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Abstract

This dissertation presents a discussiombloicky and randomly functi@lizedsulfonated
syndiotactic polystyrene copolymers. Thesgolymers have been prepared overrange of
functionalization(from 26 to 10%) in order to assess the effect aé thcorporation of these
polarside groups otboth the thermal behavior ananorphology of these polymer systems. The
two different architectures are achied by conducting the reaction imoth the heter@eneous
gelstate to obtain blocky copolymers and in the homogeneous solution state to obtain randomly
functionalized copolymers. In order to compare both the thermal properties and morphology of
these two systems several sets of samples were preparedraparable levels of sulfonation.
Thermal analysis of these two systems proved that the blocky functionalized copolymers
provided superior properties with regard to the speed and total amount of the crystalline
component of sulfonatd syndiotactic polystymee. Aove 3% functionalizion the randomly
functionalized copolymer was no longer able to crystallize, whereas, trekylimnctionalized
copolymer isable to crystallize even at a functionalization level of 10.5% sulfonate grdtpen
considering the morpology of these systems even at lowrpentages of sulfonation it idear
that the distribution of these groups different based on the amplitudef the signal measured
by smdl angle xray scattering Additionally, methods were dewaed to describeboth the
distribution of ionic multiplets, whichvaries between blocky and randomly functionalized

systems, but &o the distribution of crystalsAt a larger scale ultramall angle xay scattering



was employed to attempt to understand the clustering ofi®m multiplets in these systems.
Randomly functionalized polymers should a peak that is attributed to ion clusters, whereas
blocky polymers show no such peakdditional studies have also been done to look at the
analysis of crystallite sizes in these sys$ when there are multiplet polymorphs present, it was
observed the ptymorphic compositions drasticallydifferent. All of these studies support that
these systems bear vastly different thermal behavior and possess significantly different
morphologiesThis supports the hypothesis that this gghte heterogeneous functionalization
procedure produces a much different chain architecture compared to homogeneous

functionalization in the solutioistate.
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General Audience Abstract

Polymers are a class of chemicals thiedefined by having a very large set of molecules
that are chemically linked together where each unit (mmer) is repeated within the chemical
structure. Inparticular,0 KA & RAAASNIIF A2y FT20dzaSa 2y (KS O2y
copolymers, which & defined by having two chemically differemhonomers that are
incorporated in the polymer chairt KS &aof 2071&¢ OKFNFOUGSNRAGAO 27
these two different monomers are physically segregated from each other on the polgimain,
wherelong portions of the chain that are of one type, followed by another section of the polymer
that has the other type of monomer. The goal of creating this type of structure is to try to take
advantage of the properties of both types of monomers, which can create materials with superior
synergistic properties. In this case a hydrophobic (water hating)amen is combined with a
hydrophilic (water loving)chain This hydrophobic component in the polymer is able to
crystallize, which provides mechanical and thermal stability in the material by acting as a physical
tether to hold neighboring chains togethaiith the other set of hydrophilic monomers, which
in this case have an ionic component incorporated, we can now take advantage of this chemical
components ability to aide in the transportation of ions. Transportation of ions is useful in a
variety of commeciallyrelevant applicationstwo of the most important applications of these

ionic materials isn membranes that can be used to purify watarmembrane materials in fuel

cell technologies, specifically for proton exchange membranes. The focus otseigreh in



particular was to create a simple synthesis technique that can create these blocky polymer chain
architectureswhich is done by performing the reaction while the polymer is made into.argel

key to this is that the crystals within the geltas a barrier to chemical reactions, creating
conditions where we have substantial portions of the material that are able to be functionalized
and the crystals within the material that are protected from being functionalized. By looking at
the thermal chaacteristics, such as melting temperatures and amount of crystals within these
systems we have seen that functionalizing these polymers in the heterogeneous gel state gives
substantially better properties than functionalizing these materials randomiych like oil and

water, incompatible polymer chains will phase separate from each other. In this case the
hydrophobic and ionic components will phase separate from each other. The shape and
distribution of these phase separated structure will dictate manyhef material properties

which can be described by modeling the data collected frenayxscattering experimentAll of

this information will tell us based on the initial conditions that these polymers were created in
what properties should be expectedbed on the morphologgnd thermalbehavior. Thigives

a better understanding of how to fine tune thepropertiesbased on the structure of the gel

and chemical reaction conditions



Acknowledgements

No body of work is done in a vacuum, so it is int@ot to acknowledge those who made
all of the work presented here possible. Most important to creatinigetter scientistis their
mentor and | think everyone who has had the opportynio work for, work with, or been able
tobeinaclasswithwould&lINBES GKIF G 5N w20SNI az22NBQa LI &
contagious and drivethe very purpose of being a scientigtor that | am extremely thankful to
have been able to work with both Dr. Moore and all of the other fantastic professors thatdhe
me in my process to grow as a scientist, a professional, and a person. On that same not | will b
forever grateful to Dr. Mingaing Zhang, a great mentor and friend who was always there to help
ponder the complex and rewarding world of studying tleéeace of ight scattering, allvhile
completing two graduate degrees at the same time. | know his passion and work ethic is tireless
and is indeed one of his most admirable traits. | also want to thank the professors at Virginia
Tech, who are some of tH&rightest people | have ever met asttive to providethe best for all
of their students, both graduate and undergraduate. | especially am thankful to my current and
former committeememberswithout your critical feedback | would not be the person | aday.
Finally, from Virginia Tech | cannot express enough how amazing it was to get to work with both
the graduate students in the MoRG, who | do believe will be the future of industry and academic
leaders, but also all of the graduate students in the Cisemand