical identity cépleat unit

sequences along the backbone.

5.3.2.3Functionalization of PIOH with imidazolium

To explore the feasibility of the chemistry proposed to synthesize prbt(®themey),
conversion of the terminal hydroxyl on our PIOH maitritiator to a terminal imidazolium was
attempted. Mesylation of the hydroxyl on PIOH was followedriglazolium functionalization
through nucleophilic substitution. The product or intermediate at each stegharacterized
with *H NMR spectroscopy as presented in Figbr&9. Peak integrals in both spectra are
normalzed such that each represents a single average chain. The resonance at 2.9 ppm in the
lower spectra corresponds to the methyl protons in the mesylate group. The remaitaer of
spectra is characteristic to the PI, consistent with the mesylation of &hydroxyl on Pl. The
peak integral of the proton resonance at 2.9 ppm is expected to be 3 if quantitative
functionalization was achieved. The actual integrated value near 2 implies that th
functionalization efficiency achieved was only 66.6% (~ 2/3upper'H NMR spectrum is the
data corresponding imidazole functionalized PI (Figure 5.19 top).

Disappearance of resonances corresponding to mesyl protons and the appearance of
aromatic resonances related to imidazole, verify the transformation. Excasswats of NaH
and imidazole used in the reaction caused the product to be contaminated with these speci
Further isolation of product was not attempted since that issue was preveimtafoiture

attempts.

149



Signals from
excess NaH
Singnals related
to excess imidazole
=N
I 1
No signals from
methyl protons
of mesyl
1 |
\ }l UL
M i L.._N\_ L.u v l SRR v
=
?
= 0O-S—2

4.5 4.0
1 (ppm)

Figure 5.19 'H NMR of Imidazole functionalized P! (top) and Mesylated PI (bottom). Disappesuain
signal of methyl protons at 2.9 ppm in th NMR signifies the successful substitution of imidazole to
the mesylate

5.4CONCLUSIONS AND RECOMMENDATIONS FOR RELEVANFUTURE WORK

A key finding from this series of experiments is that undesirable chain transfer is

controllable by lowering the temperature and increasing the purity of the reactia and
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monomer. Also, lowering the basicity of the propagating chain end withoutadeweits
nucleophilicity would be another option to control the chain transfer. Experimentimg wit
different solvent combinations for the reaction media may be a route to furtbeoven
conditions (above mentioned) for the propagating chain end. The R&Otginitiator seems to

be preferred over PIOH for direct extension with EEGE. Further, EEGE is prefereed o
BuGE as the functional glycidyl monomer for anionic polymerizations initiatéld REOH or
PIOH macraeinitiator. Since the purity of monomes recognized as a dominant factor for
controlling undesirable chain transfer, more sensitive characterizagtimods such as GC to
validate the purity of the monomer are recommended. Overall, synthesis of ednliotar
high molecular weighpolyglycidol still remains a challenge, hence, the best route to achieve
the targeted spherical morphology fromPPG diblock and Rb-PG-b-PI triblock blends likely
remains a copolymerization of protected glycidol (EEGE) with ethylene oxideprassutald

molecular weights appear to be obtainable.
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CHAPTER 6

SUMMARY OF THE DISSERTATION AND FUTURE DIRECTIONS

6.1 MAJOR RESULTS AND RECOMMENDATIONS FOR FUTURE STUDIES

Development of novel frestanding robust membranes (for separatingg @@mn gas
mixtures of CQ and N) that consistently challenge (and in some cases exceed) the Robeson
2008 upper boundias a major achievement of this woBolventfree meltstate sedassembly
of sphereforming SO/SOS diblock and triblock copolymer blends has been used to produce
free-standingroom temperature ionic liquidR{TIL) composite membranes with exceptional
medianical properties and G@I, separation performance. By employing rstlte sel
assembly with tailored diblock and triblock copolymer compositions, resultimgbonage films
could be swollen to greater than 94  wt% -ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI])RTIL.

Even with such high loadings of neat [EMIM][TFSI], these membranes exhibit t
mechanical properties of solid elastomers, evident by the ultimate tensigthtof 250 kPa and
the compressive modulus at 40% strain of 150 kPa for the membranes with 46% triblock
copolymer content (SOS46). The £@ermeability performance was stable 8 days of
testing with no detectabRTIL leakage. Transmembrane pressures as high as 40fbkRabe

accommodated and repetitive loadings at 230 kPa produced neither plastic deformation nor
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diminished performance in gas separationsr the 28 day period. These promising resultaare
product of the highly distensible and elastic nature of these membranes.

With the ultimate goabf further improving these membranes, two feasibility studies were

conducted to address foreseeable performance limitations of the developed matpeedsing
feed gas temperatures for the SO/SOS membranes are limited by the glassnt@nsgeratue

(Tg) of PS domains (~ 80 °C). To address this limitation, replacement of thermoppssti
spheres of these membranes with chemically dioked Pl was proposed and a feasibility study
was conducted. The ultimate result of the feasibility study wasighesive due to an inability to
effectively crosdink the Pl system, however, the findings (listed below) from the study provide
additional insight for the pursuit of promising replacement materials.

1. To achievea degree of crosbnking that produce thelevel of mechanical stability
required for the membranes, stinore suitable to keep the radafsphericalPl domains
smaller perhaps in the range ohm.

2. The degree of epoxidation of PI directly improves the mechanical properties of the
membranes through a presumed increase in the degree ofickoss within the PI
domains.

3. The current chemistry used for epoxidation modification (treatment with MEPB
disrupts the compositional distribution of the block copolymer blends at high epoxidation
degreedy decoupling the triblock copolymer. Hence adopting a milder olefin oxidation
method for Pl and/or robust coupling method in the synthesis of the triblock copolymer is
recommended for future studies.

4. Even if high epoxidation levels can ultimately be achieved without a loss of triblock

copolymer in a blend, compatibilization of highly epoxidized blocks with PEO (leading
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to a diminished ability to phase separate) may limit practical implementation of this
crosslinking approach. Hence, adopting a differerdsslinking chemistry that does not
require epoxidation of Pl might also be a better option for future projects.

The second feasibility study concerned the development of an alternative BCPssystem
including new matrix material{PEO alternatives) enrield with ionic groupsaimed at
improving CQ permeability and maximizing the transmembrane pressure differentials possible
during operation (improved resistance to RTIL leakage). Synthesis of thinasite BCP
system involved a sequential polymerization of isoprene and ethoxyethyl glycidy([EHGE)
monomers. Polymerization of EEGE to yield high molecular weight linear blocks provsz t
extremely challenging, however. The key findings of this study do provide additional insight
(listed below) for addressing the challenges facing high moleewight polymerization of
glycidol monomers and subsequent post polymerization modifications for introducing ithe RT
substituents.

1. The undesirable chain transfer presenaironic polymerization of protected glycido
monomergEEGE, t-BuGE) is best conlled by lowering the temperature and increasing
the purity of the reaction media and monomer.

2. The PSOH macranitiator seems to be preferable RdOH for extension with EEGE.
Further, EEGE is preferred oveBtGE as therotectedglycidyl monomer for mionic
polymerizations initiated witthe PSOH or PIOH mackmitiators.

3. The direct synthesis of controlled linear high molecular weight polyglyctdiotesmains
a challenge; hence, the best route to achieve the targeted spherical morpholoBi from
b-PG diblock and Rb-PGb-PI triblock blends would be the copolymerization af

protected glycidol (EEGE) with ethylene oxide a substitute for the PG block
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4. The proposed synthetic schemes for transforming the alcohols to the imidazoleon bas

ionic groupsare feasible as shown by the series of proof of concept experiments.
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APPENDIX |

THE ROLE OF ARCHITECTURE IN THE MELTSTATE SELF ASSEMBLYOF
(POLYSTYRENB)sarb-P(ISOPRENE}earb(POLYSTYRENE) st POM-POM TRIBLOCK

COPOLYMERS

A.1INTRODUCTION

Polystyrenes-polyisopreneb-polystyrene(SIS) triblock copolymes represenbne of the
mostextensively researched thermoplastic elastsriBPES). In particular, they are extremely
well known for their excellent mechanical properties, a product of their phase separated
morphology of organized (and mechanically correlated) hard and soft domains with dimensions
in the nanoscale range. As a result, attempts to influence the mechanical gsope!E5
materials and their analogs through the introduction of procé&$simgrphology contrét® and
synthesi¥*? strategies has received considerable attention

Traditional linear SIStriblock copolymers, in elastomer form, are comprisedlassy
domains of polystyrene (PS) embedded within a soft connective matrix of viscoelastic

polyisoprene (PIl) chains acting to mechanically correlate the two types ofrdormaconcert,

® The content of this document was written by Dilanji Wijayasekara and editéktdvys Bailey. The project

represents collaboration with Daniel M. Knauss at Colr&thool of Mines. Material synthesis, chemical
characterization and AFM imaging were perfednat Colorado School of Mines while morphological
characterization (SAXS and rheology) was performed at Colorado Stétersity. This document was adapted

from the publication published in journdiacromoleculesn 2016
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these interconnected domains produce thellexteslasticity for which these TPEs are so well
knowr*®. However, the specific morphology produced during radte sekassembly, in
combination with the organization of the SIS chamghin that morphology, can strongly
influence the resultant mechanical properties of the elastomers produced. Déenen
morphology and chain organizatiocan be manipulated by usingell-defined molecular
architectures like stdfs ¥, ringd™ comb$® and their combination8”%, inspiring the
integration of such structures into block copolyshased TPE architectufés’. As an
examplepranched SIS copolymehavebeen shown thavea different morphologicastructure
when compared with thdinear symmetric architecturegt the same volume fractioHd'.
Likewise,tensile strength and the straahbreakhas been shown to increasieh the number of
branch pointsn TPE systems comprised of sunlecule§?. Furthermore, SCF calculations by
Matsen suggest the potential ability to use branched architectures to open giabke wéthin
the phase diagram, providing yet another route for accessing interesting TeREIgTat

Within the many possible architectures for block copolymer (BCP) TPEs, theo@am
molecular architectuf¥>®, in which two rarm stars composed of glassy polymer A are
covalently connected by a linear block of flexible, viscoelastic polymer B (desthAsBA ), is
particularlyintriguing. In fact, it has beeproposed asraidealized (homo)polymer architecture
(ALAA)) in its ability to behave analogousty commercial polyolefins in strong shear and
extensional flowd* 37 However, synthetically accessing the ppom block copolymer
architecture can be particularly difficult, and production of large quastéies even more so. In
2002, Knauss and Huang first reported a-poeconvergent anionic polymerization strategy that
has made access to the complex fmm architecture particularly simple and

straightforwarl”). Key to their onepot approach is the controlled introduction of nion
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stoichiometric amounts of an anionically polymerizable terminating agent (4
chlorodimethylsilyl)styrene (CDMSS) to a reaction mixture of living polymer chaliee
mechanism is shown pictorially in Figure 1. The result of such controlled @dddi the
formation of staishaped polymers with hyperbranchédng cores. Subsequent monomer
addition allows chain extension from the core, which upon introduction of a coupling agent,

produces th pompom achitecture.

- Li* =

- Lit

TR (S4)

ST A |
i —_— = LY — W\W'LI+

- L (cpmss)

- Lit

- Li* ci-gici

|
(DCDMS)

% (PS)
PN VNSV UV ik
A ey (S,1S,)

‘-—"A\‘/“_/\__/‘

Figure A.1 Reaction sequence for the synthesis g5Spompom triblock copolymers via ‘ompot’
convergent anionic polymerization.

In that seminal work, they focused on the synthesis of all polystyrene containingssystem
(S:SSHH", and the subsequently extended the technique towards the successful formation of
uniquely structured branched PS stf&S))!*. Most recently they were able to show the
convergent anionic polymerization strategy could be applied to the diregtobriermation of
polyisoprenesontaining porspom architectural triblockopolymers (§S,)% (Figure A.1) with

interesting TPE implications. The objective of this report is to investigatadinehological and
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rheological properties of these uniqugSs pompom triblock copolymers, with a special focus
on elucidating the effects of changing (1) arm number (n) within the PS starfsxgat total star
molecular weight), and (2) the molecular weight of the linear Pl midblock adjoimenB$ stars.

To this end, a series of IS, pompom triblock copolymes were synthesized using the
convergent anionic polymerization approach and investigated using a combination 8f SAX

rheology, and AFM.

A.2 EXPERIMENTAL

Materials: 1,2-Dibromoethan€99%, Aldrich), dichlorodimethylsilane (99%Aldrich),
p-chlorostyrene (97%6500 ppm 4tert-butylcatechal Aldrich), styrene (99%, 10-15 ppmtért
butylcatechal Aldrich), and trichloromethylsilang99%, Aldrich) were dried over calcium
hydride anddistilled under argoror underreducedpressurémmediatelyprior to use.lsoprene
(99%, 100ppm 4-tert-butylcatechal Aldrich) was distilled twice over calcium hydride and
distilled once over aibutylmagnesiunsolution (1.0M in heptane, Aldrich)ust prior to use.
secButyllithium (1.3 M in amixture of cyclohexane and heptaneaskindly donatedoy FMC,
Lithium Division and used as received PLC grade tetrahydrofuran (99.9+%isher Scientifiy
was dried over sodiummetal and distilled from sodium benzophenonketyl underargon
immediatelyprior to use. HPLC grade cyclohexane (99%isher Scientifit was purified by
repeated washings with H,SO, and water and distiled from sodium metal. 4-
(chlorodimethylsilyl)styreng CDMSS) was synthesizedas reported®, and was distilled from

calciumhydride undereducedpressuremmediatelyprior to use.All glasswareglasssyringes,
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and needleswere ovendried at 150 °C for at least 24 hours, and cooled under argdine
glasswarewas further flame dried under anargon purgeafter assembly.Gastightsyringes
were preparedby washingwith a dilute secbutyllithium solution followed by washingwith

dry cyclohexane.

Synthesis of (polystyrene),-b-(polyisoprene)-b-(polystyrene), pom-pom triblock
copolymers (Si1S,): In this work, a series of triblock copolymers was designed with control
over the polystyrene to polyisoprene composition and variation in the number and molecular
weight of polystyrene chains in the polystyrene skae polymerization procedures were lthse
on those previously reported by Huang and Kratisa& detailed procedure is described for
producing a targeted (polystyregd)(polyisoprene)-ifpolystyrenej with 3 kDa PS armand a
30/70wt/wt PS/PI compositio(TPEOS, ESI)

Cyclohexane (900 mL) and styrene (20 mL, 0.17 mol) were added under an argon purge
to a septum sealed, singieck, round bottom flask containing a magnetic stir baee
Butyllithium in cyclohexane (1.3 M)was added dropwiseas a titrant for adventitious
impurities untila paleyellow color (indicativeof initiated polystyryllithium) was present. The
calculated amount of sdautyllithium required for the target molecular weight of gudystyrene
chain (7.9 mL, 6.1 mmol for 3 kDa) was then added. After two hours of reaction time,
approximately 1 mL of solution was removed and precipitated into grgaged methanol for
molecular weight analysis (as the PS star arm). The linear R etere then coupled into stars
by reaction with CDMSS. CDMSS was added to the reaction solution with the amount
calculated based on the target number of arms in the star according tocivenépéquation.

—)

number of arms

moles of CDMSS = moles of chains * (1 —
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To the living polystyryllithium solution with targeted 3 kDa chains was added 9.8 AL (4.
mmol) of CDMSS in cyclohexane (0.5 M). After one hour, the solution was partitioned via
cannula under positive argon pness into separate flame dried, septsealed roundbottom
flasks and a 1.0 mL sampleasremoved for molecular weight analysis (as the star). A specific
qguantity of isoprene was introduced to each flask according to the target PS top®kiton.

To one of the flasks containing approximately 300 mL of solution was agdnL (0.205

mol) of isoprene using a gastight syringe. The reaction proceeded for three hours and then a 5
mL sample was removed and precipitated in aqgarged methanol for molecular weight
analysis (as the,Bdiblock). 10 mL of THF was added to the flask andichlorodimethylsilane
solutionin cyclohexane (0.20) was addedslowly usinga gastight syringel'he additionrate

was controlledto a rate of 0.20 mL/hour by a syringgump and the additiorwas continued

until thereaction solutiorturned colorless. Theaction mixture was then precipitated into argon
purged methanol, filteredyashedwith more methanol, andlriedto a constant weighat room
temperaturen a vacuum oven. 2,6-dért-butyl-4-methylphenol(0.02 wt %) was addedto the
methanolto prevent the oxidation of the polyisoprene blotkereactionyield wasquantitative
after considering thesampledaliquots and the partitioning of the reaction solution. Subsequent
fractionation of the crude product was used to reduce uncoupledit®ock copolyner
contamination using toluene/methanol as a solventdobrent pair. Example GPC data overlays
showing the evolution of the, IS, pompom triblock copolymers produced are included in the
ESI. GeneralizedH NMR (ppm downfield from TMS): 6.207.26 (b,-(CgHs)), 4.90- 5.30 (b,-
CH,-CH=C(CHs)-CH,-), 4.60- 4.90 (b, G1,=C(CHs)-), 0.84- 2.40 (b, CH=C(CH3)-C(R)H-

CHa-, -CH,-CH=C(CH3)-CH,-, and GHs-C(R)H-CH,-), 0.5 - 0.78 (m, -Bl3, initiator fragment).
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Chemical Characterization: Initial molecular weights and molecular weight
distributions were characterizedby gel permeation chromatograpli¢ePC) using aHewlett
Packardmodel 1084B liquid chromatograpdquippedwith two HP Plgel 5y Mixed-D columns
(linear molecularweightrange: 200- 400,000 g/mol), @alibratedRI (WatersR401) detector,
and aWyatt TechnologyminiDAWN multi-anglelaserlight scattering(MALLS) detector(A =
690 nm, three detectorangles: 45°,90° and 135°),using Astra 1.5.0b2 molecularweight
characterizatiorsoftware.Elutions were carriedout at an ambienttemperaturevith THF asthe
solvent and dlow rate of 0.70mL min™. The refractiveindex increment(dn/dg usedfor the
polystyrenesamplesvas 0.193mL g, which was obtainedfor the polystyrenestarsandwhich
also correspondgo linear polystyrenein THF.[39] The dn/dc of polyisoprenewasdetermined
to be 0.117mL g* in THF at room temperatureby using an Abbe RefractometefBausch&
Lomb). The refractive index incrementsof the SIS copolymerswere calculated basedn the
summationof the products of then/dc of each block timesits weight fraction. Subsequent
verification of molecular weights and molecular weight distributions prior to SAehd
rheological analysis was performed on a Viscotek &RBR chromatography system outfitted
with three 7.5mm 340mm Polypore (Polymer Laboratories) columns in series wittatek
differential refractive index (RI) detector. The columns were maintaine@°& #h an Alltech
column oven. All polymer samples were run with THF as the mobile phase hinT). *H
NMR spectroscopywvas performed onsamplesdissolvedin d-chloroform on aChemagnetics

CMX Infinity 400instrument.

Small Angle X-ray Scattering (SAXS): Scattering data was collected on a Rigaku S

Max 3000 High Brilliance three pinhole SAX§/stem outfitted with a MicroMaQ07HFM
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rotating anode (Cu&), Confocal MaxFlux Optic, Gabriel multiware area detector, and a
Linkam thermal stage. Polymer samples waepared a8 mm diametef D.9 mm thick disks,
melt pressed (Carver Press) directly from powders using a stainless steel cutauthsshd
between teflon covered kapton sheets. Disks were held under a constant pressure of 500 psi at
150 € for approximately 5 minutes, before being removed from thespaesl cooled
(unassisted) to room temperature. The formed polymer was easily removeth&a@tainless
steel cutout to give homogeneotrgnsparentisks. The disks were then sandwiched between
kapton discsand mounted in the Linkam thermal stagemch smple was then subjected to
stepwise heating (in vacuo) from 80 to 225(80 °C 125 °C, 200°C, 225 °Q with a75 minute
anneal at each temperature during which SAXS data was coll&tpdsure times fodata
collectionweretypically 3600 s.A similar ramp was used to collect SAXS data while cooling

back to 8C°C.

Rheological Analysis: Rheological experiments were run on a TA Instruments ARES
rheometer. Samples disks prepared as described above (see SAXS, above) were placed between
two parallelplates(8mm). The plates were then heated to 100 °C, and the gap was adjusted to
ensure even distribution of the sample. Typical gaps wer®.8.8am. Dynamic temperature
ramp tests were performechile heating and cooling at°C min' at an angular frequey of 1
rad §" and a strais verified to be within the linear viscoelastic regime, typically betveéen0

and 4.0%,.

Atomic Force Microscopy: Atomic Force Microscopy (AFM) was performed using a

Digital Instruments Nanoscope Ill. Samples were prepayexpin coating a 5 wt. % solution of
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polymer in THF on 1 chsilicon wafers at 2000 rpm for 20s. Annealing was performed under

argon purge at 110 °C for 24 hours.

A.3 RESULTS AND DISCUSSION

A series of §S, pompom block copolymers were synthesized following the convergent
anionic polymerization approach described in Sch&fk In total, eighteen unique,S, pom-
pom block copolymers were synthesized, demonstrating the ability to control dtchitec
pamameters such as the number of arms in the PS star, the molecular weight of those arms, and
the molecular weight of the adjoining Pl block used to form the-pom architecture. The
molecular weight of the PS arms could be directly tuned using the radigrehe monomer to
secbutyllithium initiator initially charged to the reactor. Subsequent adjustment of the amount
of the coupling monomer (CDMSS) added could then be used to set the number of arms formed
during star formation. Ultimately, the lengthtbe PI midblock could then be quantitatively set
by simply selecting the amount of isoprene monomer added prior to the final cosigmg
Careful inspection of the characterization data for all 18 samples (ESI) diatvikree and four
member subsets tiie series share identical PS star fragments. This was uniquely accomplished
by partitioning the living polystyryllithium stars into several new reaction vegsils to the
addition of differing amounts of isoprene monomer to each. In this way, we akézeto
generate severallS, pompom triblock copolymers from a single initiation event, holding n as

a true constant among the set.
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Of the eigheen SIS, pompom triblock copolymers produced (see ESI), five were
selected for more careful morphologiad rheological characterization (Table 1). The five
selected formed a very specific set, affording an opportunity to evaluate the iafloenc
morphology and rheological response of (1) the connective Rbioak molecular weight, at
constant star armumber and molecular weighfA4, B4, C4), and (2) the arm number in the
stars, at constant star and rbildck molecular weights83, B4, B7). In the labeling of these five
samples, theirst letter distinguishes the Pl mildlock molecular weightand thenumerical
designatiordenotes th@approximatenumber of armsn the starsFor example, samples4 and
B4 differ from each other by the lengths of their Pl backbone, but they have same number of
arms in their PS staAdditionally, the letter "d" (e.gA4d) has been added when referring to the
Sil diblock copolymer precursor from which the corresponding pom triblock copolymer
(e.g.,A4) was produced. Notably, the samples selected for this study were chosen stioh that
overall molecular weight of the star in the ppom architecture (Tabla.1) remained roughly
constant in the 14.3 — 16.5 kDa range.

A review of the characterization data in TaBlel reveals a pair of molecular weights
provided for each 35S, pompom triblock copolymer sample, with amportant difference
distinguishing the two values. The first value calculated is based on, ag\Wdlue determined
using GPGMALLS, relative compositions in the final,$, product given byH NMR, and an
assumption of 100% coupling efficiency in thadi synthetic step. As such, it is a largely a
theoretical maximum expected for each ppom triblock copolymer sample. The second value
is determined by direct analysis of the final, fractionatg8.$roduct, using GPGMIALLS, and
reflects a lower, but more accurate measurement in all cases. This latter measisreemsitive

to the presence of residuall Sliblock copolymer remaining in the sample due to termination
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during sampling as well as coupling and fractionation inefficiencies. As expectedckdibl
copolymer contamination in the final product is most prominent in the highest molecigat we
A4 sample, for which the chain end concentration (lowest) and molecular gkegiesst) during
the coupling are most significant. Importantly, the relative PS and Pl compssfbo the
sample are unaffected by the presence of uncoupled product, giv&d thiblock and {IS,

triblock copolymer compositions are intrinsically setinsistent.

Table A.1 Chemical characterizatiatata

Narme M,?

Mn star (Mnarm9® PDlsar’ (Mn)°
Sample [g mol'] [g molY] (PDlam)? We(© (fp ) [g mol'] PDI?
A4 (TPEOS) 14,300 4.1 (3,300) 1.08(1.02)  0.87 (0.89) 158000 (220,000 1.06
B3 (TPEL) 15,500 2.9 (5,400) 1.30 (1.01)  0.80(0.82) 132,000 (155,000 1.2
B4 (TPEQ) 14,300 4.1 (3,300) 1.08(1.02)  0.80(0.82) 107,000 (143,000 1.04
B7 (TPE®) 16,500 7.1 (2,160) 120(1.02)  0.81(0.83) 105000 (174,000 1.07
C4 (TPE®) 14,300 4.1 (3,300) 1.08(1.02)  0.75(0.78) 92,000 (114,000 1.06

%calculated fronGPCMALLS ; Pcalculated fromM,sia= NMpam* (+1)Mpuss, °calculated frontH NMR of final fractionated producfyvolume

fraction of PI calculated using nominal densities at 14@GF) *calculatedrom M, ¢4 in combination withH NMR of final product.

Small angle Xray scattering (SAXS),tamic force microscopyAFM) and dynamic
rheology techniques were utilized in combination to characterize the morpholdghe sel
assembly behavior of each of these five samples (Figu®&sA.4, A.5, A.7 andA.8). This
systematic characterization of each ppom triblock copolymer was carried out by first
measuring the storage (G') and loss (G") modulus as a function of temperatuaymamic
shear rheology over a complete constant rat€ (hin™) heating (to 208C) and cooling (to
70°C) cycle. The cooling cycle was thémmediately followed by a second constant rate heating
ramp(1°C min™) purposefully extended through the ordésorder transition. As with rheology,

SAXS data was also collected for each sample along a complete heating and cgdin
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(spanning a teperature range of 8C to 225°Q such that the effects of thermal annealing could
be assessed in these uniquely architectured syshkapsrtantly, four of the five $S, triblock
copolymers investigated exhibited rheological behavior characteristic of disard225°C,
suggesting the temperature ramp applied during SAXS was likely sufficieetdsing latent
thermal or solvent induced morphological memory in most of the santplesidition, SAXS
data was collected on the correspondinb diblock copoymer samples collected as aliquots
from the reactor prior to the final coupling reaction. Data was collecte@ aathe temperature
intervals indicated for the ,B5, triblock copolymers, although only a subset of the data is
included in Figure\.2, A.4, A.5, A.7 and A.8. Finally, AFM was also performed on thin film
samples of each %, triblock copolymer species, both before and after annealing to visually
capture the influence of sustained thermal soaking orassémbly, approximating the thermal
cycles imposed during rheological and SAXS data collection.

Figure A.2 contains a sumary of the rheology, AFM and SAXS data collected for the
A4 triblock copolymer sample. SAXS data for the corresponding diblock copolyhdel) (s
also included Sample A4 was the most compositionally asymmetric ppom triblock
copolymer investigatedd = 0.89) with the two 14.3 kDa-drm stars adjoined by a linear PI
block of 191 kDa in molecular weight. In a linear AB or ABA architecture, such a block
copolymer would be expected to adopt a spherical morphology although the size of the molecule
would produce very slow ordering kinetf¢g?. In fact, in similarly sized polystyrere
poly(ethylene oxidep-polystyrene linear triblock copolymers, the spherical morphology that
developed never achieved more than a lidikiel packing despite theoretical predictions of a
closedpacked latticd** **. The meltstate rheological data of sampiel revealed thaboth

storage and loss moduluring heatingand cooling ramps closely tracked one another with only
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slight hysteresis detected during reordering of the sample during cooling (rate$@emin™).
Notably, such reversibility in the rheological response was shared by all fivplesam
investigated. For th&4 sample specifically, the magnitude of the storage and loss moduli (G'
and G") in thel0*— 10 Pa range was consistent with that typically produced in phase separated
block copolymer melt§!. This behavior included a storage modulus that exceeded the loss
modulus at temperatures below 1) where the glassy behavior of the PS domains would be
anticipated to provide some degree of elasticity to the system. Howeweasmgy the
tenmperature beyond the PIg produced a gradual but systematic decay in both moduli typical of
BCP melts in which the segregation degree is weak or system ordering esl Idug to kinetic
constraint$**4, When the former is at play, disorder is typically imminent. In the latter, the
system retains some structure as the thermodynamic forces driving phase separatrnmem
this case, while the rheology clearly shows a foeslulus that overtakes the elastic modulus just
beyond 100C, the elastic modulus remains measurable and persistent until the system appears t
finally give way to disorder near 225. As suggested above, this rheological signature is typical
in high molealar systems with such large asymmetries in compo¥ftidh **.

The AFM images of Figuré\.2 confirm the phasseparated state suggested by the
rheological data. The bright and dark areas in AFM images, typical of glassy R#hsloma
soft Pl matrix, respectivelff’, reveal a distinct difference in the degree of order present in
annealed and neannealed systems. Phase separation is clearly present in both, however the
random dispersion of small, irregularly shaped domains present just atieigagives way to
order with extended thermal treatment suggestive of a welgkigloped lamellar or cylindrical
morphology.lt is significant, however, that the PS domains never achieve any sort of axial or

longitudinal continuity despite what appears to be a layeredusteucorrelated across multiple
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domain periods. Our interpretation is that the aggregation of PS chains into a continuauns dom
structure is hampered by the inability of the PS arms to adequately fill gpasegh chain
stretching) in a regular, periadmanner. The lack of a uniform domain structure seems to be a
clear indication of the high level of packing frustration the chains are empige More
specifically, the system must balance a large driving force (from the extrenmositional
asymmetry to bend the domain interface towards the minority PS component, against an
inability of the star architecture (due to chain crowding) comprising that miremyponent to
actually do so.Figure A.3b captures the essence of these arguments pictd@iafigistent with

this observation is that the assumed development of this layered lamellar oricsflindr
morphology during rheological annealing does not appear to be reflected in any mechanical
response improvement measured for the BCP. The implicatibatithe degree of order induced
upon annealing remains insufficient to produce a major change in the viscoelastibgybulk

melt.

Of course, the influence of the confining surfaces (substrate below and air above) on the
degree of phase separatiachived and morphology indicated in the AFM samples cannot be
completely disregardéd. However, as we will see throughout this series of five samples, the
morphologies indicated in the AFM images are all in qualitative agreemémthsitesults of the
SAXS measurements, performed on bulk samples where the influence of confirffergesus
largely eliminated. For thA4 sample, SAXS confirms the limited ordering achievable even after
thermal annealing. More specifically, the scattering data in Figuresifo®@s a wetdeveloped
principal scattering peak for all the temperatures measured beR&€nand225°C, during
both the heating and cooling cycles. The presence of this quadkms the phase separation

implied by the rheology and revealed in the AFM imaljéish such a significant asymmetry in
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Figure A.2 SAXS data of sampl&4 along a complete heating (upper left) and cooling (upper center)
thermal cycle. SAXS data @4d diblock copolymeralong a complete heating and cooling thermal cycle
(upper right). Inverted triangles represent the locations of allowed refiedtir HPC morphology, based
on the position of the primary scattering wave veqterg.oe g/q* atV1, V3, V4, V7,9, V12, V13, V16,

etc. AFM images of pre (lower left) and post anne@ddlower center) All images are 2 um x 2 pm.
Dynamic temperature ramp over both heating and cooling cycked @bwer right) at 2C min™, 1 rad &

L and 4% strain (within the linear viscoelastic regime). The coaljrfe has been shifted vertically two
orders of magnitude for clarity. The second heating cycle has also been shiftediywéoticabrders of
maghnitude.

the composition, we believe ti@yered images in AFM are more consistent with a cylindrical

domain structure than stacked lamellae, which are favored by more symmaeatposiions.
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Furthermore, adoption of a lamellar morphology would require unlikely degrees of chain
stretching by thePS stars in order to achieve the minimal interfacial curvature intrinsic to a
layered morphology.

However, the strict adoption of a highly correlated, hexagonal packing of cylinders
observed and predicted for linear BCP melts does not appear possilitee #8d4 sample.
Inverted triangles represérg the locations of allowed reflections for hexagonally packed
cylinders HPC), based on the position of the princigahttering wave vector qtgos g/g* at
V1, V3, V4, V7, V9, V12, V13, V16, etc. have beerincluded with the scattering profiles at 225
during both heating and cooling. There is a clear lack of any higher order diffraction beyond the
principle peak corresponding to HPC at any of the temperatures probed. Howewvdgathe
shoulder at lower galues is consistent with the presence of structure factor scattering, likely
associated witha poorly ordered, liquid-like packing [LP) of cylindrical domain$®.
Importantly, this interpretation is consistent with the AFM images and the systelogi. This
includes a diminished scattering intensity225°C where therheological response is highly
viscous.lt is interesting that even with the decay in rheological response, SAXS data does
indicate some phase separation is still present. This is consistent with belianosezn in
highly asymmetric spheres where the phase separation can persist well beyond the expected
disordering transitidf” *°. The origins of the limited degree of order in the system may be
thermodynamic, kinetic or bottAs previously discussed, the compression of the PS volume
fraction into a dense star architecture reduces the conformational flexibilihe @S chains,
which may preclude the uniform and periodic filling of space in a manner that avitee
energyadvantage over the more loosely ordered structure (FA@t®). On the other hand, the

pom-pom architecture, and particularly the long fbldck molecular weight present 4,
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would be expected to be highly susceptible to dynamic chain entanglements with ldigy kine
lifetimes. As described pictorially in Figure A.3a, relaxation of entanglementsgine ptation
dynamics should be hindered by the steric bulk of the star architecture intrittscgompom

BCP chain ends.

a)f\‘

.
%
%f

Figure A.3 a) Entanglementelaxation through chain reptation is intrinsically hindered by the-pom
architecture of the 85, triblock copolymers, in contrast, for example, to thejr @block copolymer
precursors. b) Simple linear block copolymers, adopt spontamaeufacial curvature to accommodate
large compositional asymmetries. In p@aom architecture, such curvature towards the minority
component is inherently opposed by PS chain crowding at interfacenandbility of the PS chains to
fill space, both a consequence of the compact star architecture. However, flatfetiagrerface to
accommodate the dense star architecture increases interfacial contact between the PSvaidsPbhdd
requires considerable chain stretching in the Pl domain. Thasselmbly behavior of the IS, systems
investigated appears to reflect such architecturally produced packing frustration.

To gain additional insight into the degree to which chain kinetics was influencing khe lac
of order developing in tha4 system, the diblock copolymer precursoAdf, referred to a&4d

in FigureA.2, was also characterized with SAXS using the same heating and cooling thermal
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cycle applied toA4. Importantly, theA4d diblock copolymer precursor is compositionally
identicalto theA4 triblock copolymer species, because of the symmetry associated with the final
coupling step. At both 8C (heating) and 12& (cooling), theA4d diblock copolymer also fails
to produce a diffraction pattern indicating a highly correlated (e.g. hexagonally packed)
cylindrical structure. However, the structure factor scattering consistent witP afLtylinders
is still clearly present, with the increased intensity and sharpness of thipgrscattering peak
suggests a slightly more segregated morphology is achieved Bydhdiblock copolymer. This
small degree of enhanced phase separation may be attributable to the increased relaxation
dynamics expected for the diblock copolymer precursor (Fi§LBa), but the improvement does
not appear stitient to produce a level of order leading to Bragge diffraction. This suggests
that, in the case of th&4 sample, the inability to fill space uniformly is, to a large degree, the
result of both compositional and architectural asymmetry acting t@etieally frustrate the
morphology selection process.

Figure A.4 contains a summary of the rheology, AFM and SAXS data collected for the
B4 triblock copolymer sample together with the SAXS data for the correspoBduohgliblock
copolymer Compared with samplé4 just described,B4 is much less compositionally
asymmetric fp; = 0.82) due to a PI mibdlock that is less than twihiirds (114 kDa) the molecular
weight of that in found in thé&4 sample ¢a. 191 kDa). Importantly, the two 14.B& 4arm
stars used to generate the ppam architecture are identical to those used4na result of the
living polymerization partitioning strategy adoptdéd a linear AB or ABA architecture, such a
block copolymer would be expected to fall at the border of the sphere {BGajer (HPC)

phase boundary based on volume fraction alone.
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Figure A.4 SAXS data of samplB4 along a complete heating (upper left) and cooling (upper center)
thermal cycle. SAXS data &4d diblock copolymeralong a complete heating and cooling thermal cycle
(upper right). Inverted triangles represent the locations of allowed refiedtor HPC morphology, based
on the position ofhe primary scattering wave vecmit=0q,00 g/q* atV1, V3, V4, V7,9, V12, V13, V16,

etc. AFM images of pre (lower left) and post anne&@ddlower center) All images are 2 um x 2 pm.
Dynamic temperature ramp over both heating and cooling cyc4 @éwer right) at 2C min™, 1 rad &
Land 4% strain (within the linear viscoelastic regime). The coaljie has been shifted vertically two
orders of magnitude for clarity. The second heating cycle has also been shiftediywéoticabrders of
magnitue.

Like sampleA4, the rheological data for samd showed minimal thermal hysteresis
throughreversal of the thermal ramp, and produced storage and loss moduli (G' andl@") in
10°— 1@ Parange. In general, the behavior of the dynamic moduli during the raiy siiares
many of the basic features also found for Adlesample For example, the elastic modulus of the

sample is significantly greater than the loss modulus below the PS sgfteniperature, with
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the convergence and ultimate crossing of the two moduli occurring ne€€.18@radual decay

in both moduli then follows, as also seen in samdpde However, a direct comparison of the
rheological data found in Figure 6 reveals a number of notable differences, ngclind
dramatic impact of the shortened Pl rhidck on the disordering temperature. A much earlier
transition to disorder in thB4 sample is evident, with a complete loss of elastic modulus by
190°C (ca. 228C). Such a tference is consistent with the considerable decrease in overall
system molecular weight, which favors an earlier disordering temperstoreover, one can
now easily detect a subtle but significant change in the relationship between the atatdoss
modulus just beyond the softening temperature. In comparisorAdi(Rigures A.2 and\.6), a
subtle inflection in the storage modulus indicates a decay rate that is der=aghtly with
increasing temperature. This is eventually followed by a second inflection nedt, 1af@er
which the decay rate accelerates as the sample approaches disorder. This behleverbiid)

is in contrast to sampl&4 in which the rate of decay remains essentially constant throughout
this region of the thermal ramp. Asnfirmed in the SAXS and AFM data described below, the
emergence of these two inflections is a harbinger of increasing order éenbloe& copolymer
melts. In fact, highly ordered systems can often produce plateau like behavior Storidnge
modulus (with both inflections being very sharp) over significant temperednges when the
degree of periodic order is particularly high in the saffipie.

As expected from the evolving rheological signature, the AFM images pre and post
annealing confirm the emergence of inchegsorder and periodicity in the phase separated
morphology of theB4 sample. Like theA4 sample, the as cast thin film shows clear phase
separation with a structure consistent with rapid solvent removal, featurireg rahdom

arrangement of small, irrequly shaped domains. Upon annealing B sample is able to
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develop a layered morphology (by appearance), with correlation between domains pelgrendicu
to the axial direction reminiscent of the annealed morphology adoptad.liyowever, a direct
comparson of the AFM images for these two samples (shown together in Figure 6) suggests that
the increased PS volume fraction and reduced overall system molecular weight tapjpeor
improved domain continuity. That is, the reduced compositional asymmetry relatixd
relieves some of the packing frustration, giving rise to improved uniformity in of théogede
morphology. However, dbs = 0.18, the perforated appearance of the PS domains does linger,
confirming considerable packing frustration remainsgite of the increased PS volume fraction.
Ultimately, the system still retains an architectural design in which chain crowdingein th
minority component acts contrary to the compositionally preferred curvature of tamsys

The SAXS data for sampB4 (Figure A.4) confirms theemergence of enhanced local
ordering upon annealing suggested by the rheology and AFM Haitaordering processs
characterizedby the gradualdevelopmentof a diffraction patternconsistent with HPCwith
multiple easilyresolved reftctions emerging as the sample is cooled fronfQG0 125C.
Inverted triangles in FigureA.4 represent the locations of allowed reflections for HPC
morphology, based on the position of ffrémary scattering wave vectqr=cwos g/q* atVl, V3,
V4, N7, V9, ¥12, V13, V16, etc. Once the highly ordered structure is established at 125°C
(heating) the order is preserved during subsequent cooling with no further evidence of any
rheological trasitions or decay in diffractiomtensity which would accompargretun to the
weakly ordered state. Notably, the initial scattering pattern prior to heatingrateste clear
phase separation, but with broad, poorly defined reflectinage consistent with a LLP of
cylinders characteristic of th&4 sample. Thisnitial weakly ordered structuréat 8C0°C, for

exampl@ is presumably an artifact of slow ordering kinetissociated with chain dynamics,
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surely influenced by the poom architecturelmportantly, the sluggish evolution tie HPC
extends even to thB4d diblock copolymer precursor, which shows identical LLP behavior at
low temperatures, followed by the development of a highly resolvable HPC diffractiennpat
upon thermal annealing. Consistent with the coupling method used to cBddetd B4, the
principal scattering peak for both systems falls at the spuwaue, confirming the two systems
are effectively "lattice matched". This is notable, as it affirms that the presérdiblack
copolymer as a contaminant in thgSg samples has no significant influence on the domain
spacing adopted by the composite blend. This is also true for the A4 sample.

Finally a direct comparison between the pmshealing SAXS signatures A#t andB4 is
presented in Figuré.6, from which the true impact afecreasing the Pl midlock molecular
weight can be seeAt the forefront is the clear contrast in the degree of periodic order present in
the two samples, with the absence of higher order Bragg reflections in the higleeular
weight A4 sample, and the unmistakable HPC reflection pattern in the snilleanalog.
Additionally, decreasing the miolock molecular weight creates a concurrent shift in the
position of the primary scattering peak to significantly smaller q values. In tdrmanoscale
structure, the shift in q represents a reduction in the principal domaingaxn about 33.4 to
27.0 nm, which is consistent with the reduction in molecular weight of the Pl oté:bl

FigureA.5 contains a summary of the rheology, AFRUeSAX data collected for thHe4
triblock copolymer sample together with the SAXS data for the correspo@iidgdiblock
copolymer Compared with samples4 andB4 just described(C4 is the least compositionally
asymmetric fp; = 0.78) of this three member series containing 14.3 kePS stars. In this

case the PI mithlock (85.7 kDa) is significantly smaller that the midblock molecular weights
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Figure A.5 SAXS data of sampl€4 along a complete heating (upper left) and cooling (upper center)
thermal cycle. SAXS data &@4d diblock copolymeralong a complete heating and cooling thermal cycle
(upper right). Inverted triangles represent the locations of allowed refiedor HPC morphology, based
on the position of the priary scattering wave vectqr=a.0s 9/q* atv1, V3, V4, V7,9, V12,113, V16,

etc. AFM images of pre (lower left, 1 um x 1 um) and post annealed C4 (lower center, 2 pm x 2 um).
Dynamic temperature ramp over both heating and cooling cycl@4 @éwer right) at ’Cmin™, 1 rad s

L and 4% strain (within the linear viscoelastic regime). The coaljie has been shifted vertically two
orders of magnitude for clarity. The second heating cycle has also been shiftediywdoticabrders of
magnitude.

found in theA4 (191 kDa) andB4 (114 kDa)sample, respectivelyAt this slightly reduced
volume fraction, a linear analog of the block copolymer would still be expectedittain the

cylinder (HPC) phase boundaries, despite the large changenal&tular weight.
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As expectedC4 shares many of the same basic behavioral characteristics observed in the
A4 and B4 samplesMinimal rheological hysteresi&' and G" in the 10~ 10 Parange, an
elastic modulus that starts significantly greater thanldee modulus below the PS softening
temperature, and the eventual convergence of the moduli ned 408 all attributes of these
three samples. However, t8d sample distinguishes itself in several ways. The shortest Pl mid
block produces the earliesansition to disorder of the seriggw easily detectable through a
clearly defined drop in elastic modulus that begins neatQ,&6énd continues rapidly to disorder.
The subtle inflections detected in the elastic moduluB4f{just after PS softeningnd just
before disorder), are now clearly obviousGd and suggestive of improved periodic order. In
fact, the overlay of rheological data in Figure 6 really emphasizes the drahapersing of the
order to disorder transition as the midblock molecular weight and overall Pl volurtierfrare
reduced for e system. This type of trend underscores the influence cblmi#t molecular
weight internal to the pomom architecture on the block copolymer's ability (kinetically
speaking) to selbrganize beyond the initial phase separation pro@ddd. imaging cofirmed
the improved ordering in thé4 sample, with the asast sample even showing the beginnings of
domain elongation order prior to substantial thermal annedlinge annealed, thé4 sample
develops a very strongly correlated layered domain structure consistent wiglohaikapacked
cylinders aligned with their long axis parallel to the sargienterface. Notably, the perforated
appearance of the PS domains seems to still be apparent, again suggesting the psickinonfr
associated with the juxtaposition of the linear and star blocks remainsarf&thie increased PS
volume fraction. However, a direct comparison of the-jposiealed AFM images for all three 4
arm samples shown in Figure Ah@hlights the strong progression in interfaciahrgimess and

domain continuity produced upon reduction of the linear bridging block.
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Figure A.6 SAXS data at 125°C (upon cooling) for samples having the equal number of arms but
different lengths of the PI midblock (left). Dynamic temperature ramp heatingaoithg cycles of

same samplegight) at 1°C mift, 1 rad & and 4% strain (within the linear viscoelastic regime). Data for
the B4 and C4 samples have been shifted two orders of magnitude and four orders of magnitudes up in
the scale for clarity. AFM images of annealed sampiesB4, andC4 (bottom). All images are 2 pm x 2

pm.

Not surprisingly, the enhanced ordering suggested by the rheology and AEN! isf
confirmed by SAXS. Evidence of the HPC morphology is already present & @dior to
annealing.Inverted trianglesagain represent the locations of allowed reflections for HPC
morphology, based on the position of frémary scatténg wave vectoq =tuos g/q* atV1, V3,

\4,7,49,412,V13,16, etc. The diffraction pattern remains #25°C (heating), but reverts to

LLP beyond the disorder transition (~ 26). Consistent with the reports of Wang efP%3Ithe
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scattering remains consistent with phase separation and retention of LLP oésnigedirticular

as high as 22%. Cooling the sample induces reordering, evident by recovery of the HPC
diffraction patternlinterestingly, theC4d diblock copolymer precursor exhibits behavior more
like the B4 and B4d samples, showing LLP behavior at low temperatures, followed by the
development of a highly resolvable HPC diffraction pattern upon thermal annealingthA&s4w
andB4, the C4 andC4d samples appear to be "lattice matched". A direct comparison between
the postannealing SAXS data foA4 throughC4 (Figure A.6) summarizes of the effects of
changing mieblock molecular weight on cylinder forming pgmom TPEs. Clearly shorter mid
block molecular weights, which produce higher minority component (PS) voluméorisact
appear necessary for the formatmnan ordered, hexagonal lattice. The higher volume fraction
seems to help alleviate the packing frustration produced by the architgctomatised chain
crowding at the PS/PI interface, which intrinsically favors curvature dpaibses cylinder
formation.

The next series of samples examined, B4, andB7, all share approximately identical
(within experimental error) PI compositiorfs, & 0.82) and similar overall star molecular masses
(14.3 —16.5 kDa), but differ in the average number of arms comprising the star arckitectur
Specifically, the three sampleB3, B4, andB7, containon average 2.9, 4.1, and 7.1 arms,
respectively. Of corse, the morphological behavior of sampk has already been discussed,
being the central member of both series studied.

Figure A.7 contains a summary of the rheology, AFM and SAXS data collected for the
B3 triblock copolymer sample together with the SAXS data for the correspoB@uhgliblock
copolymer.Compared with th84 sample (Bms= 4.1, My, am= 3.3 kDa),B3 has an average arm

number and arm molecular weight of 2.9 and 5.4 kDa, respectively. While this changesappe
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slight, the impact on the morphological behavior is quite dramé&i. example, sample3&s

the first sample to show rheological behaviominich the elastic modulus remains greater than
the loss modulus throughout the ordered region, suggesting a high degree of fidelity I+ the se
assembled state. It also exhibits an ability to remain ordered to much tegiperatures than
any of the othe&,1S, pom-pom triblock copolymer samples examined, with the inflection in G’
that denotes the onset of (a relatively long) disordering process, not appearing uri€a

A direct comparison with the 44drm B4 sample (Figure A.9), underscores the extent of this
dramatic change, where the same inflection in G' occurs at neafl§ d@er in temperature.

The AFM images of preanneald®B samples clearly show that phase separation is
present even in the @sst samples, with the early stages ahdm elongation becoming visible.
Annealing establishes a highly ordered hexagonal packing of cylinders, with large regions of
sample showing alignment with the long axis perpendicular to the exposed surface, as is shown
in the image included in Figure A.Df particular note for the annealed image is the reversal of
contrast when compared with the jarenealed sample. This reversal is simply a product of the
instrument configuration at the time of measurement. PS remains the ynaooniponent
comprisingthe cylindrical domains. Notably, examples of small regions of perpendicularly
aligned domains can be clearly identified in the-gmaealed sample, in which the normal
contrast is present.

Finally, the SAXS data foB3 confirms the high degree of ordeché&evable by the
sample. Like the other pepom triblock copolymer samples examined in this paperBthe
sample shows LLP without annealing. Unlike the other sample®3tsample actually shows
ordering prior to reaching the disorder temperature, ajhoot until surpassing 200°C. Order is

seen even at temperatures as high as@2&though that was the highest temperature probed.

185



Access to the disorder temperature during SAXS was therefore not possible, tbich t
rheological data suggests occurs a@v5C. Inverted trianglesgainrepresent the locations of
allowed reflections for HPC morphology, based on the position oprih@ary scattering wave
vector q=thos q/q* atV1, V3, V4, V7,9, V12,v13, 16, etc. The sample clearly establishes the
HPC morphology and maintains it through the cooling process.BBdediblock copolymer
precursor exhibits similar behavior, showing LLP behavior at low temperataliesydd by the
development of a highly resolvable HPC diffraction pattern upon thermal annealing. As
expected, the lattice dimensions f&3 and B3d are matched. It is remarkable that a
redistribution of the molecular weight in the star from an average of four toeaagavof three
arms produces such an improvement in the samples ability to order, and retain thiat sudh
high temperatures.

A direct comparison between the pasinealing SAXS data @3 and B4 may provide
someinsight At 125°C, both B3 and B4 have adopted the HCP morphology. However the
location of the principal scattering peak for each reveals a hexagonal unit catisthns that
are significantly different. Using a combination of these scattering wastervealues and the
volume fraction 6the PI block (identical & = 0.82) one finds that the PS cylinder radiBi&
andB4 are 8.7 nm and 7.0 nm, respectively. This stresses the importance of the extrandngth a
decreased crowding of the PS chains within in the cylindrical domaing &3tlsample. The
added length allows the domain to stretch out, reducing the curvature required at taeeinter
Meanwhile, the reduction from four arms to three alleviates additionkingafrustration in the
face of the opposing HCP curvature. Thabh changes, longer length and fewer arms work in
concert to facilitate a much lower free energy state, in which packing frusthaisomeen greatly

reduced when compared with that in B sample. The consequence is that the morphology of
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B3 is greatly stabilized relative to that B#, and requires much greater temperatures before the

entropy of the disordered phase becomes more favorable to the system.
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Figure A.7 SAXS data of samplB3 along a complete heating (upper left) and coolingper center)
thermal cycle. SAXS data &3d diblock copolymeralong a complete heating and cooling thermal cycle
(upper right). Inverted triangles represent the locations of allowed refiedtir HPC morphology, based
on the position of the primary attering wave vector*=cy6 q/g* atVl, V3, V4, V7,19, V12, V13, V16,

etc. AFM images of pre (lower left) and post anne@8dlower center), exhibiting features consistent
with HPC morphology. All images are 2 um x 2 um. Dynamic temperature ramp over both heating and
cooling cycles o83 (lower right) at 2C min?, 1 rad & and 4% strain (within the linear viscoelastic
regime). The cooling cycle has been shifted vertically two orders of magnitudtafity. The second
heating cycle has also been shifted vertically four orders of magnitude.
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Figure A.8 SAXS data of sanip B7 along a complete heating (upper left) and cooling (upper center)
thermal cycle. SAXS data &7d diblock copolymeralong a complete heating and cooling thermal cycle
(upper right). Inverted triangles represent the locations of allowed refiedorHPC morphology, based

on the position of the primary scattering wave veqterg.oe g/q* atV1, V3, V4, V7,9, V12, V13, V16,

etc. AFM images of pre (lower left, 1 um x 1 um) and post annealed B7 (lower center, 2 pm x 2 pm).
Dynamic temperature ramp over both heating and cooling cyc®# @éwer right) at 2C min™, 1 rad &

L and 4% strain (within the linear viscoelastic regime). The coaljrfe has been shifted vertically two
orders of magnitde for clarity. The second heating cycle has also been shifted vertically four drders o
maghnitude.

In contrast, the final sample examin&¥, is architecturally designed to exacerbate the
packing frustration in the system. That is, compared witlBtheample (&ms= 4.1, My arm= 3.3

kDa),B7 has an average arm number and arm molecular weight of 7.1 and 2.2 kDa, respectively.
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Figure A.8 contains a summary of the rheology, AFM and SAXS data collected faBZhe
triblock copolymer sample together with the SAXS data for the correspofidgdiblock
copolymer As one might expect, the impact of the dense star architecture coupled withrshort

lengths igo incite early disorder.
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Figure A.9 SAXS data at 1% (upon cooling) for samples having the equal molecular weight RI mid
blocks but different numbers of arms in the PS star (left) end caps. Dynamic tengperatp heating

and cooling cycles of same sampleght) at 1 C miff, 1 rad 8 and 4% strain (within the linear
viscoelastic regime). Data for Bl andB7 samples have been shifted two orders of magnitude and four
orders of magnitudes up in the scale for clarity. AFM images ofgustaled sample B3, B4, and B7.
All images are 2um x 2 pum.

189



Figure A.8 shows that the inflection in elastic modulus denoting the onset of the dmgprder
process occurs now at approximately X&0about 10C lower than inB4 (Figure A.9. This
change appears small, especially when compared with teasex difference generated upon
changing four armsB4) to three B3). It suggests that the morphological structures between the
two systems produce similar rheological responses, and may be closely relateds inftdren
free energy landscape in which they exist (with respect to the balance between thecearitalp
entropic contributions to the system free energy, in particular).

AFM images of the prannealed and pesinnealedB7 samples are also reminiscent of
the type of order exhibited 4 (Figure A.9). As-cast thin films show clear phase separation
featuring of a random arrangement of small, irregularly shaped domains. Upon anneding the
sample is also able to develop a layered organization of PS and Pl domains. Howiaeet, a
comparison othe AFM images for these two samples (shown together in Figure A.9) suggests
that the additional interfacial chain crowding in the PS does reduce the daméimuity and
the sharpness of the morphology produced, giving the perforated appearance of the PS domains
prevalent inA4. The SAXS data for sampk/ (Figure A.§ confirmsthis is likely the case. That
is, like A4, theB7 sample fails to achieve a hexagonal packing at a level that produced Bragg
diffraction, even after cooling from above the disorder temperature. The SaXi8/@xhibits a
principal scatter peak confirming phase separation consistent with a primarindgpaeng for
the system, but a LLP of these cylindrical domains prevails. It seems appatehitiextreme
degree of packing frustration at the PS/PI interface, in combination with aiteahate that
kinetically hinders entanglement relaxation dynamics, impedes morphology devetdpriee
B7 sample. Notably, the development (after annealing) of the HPC morphology B7the

diblock copolymer precursor (Figure A.8) suggests that the hindered entanglemesatiarela
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because of the popom architecture actually does play a significant role. A direct comparison
between the posinnealing SAXS signatures BB, B4, andB7 presented in Figure A.%icely
summarizes the impact of progressively redistributing the PS mass into a largesrrof arms

in the pompom triblock copolymer architecture.

A.4 CONCLUSIONS

A series of eighteen,8, pompom triblock copolymers were synthesized using a one
pot convergent anionic polymerization strategy demonstrating the ability to cowtgeeatural
parameters @l as PS arm molecular weight, the number of arms contained in the star, and the
PI1 mid-block molecular weight. Of the 18, five were selected for detailed charati@mizising
rheology, AFM, and SAXS, to better understand the influence of changes énattobstectural
parameters on the morphological behavior exhibited. The five selected all shared B18cks
as the minority component, with overall star molecular weights that were held apaielyi
constant in the 14.3 kDa to 16.5 kDa range. All dasiphowed clear phase separation, with two
of the five limited to a LLP of cylindrical domains while the remaining three akleto adopt a
highly ordered hexagonal packing confirmed through SAXS. Longerbiock molecular
weights and increased numbearfsarms in the star both impeded formation of highly ordered
cylinder phases. Increasing the number of arms in the stars also favored eadi¢éions to a
disordered phase. These results are consistent with the prominent role fatiaitgracking
frustration in determining the ability of the system to adopt high fidelity, continuous domain

structures with the minority component (PS), cylinftgming star blocks. The chain crowding
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produced by the PS star architecture intrinsically favors interfagrahture towards the Pl mid
block, while the Pl majority component volume fraction favors interfacial aurwabwards the

PS star. The results support the important interplay between these two theamimdginving
forces, and systems in which the catifon is most extreme (large numbers of arms, high PI
mid-block molecular weights) have the most difficulty forming a highly ordered HPC phase. In
addition, it is suspected that these same structural parameters significaattysimntanglement
relaxaton dynamics, which slows the kinetic evolution of the morphologies developed in these

systems.
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SUPPORTING INFORMATION

ELASTIC FREESTANDING RTIL COMPOSITE MEMBRANES FOR C®N2
SEPARATION BASED ON SPHEREORMING TRIBLOCK/DIBLOCK COPOLYMER
BLENDS

Permeability and selectivity data for tl80/SOS membranes are included in Tables
S1.1-S1.7H NMR and sizeexclusion chromatography (SEC) data fe©8 and SO precursor
molecules are included in Figurd.$ — S13. SEC data for SOS22 and SOS46 blends are given
in Figure S .4. Stressstrain data dr the compressive cyclic loading on SOS46 are given in
Figure 2.5. FTIR/ATR-IR of neat SOS46, SOS46 + [EMIM][TFSI], and neat [EMIM][TFSI]
are given in Figure B6. Structural characterization data (SAXS) for SOS22 and SOS46 are

given in Figure S1.7 andable 3..8.

S1.1EXPERIMENTAL DATA

S1.1.1 Gas permeation data

Note that the diffusivity and solubility measurements obtained f@nd CH using our

apparatus have a high degree of inaccurélys,thedata is presented only for completeness

and observation of general trends.
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S0S22 MEMBRANES

Table S1.1. Permeability, diffusivity, and solubility coefficients of G@r
SOS22/[EMIM][TFSI] membrans.

Feed Pressure | CO, Permeability CO;, Diffusivity CO, Solubility
(kPa) (barrers) (10° cm?s) (cm? of CO, at STP)
371 847 1.7 3.7
521 826 1.6 3.8
841 774 1.4 4.1
112¢ 716 1.6 3.2
3451 575 1.1 3.8
4131 589 1.2 3.6
27° 678 1.6 3.2
427 705 1.6 3.4
612 640 1.6 3.0
76° 618 1.6 2.9
26° 712 1.2 4.7
27°3 659 1.2 4.3
523 658 1.1 4.6
53° 624 1.2 4.0
543 573 1.1 4.0
85° 591 1.0 4.3

! First membrane testd@80um). > Second membrane test€¥5um). * Third membrane tested
(135um).

Table S1.2. Permeability of N for SOS22/[EMIM][TFSI] membrans.

Feed Pressure N Permeability
(kPa) (barrers)
271 31
551 28
841 26
1231 18
3851 15
3931 14
27° 20
427 25
61° 16
762 16
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29° 15
53° 14
85° 11
! First membrane testd@80pum).  Second membrane testé?5um). ® Third membrane tested
(135um).
Table S1.3. Permeability, diffusivity, and solubility coefficients of GH for
SOS22/[EMIM][TESI] membrans.*
Feed Pressure | CH,4 Permeability CO, Diffusivity CH, Solubility
(kPa) (barrers) (10° cm?s) (cm? of CO, at STP)
108 41 0.9 0.3
398 33 0.4 0.6
391 34 0.4 0.5
398 32 0.5 0.5
*Membrane thickness (280 pm).
S0OS46 MEMBRANES
Table S1.4. Permeability, diffusivity, and solubility coefficients of G@r
SOS46/[EMIM][TFSI] membrans.
Feed Pressure | CO; Permeability CO, Diffusivity CO, Solubility
(kPa) (barrers) (10° cm?/s) (cm® of CO, at STP)
28" 845 2.0 3.2
56" 807 1.9 3.3
86" 770 1.7 3.4
118° 796 1.8 3.3
132" 800 1.7 3.7
26° 940 1.7 4.1
57° 936 1.6 4.4
89° 872 1.4 4.6
109° 853 1.7 3.9
154° 827 1.6 3.8
212° 844 1.5 4.1
583 771 N/A N/A
81° 754 N/A N/A
401* 612 1.5 3.1
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404*

639

1.7

2.8

4094

567

1.3

3.2

! First membrane testg@00pm). > Second membrane test€B5pm). > Third membrane tested

(185um). * Fourthmembrane teste@30um).

Table S1.5. Permeability, diffusivity, and solubility coefficients of,NXor SOS46/[EMIM][TFSI|

membranes.
Feed Pressure N2 Permeability
(kPa) (barrers)
271 20
631 23
88! 23
1111 22
1751 23
27° 27
52° 25
767 24
104° 22
150° 22
182° 22
273 32
533 30
823 30
1124 14
3374 23
387* 22

! First membrane testd@00pm). > Second membrane test€B5pm).  Third membrane tested

(185um). * Fourthmembrane teste@30um).

Table S1.6. The measured permeability, diffusivity, and solubility coefficients of, @bt

SOS46/[EMIM][TFSI] membrans.

Feed Pressure | CH,4 Permeability CH, Diffusivity CH, Solubility
(kPa) (barrers) (10° cm?s) (cm?® of CH4 at STP)
85" 32 1.5 0.0
96" 38 1.0 2.7
405 52 2.2 0.2
480" 50 1.2 0.0

"Membrane thicknes€80 um).
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Table S1.7. The measured permeability, diffusivity, and solubility coefficients ofzm*b an
SOS46/[EMIM][TESI] membrane over 28 days at a feed pressuapfoximately230 kPa.

CO, Permeability CO, Diffusivity CO, Solubility
Day (barrers) (10° cm?/s) (cm?®of CO, at STP)
1 889 1.6 4.3
3 854 2.5 2.6
3 845 2.5 2.6
4 942 2.8 2.6
6 938 2.9 2.5
8 989 3.1 2.4
8 980 1.6 3.0
8 970 2.7 2.7
21 957 3.0 2.5
21 975 2.9 2.6
22 977 2.9 2.5
23 972 2.9 2.5
24 955 3.1 2.4
25 955 2.4 3.0
26 996 3.2 2.4
28 971 2.8 2.6

"Membrane thicknes@55um).
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S1.1.2. Synthesis methods and characterization data for S-OH, SO, SOS22 and SOS46

Materials. Styrene (99%, 4ertbutylcatechol inhibitor,Aldrich) and ethylene oxide
(99.5+%, compressed gas, Aldrich) monomer were each purified by successive vacuum
distillations (1620 mTorr) from dried dnh-butylmagnesium (0.1 mmol“gmonomer, 1.0 M
solution in heptane, Aldrich) before use. Both purified styrene and ethylene oxide monomer were
stored in glass burettes in the dark, at room temperature (styrene) and 3 °C (ethylene oxide),
respectively, before use (typically less than 24 h). Argon degassed cyclohexane W@siX)
purified by passing the solvent over activated alumina followed by -@like supported copper
catalyst (Glass Contour, proprietary). Argon degassed tetrahydrofuran (THF) was purified by
passing the solvent over activated alumina. Highty argon (99.998%, Airgas) was passed
through additioal oxygen and moisture traps prior to use. Glassware and polymerization
reactors were flamed under vacuum and backfilled with argon (3x). Polymerizatidns a
functionalization reactions were carried out using standardregr techniques. All other

materials were used as received.
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ppm

Figure S1.1 1H NMR of S-OH precursor. Peak assignmenés: (400 MHz; CDC}): 6.207.26 (b, -
(CeHs)), 3.23.5 (m,-CH,0H), 0.842.60 (b,-CH(CeHs)CH,-, CH;CH(CH,CHjy)-, -CH,CH,0OH), 0.50.78

(m, CHsCH(CH,CH3)-).

ppm
Figure S1.2 1H NMR of SGH diblock copolymer. Peak assignmen&O( SOS): &, (400 MHz; CDC}):
6.207.26 (b, -CgHs,-OCH,(CeH4)CH,0-), 4.55 (s,-OCH,(CsH4)CH,0O-), 3.24.0 (b, -CH,CH,0O-, -
CH(CsHs)CH,CH,0-), 1.0-2.30 (b,-CH,CH(CgHs)-, CH;CH(CH,CHs)-, -CH(CsHs)CH,CH,0-), 0.50.78
(m, CH3;CH(CH,CHy)-).
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Figure S1.3 Sizeexclusion chromatography chromatograms-@13 (PSOH) and SO
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Figure S1.4 Sizeexclusion chromatography chromatograms of dry polymer blends SOS22 and SOS46.
Left and right peak positits correspond to the elution of SOS triblock andEs@iblock copolymer in
each blend, respectively.
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S1.1.3 Stresstrain data under cyclic compressive loading
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Figure S1.5 Cyclic compression loading on SOS46. Stress strain curvéisgfaycles 29 are overlaid.
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S1.1.4 ATR-IR of neat SOS46, SOS46 + [EMIM][TFSI], and neat [EMIM][TESI]
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Figure S1.6 ATR-IR and FFIR data comparing (a) dry SOS46 (ATR), (b) SOS46 swollen with
[EMIM][TFSI] (membrane form, ATRIR), and (c) neat [EMM][TFSI] (FT-IR). Compatibility of
[EMIM][TFSI] with the PEO matrix may involve coordination of the polyetheckimne with the
cationic imidizolium, and potential hydrogen bonding of the oxygen species in the PE@aavith
the C(2)H of the imidazolium heterocycle. The latter, in particular, would manifest as ansthé& C(2)

H stretch (vey ~ 3425 crit) to lower wavenumbers as described by Arduengo dilplts apparent
absence in the membrane form (SOS46 + [EMIM][TFSI]) mayheecbnsequence of hydrogen bonding
with the PEO backbone, however, it is quite broad and difficult to discern a cong@asiveshift from the

SOS absorption ansurrounding baseline regions.
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S1.1.5 Structural characterization of SOS22 and SOS46 nanoscale morphology via SAXS
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Figure S1.7 1D azimuthally integrated SAXS data for SOS22 and SOS46 in the melt at 120 °Gojust p
to vitrification. The primary peak and adjacent brehdulder are typical scattering signatures for SOS
blends exhibiting a liquidike packing of spheres, as described previously by our §rdumd other§®.

Fits of the SOS46 data (inset) to a Pertasick hard sphere modg] for polydisperse spheres confirms
a polystyrene core radius of 10.5 nm, with an principal domain spacing of about 32 nm. Whdedhe s
contrast in theSOS22 scattering data was too weak to perform a reliable Péevick fit, the
coincidence of the principal scattering peak position (g* = 0.02p ahd similarity of the scattering
profiles is a strong indication of the structural similarity in these SOS blends. Such similarity is
expected based on our previous experience with these types of blends (used in hydrogébrgyplaoad

is an intended byproduct of using "lattice matched" SO and SOS block copolymer camgo3it
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'tl)'lablg S1.8. Chemical and meltate morphological characterization data of block copolymer
ends

Tether . PercusYevick hard sphere model
Sample added  g¥/A d*/nm f

(mol%) " RYnm ¢ Ops  Rodinm o
SOR2 22.0 0.0197 31.9 0085 - - - - -
SOs6 46.0 0.0196 320 0085 105 0.108 338 17.0 0.46

@Micelle core radius® Micelle core overall volume fractiomﬁc:(RC/Rhs)%hs, based on the PY parameter$jean
aggregation numbei.€. PS chains per sphere), based on the PY paramfesmparent hard sphere radifisard
sphere volume fraction.
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ADDENDUM |

PROTOCOL FOR MEASURNG AND CALCULATING THE GAS PERMEATION DATA

FOR GAS SEPARATION MEMBRANES

Al.L1 EVALUATION OF THE GAS SEPARATION PERFORMANCE OF GAS

PERMEABLE MEMBRANES

The instrumentation used for gas separation measurements included in thistidisssrta
a custom made apparatus fabricated by the laboratory of Rich Noble at thesltnieoé
Colorado, Boulder. The key measurement made with this apparatus is the time depkadge
of the transmembrane pressure as a function of time. Hence the testing device is commonly
referred to as @onstant volume variable pressure (thag) apparatus Sclematic diagram
describing the major components of the apparatus can be found in RigleieA photograph
showing the experimental setup is also included in Figurgb. The apparatus contains two
cells (two volumes), one above the membrane (feed volamé)one below the membrane
(permeate volume). The two volumes are physically separated by the membranesf (ttdre
tested). The feed gas pressure is measured withl@0 Qosia pressure transducer and the

permeate pressure with @8 psia transduceOnly one gas is tested at a time.

" The contents of this addendum document the procedures used to evaluate tipargtisrsperformance of the
membranes developed in Chapter 3. The evaluation was conducted usinglag apparatus’ housed in Richard
Noble’s laboratory at University of Colorado, Boulder. Té@ntents of this addendum are the product of a
collaborative effort between Dr. Matthew Cowan (CU Boulded Dilanji Wijayasekara.
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Al.2 DETAILED EXPERIMENTAL PROTOCOL FOR GAS PERMEABILITY

MEASUREMENTS.

Al.2.1 Experiment Start Up

Prior to starting an experiment, the membrane is degassed for 3 or more hours, by exposing th
membrane to vacuumia permeate side, until no pressure rise is observed when the permeate
volume is closed. All valves on the tideg apparatus are then closed. The feed volume is split

in to two volumes with one valve just above the membrane cell. Then the top potttienfe¢d
volume is backfilled 6 times with the experimental gas prior to starting theimeme. At this

point, pressure and temperature data collection is started at time increfmaméssecond with

feed to the membrane still closed (perfect sealintp@fmembrane holder and full degassing of

the membrane are indicated by no recorded pressure changes).

The top portion of the membrane is thetposed to the experimental gas by opening the
secondary feed valve. Depending on whether #i®@® psia pressartransducer is above or
below the secondary dose valve, the start of the experiment is signaled by sepiegsor rise,
respectively. Data is collected every 1 to 10 seconds for the f&shihutes, depending on how
permeable the gas is (e.g., 1s ¥ery permeable gases). After that point, data can be collected

every 10 to 60 seconds, again depending on how permeable the gas is.
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Figure Al.la. Schematic of the ‘timéag’ apparatus used for gas permeation measurements.

BN —

Figure Al.1b ‘time-lag’ apparatus used for gas permeation measurements.
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Al.2.2 Experiment Shut down

The data collection time varies from membrane to membrane, depending on the
permeability. For very permeable membranes, the end of the experiment is deiadyed by a
decay of the permeate pressure vs. time curve that we observe in the Labview.vilmdther
words, it is clearly evident that the linear portion of the curve (i.e., stgatly flux) has already
been obtained. The decay of flux occurs because of the reduced driving force across the
membrane as the permeate pressure rises. When the end of an experiment is notidiesatrly ev
(often the case with ) we will run the very first experiment for a sufficient amount of time (3
4 h) to obtain stady-state data. After analysis of the data in Excel (see below), we can determine
when the steadsgtate portion of the data occurs and how long to let the next experiment run. An
experiment is terminated by opening the permeate volume to vacuum, followgidwyally
opening the feed volume to vacuum. The membrane should be degassed for a sufficient amount

of time prior to performing the next gas permeability testing.

Al.2.3 Calculation of permeability

Permeability of the test gas for a particutaembrane is calculated using the ideal gas
law, hence several parameters must first be known. These include the permeate vglume (V
membrane thickness$)( membrane surface area (A), experimental gas temperature (T), and the
transmembrane pressure droffP]. The permeate volume is measured by calibrating the
apparatus with a known volume. The membrane surface area is constant from extp&yim

experiment and was initially measured with micrometer. We base this area on the “active
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portion” of the membrane, which is exposed to the feed gas and is encircled byngn The
membrane thickness is measured with optical profilometer after experimensatompleted.
The experimental temperature is measured with a temperature sensor that is plumbes into
feed volume and the transmembrane pressure drop is taken as the difference in @&gsene b

the feed and permeate volumes.

e - - N 007 (3] S Microsoft Excel T — s —— [ =) 5 |
m Home Insert Page Layout Formulas Data Review View Add-Ins 2 @o@ R
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Figure Al.2 Example of Excel spreadsheet with raw data collected from the setup and calculagd mo
and gas volume (STP) the permeate volume.

The following section explains systematic processing of raw data to derive the
permeability. MS Excel is the software tool utilized for data analysis. The raavfdah
Labview is shown in columns-& (FigureAl.2). As seen in columi, row 15, a sudden rise in

feed pressure demarks the beginning of the experiment (when the secondary feedasalve w
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opened). From this point down in the spreadsheet we begin our calculations andtseé thss
time zero.

We first calculate the numbef accumulated moles of gas in the permeate column using
the ideal gas law with the measured temperature (column C), permeate pressune Qyotuna

the known permeate volume using the equation

Moles — (Pp,t_Pp,O)Vperm 1
RT;

Where, B:is the permeate pressure at each titpeP(o is the initial permeate pressure,eM is
the permeate volum® is the ideal gas constant, andid the temperature at each time{\Ve
then calculate the volume of permeate at standard temperature and pressure (§Heuasion

2.
Vol [cc,STP] = 22400 xMoles 2

This is based on 1 mole of gas at STP being equal to 22400 columns | and J we
have calculated the transmembrane pressure drop (feed pressure minus permeate gdssure)
the experimental time in minutes, respectively. The transmembrane presguraldcome into
play later when we make our final permeability calculation. First we must de&the linear,
or steadystate, region in the plot of permeate gas volumdime data.

There are two ways to determine the stestdye linear region of the data. The first is to
plot the first derivative of the accumulated permeate volumg \(¥. time (i.e., d(}¥)/dt vs. t
),and determine the region of the curve where the fluxjéflv) reaches a maximum value and
the time frame over which the flux is constant. The first derivative is calcutgteaking the
average instantaneous slope at each point of §lws.\time curve. Three consecutive data points

are used to calculate the average slope (i.e., tangent) of the middle datgpgin2) (e.g.,
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slope between points 1 and 2, and the slope between points 2 and 3 are averaged for
instantaneous slope of point 2). The first derivative is shown in Fi§uB column L of the
spreadsheet. The first derivative is plotted vs. time in Figli4 The points shown in red are

the data determined to be steadgte data. The flux, marked by the red data points, represents
maximum and constant value for this experiment. Before the data shown red, the flux had not
reached a maximum, steady value. After the data shown in read, the flux begins to deoay due

decrease in driving force.
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FiureAI. Plot of d(\},)/dt vst and the determination of “steadyate’ flux, shown as red data points.

S nE e

Now that we know the time frame over which steathte flux occurs, we can calculate
an average steagytate flux and time lag. In Figurgl.5, we have plotted the accumulated
permeate volume vs. time. The steatiyte portion of this data is shown in .rd@ calculate an
average flux we fit a linear trend line to the steathte data and obtain an expression for the
steadystate volume change with time (Figuk& 5). For example, in Figurél.5, the value of
0.1236 for the slope is the steady volume flmate in cc(STP)/min. Notice that this value
corresponds to the constant value of g{dt achieved in FiguréAl.4 over the steadgtate
period. To obtain the flux, simply divide the slope by the known membrane “active” surface

area. Calculation of membrapermeability is relatively simple at this point using equeion

Flux x1
3
AP

Permeability =
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The membrane thicknes§ (s known by measurement with optical profilometer. The
average transmembrane pressure dAd) (s determined by the pressure drop (Figgireolumn
I) over the steadgtate time period. To obtain the permeability in barrers, the units of time must
be converted to seconds, pressure units must be converted to cmHg, and length units must be

convertedo cm.
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Figure Al.5 Permeate volume vs. time and determination of stetate flux and time lag.

Knowing the equation of the trend line (Figék5), we can also calculate the diffusivity

of a particular gas by equatidn

12

D=5

Here,l is membrane thickness afds the timelag, which corresponds to theaxis intercept of

the trend line.
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As mentioned above, there is a second method to determine the-stadsegion of
data. It is more of a secondary measure to confirm the firstatige method described above.
As the flux, or slope of the data in Figuke 5, increases with experimental time, so will the time
lag 0) at any instantaneous point of the data. In other words, if we were to fit ath@eddine
for each data point as the experiment moves along, the slope of those trend lines waiyd stead
increase and eventually reach a maximum, which means the time lag would alsa reach
maximum. Once the flux begins to decay after the stetatg region (Figurél.4), the time Ig
calculated from the slope of an instantaneous point would steadily decreasewitbust as we
determined the time period where the flux reached a maximum in the first methaoduste
determine the time period over which the titag reaches a constant value in this second
method. The time period for both should always be the same.

Calculating the instantaneous time lag at a given point is relatively simplke s@&c
already determined the instantaneous slope of each time point op ¥setihe curveWe can
then use the poirdlope formula to determine the intercept (i.e., instantaneous time lag)
associated with each tangent (ebgs y — mx, with y (Vy), x (t) andm d(Vp)/dt known). The
instantaneous time lag calculated in this manner can be found in column N of the spteadshe
shown in FiguréAl.3. The instantaneous time lag vs. time is plotted in Figuu@

The time region when the instantaneous time lag reaches a maximum, constant value,
corresponds to steadyate region. These data are shawmed in FigureAl.6. As mentioned
above, this region should agree with the stestdye time region determined from the first

derivative method.
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ADDENDUM I

TO
CHAPTER 4
PI-b-PEQ PIOH
12
o T L R A A AR T
Retension volume (ml)
2 (0] H
= p
: S e
X
I
: 4/ L
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T 1 T
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& M =]
= 3 @

. ‘ e — 11— —————— T
0 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 ?.s )3.4 32 3.0 28 26 24 22 20 18 16 14 12 10 0.8 0.6 04 0.
ppm

Figure All.1 *H NMR and SEC data for the block copolymer IO initiated fre®H. Molecular weight
of the diblock copolymer was calculated by comparing the vinyl protons on isopreneouthi¢s four
methyl protons oman EO unit. Mws= [ Int(x)/2 +Int()]*68.01+ Int(1,2)*44.05 g/mol

8 This addendum contairtsi NMRs of the base materials 105125, @540146 mentioned in Chapter 4. Thiel
NMRs wereused to calculate the molecular weight of 10l and the degrepaxidation of 10125 and elOl146.
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Figure All1.3. '"H NMR of &540I146. The percentage of epoxidation was calculated by comparing the
peakintegrals corresponding to methyne proton in the oxirane ring in epoxidized PI repeat)umits (
the residual vinyl protons left in the unmodified PI repeat uhite)((= Int(e) /[Int(e)+Int(l)+Int(x)/2] )
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ADDENDUM Il

TO

CHAPTER 5

o -Hydroxy-polystyrene (P$H)

Styrene (99%, 4ertbutylcatechol inhibitor, Aldrich) and ethylene oxide (99.5+%,
compressed gas, Aldrich) monomer were each purified by successive distillatie?@ §iDorr)
from dried dibutylmagnesium (1.0 M solution in heptane, Aldrich) before use. Both purified
styrene and ethylene oxide monomer were stored in glass burettes wrapped ah fodm
temperature (styrene) andQ0(ethylene oxide), respectively. Argon degassed cyclohexane
(CHX) was purified by passing the solvent over activated alumina followed -Bylik@
supported copper catalyst (Glass Contour, proprietary). Argon degassed tetralayd(@HF)
was purified by passing the solvent over activated alumina.

Purified styrene monomer (120.0 g, 1.14 molC(3@vas added under argon (3 psig) to a
stirring solution of sedutyl lithium (10.23 mL, 1.3M in cyclohexane, Aldrich) and dry;fege
cyclohexane (1L,2@) in a 2 L reaction vessel. The temperature of the reaction mixture was
raised to 4QC and stirrectontinuously for approximately 8 hrs. At this point the reactor pressure

was reduced to approximately 1 psig and purified ethylene oxide (6.6g, 0.15 @)dig0id)

® This addendum contains the experimental procedure used for the synthesi®Hf WiEich was used as a
macroinitiator for many of the polymerizations mened in the main text.

In addition,"H NMR of EEGE (distilled using the typical vacuuiistilation set up) is also included to allow fvet
comparison with théH NMR of EEGE distilled with the short arm set upalissed in the main text.

'H NMR of a conaminated PIOH also included for the information of future udgre resonance related to the
contamination is identified in théd NMR.
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was added to the reaction vessel. The reaction was maintaine@ &rén additional 24 hours,
after which all excess ethylene oxide was purged from the reactor under a constanbargon f
The reaction was terminated by direct addition of methanol (50 mL). The polymer was
precipitated in methanol (5 L total) to give a fluffy white solldhe polymer was dried under

vacuum at room temperature over a 48 h period (yield 116 g, 97%).

I

=]
£
w0

1.00-
4,09

1 103-
2.01—
0.07

i r T - T T . T
4.5 4.0 35 3.0 25 2.0 15 1.0 ot
f1 (ppm})

Figure Al *H NMR of EEGE monomer without further purification (distilled without using
short path distillation set up).
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Figure A2: 'H NMR of apartially degraded PIOH maginitiator. The spectra differs from
pristine PIOH by a the small resonance appearing at 3.7 ppm.
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The signal at 3.7 ppm is not characteristic to the PIOH and may be assoctatéadewi
change in molecular weight distributiasbserved in this system. The integral at 3.6 ppm
corresponds to the two methyl protons adjacent to terminal hydroxyl. Since ttteaspe
normalized such that it represent an average single PIOH chain, the integidl refflect the
number of protons oocarbonl, which is two. In this case, the integral is only 1.7 , which implies

a modification of nearly 15% of the terminal hydroxyl units (according tcthiSMR).
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SUPPORTING INFORMATIONI

THE ROLE OF ARCHITECTURE IN THE MELISTATE SELFASSEMBLY OF
(POLYSTYRENE)staib-P(ISOPRENE)lineab(POLYSTYRENE)star POMPOM TRIBLOCK

COPOLYMERSO

S2.1 CHEMICAL CHARACTERIZATION OF ALL 18 SNISN PONPOM TRIBLOCK

COPOLYMERS

Table S2.1 Chemical characterization data

narmsb M”‘a

Mn,stara (Mn,arms)a PDIstara WF'Ic dn/d(-e (Mn)f
Sample [gmol] | [g mol] (PDlam)® (Weifeed) fo!  [mLg7] [g mor’] PDF®
TPEQ 16,500 | 7.1(2,160) | 1.20 (1.02) 0.69 (0.70)| 0.72  0.141 73,600 (106,000) 1.06
TPEO2 16,500 | 7.1(2,160) | 1.20(1.02) 0.77(0.75)| 0.80  0.133  89,800(143,000) 1.07
TPE® (B7) 16,500 | 7.1(2,160) | 1.20(1.02) 081(0.80 | 0.83  0.131  105,000(174,000 1.07
TPEO4 16,500 | 7.1(2,160) | 1.20(1.02) 0.86(0.85)| 0.88 0.128 138,000 (236,000) 1.06
TPEO5 14,300 | 4.1(3,300) | 1.08(1.02) 0.69 (0.70)| 0.72  0.141 73,500 (92,300) 1.07

10 Supporting information includes the chemical characterization of alb,i® pompom triblock copolymers
(S2.1), GPEMALLS of selected §S, pompom triblock copolymers and precursor molecules (S2.2), and
additional AFM images for 17 of the 18IS, pom-pom triblock copolymers synthesized (S2.3).
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TPE® (C4) 14,300 | 4.1(3,300) | 1.08(1.02) 075(0.73 | 0.78  0.136  92000(114,000 1.06
TPEW (B4) 14,300 | 4.1(3,300) | 1.08(1.02) 080(0.80 | 0.82  0.132  107,000(143,000 1.04
TPEOS (A4) 14,300 | 4.1(3,300) | 1.08(1.02) 0.87(0.85 | 0.89  0.127 158000 (220,000 1.06
1
TPEO9 15,500 | 2.9(5,400) | .30(1.01) 0.71(0.70)| 074  0.139 102,000 (107,000) 1.03
TPE10 15,500 | 2.9(5,400) | 1.30 (1.01) 0.75(0.75)| 0.78  0.136 113,000 (124,000) 1.03
TPE1L (B3) 15,500 | 2.9(5,400) | 1.30(1.01) 080(0.80 | 0.82  0.132  132,000(155,000 1.02
TPE12 15,500 | 2.9(5,400) | 1.30 (1.01) 0.84(0.85)| 0.86  0.129 160,000 (194,000) 1.04
TPE13 10,600 | 4.5(2,200) | 1.20 (1.05) 0.56 (0.60)] 0.60  0.150 34,600 (48,200) 1.10
TPE14 10,600 | 4.5(2,200) | 1.20 (1.05) 0.69(0.70)| 0.72  0.141 50,000 (68,400) 1.03
TPE15 10,600 | 4.5(2,200) | 1.20 (1.05) 0.81(0.80)| 0.83  0.131 74,200 (112,000) 1.03
TPE16 15,600 | 3.9(3,890) | 1.23(1.01) 057 (0.60)] 061  0.150 59,500 (72,600) 1.04
TPE17 15,600 | 3.9(3,890) | 1.23(1.01) 0.69(0.70)| 0.72  0.141 76,700 (101,000) 1.03
TPE18 15,600 | 3.9(3,890) | 1.23(1.01) 0.81(0.80)| 0.83  0.131 115,000 (164,000) 1.03

%calculated fronGPCMALLS; Pcalculated fromM,giar = NMyam+ (F1)Mpwss, Scalcluated fromtH NMR of fractionated producfyolume
fraction of Pl calculated using nominal densities at 149*€3lculatecbased on the summation of the products ofitiidc of each block times
its weight fraction‘calculatedfrom M, s in combination withtH NMR of final product.
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S2.2 GPGMALLS OF SELECTED SNISN POMPOM TRIBLOCK COPOLYMERS AND

PRECURSOR MOLECULES

---------- TPHO1A sesesss TPRBA
.................... TPEOIB .
.......... TPEOIC e TPEGC
———  TPEOID —— TEED
———  TPEOIF ] ————  TPERF

T T T T T T T T T T

100 125 150 175 200 100 125 150 175 200

Elution volume (mL.) Ehfion volume (mL)

Figure S2.1 GPC Chromatograms showing the molecular weight distribution for samples TPEO1 and
TPEO3 B7) throughout the mulistep continuous polymerization process, including the final fractionated
product.A: PS armB: PS starC: Sil diblock copolymerD: Crude SIS, triblock copolymerf:

Fractionated 3S; triblock copolymer.

230



S2.3. AFM IMAGES OF SELECTEDSyISy POM-POM TRIBLOCK COPOLYMERS

Table S2.2 Chemical characterization data

SIS, As Cast Annealed Annealed
TPEO1
s P
1um (01 pm
TPEO2
1pm[d0]lpm 1 pum 01 pm 2 um [2pum
TPEO3
(B7)
1pum 1 pm 1pm 01pm 2 um [I02um
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SISy

As Cast

Annealed

Annealed

TPEO4

TPEOS

TPEO6
(C4)

TPEO7
(B4)

1 pum[J1pm

1 pm ] pum

2 um [2um

2pm IID2um'
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SISy

As Cast

Annealed

Annealed

TPEOS
(A4)

1pum 01 pm

TPEO9

1 pm O]l pm

2 um [2pum

TPE10

1um 1 pm

2 um [2um

TPE11
(B3)

1pum [dlpm

2 um [IJ2um
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SIS, As Cast Annealed Annealed
TPE12

1pm|:[|]1um 1pm[d0Ipm 2 um [IJ2pum
TPE13

1 pm O]l pm 1 pum 001 pm
TPE14

1 pum 1 um

TPE15

- A= A

1pum [dlpm 1pm0Ipm 2 um [IJ2um
TPE16 No image No image No image
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SISy

As Cast

Annealed

Annealed

TPE17

1pm [01pm

Lpm 1 pm

2 um [IJ2pum

TPE18

1 pm O]l pm

-

1 pum 001 pm

2um Zp.m
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COMMON ABBREVIATIONS AND CHEMICAL STRUCTURES USEDWITHIN

DISSERATION

Abbreviation

Full Name

Chemical Structure/
Cartoon
(Where applicable)

BCP
BO

BOB

enl0l122

EEGE

[emim][Tf,N]
[emim][TFSI]

ePl
G'
G"
GPC

HPC

Block copolymer

Poly(butadienel-poly(ethylene oxide)

Poly(butadienel-poly(ethylene oxidep-

poly(butadiene)

Partially epoxidized 10122 blend

(n mol% of olefins in polyisoprene is
epoxidized)

Ethoxy ethyl glycidy ether

1-ethy-3-methylimidazolium
bis(trifluoromethytsulfonyl)imide

Partially epoxidized poly isoprene

Storage (elastic) modulus
Loss (viscous) modulus
Gel permeation chromatography

Hexagonally packed cylinders

Proton nuclear magnetic resonance
lonic liquid

Poly(isoprenelb-poly(ethylene oxide)
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Abbreviation

Full Name

Chemical Structure/

Cartoon

o]

10122
10146

IPDPST

LLP

MCPBA

PB
PEO
PG

Pl

PS

ROMP
RTIL

SAXS

Secc

SEC

Siip

Poly(isopreneB-poly(ethylene oxidep-
poly(isoprene)

22 mol% IOl and 78% 1O blend

46 mol% 10l and 54% IO blend

(4-lodophenyl)diphenylsulfonium triflate
photoacid

Liquid like packing

meta Chloroperoxy benzoic acid

Poly(butadiene)
Poly(ethylene oxide)
Polyglycidol

Polyisoprene

Polystyrene

Ring opening metathesis polymerization
Room temperature ionic liquid
Small angle Xray scattering

Body-centered cubic

Size exclusion chromatography

Liquid like packing of spheres
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Abbreviation Full Name Chemical Structure/

Cartoon
(Where applicable)
SO Polystyrenes-poly(ethylene oxide) A
@
SOS Polystyrends-poly(ethylene oxidep-
polystyrene
S0OS22 22 mol% SO and 78% SOS blend
SOS46 46 mol% SO and 54% SOS blend

xnlO122-p Crosslinked 10122 blend
(carried n mol% epoxy groups and
p mol% photo acid)
&Pl Partially epoxidized PI A s
(n mol% of olefins in Pl is epoxidized) A ¥

-~ ‘/o
XnPlI Crosslinked polyisoprene
(carried n mol% epoxy groups and p mol%
photo acid)
. Flory interaction parameter
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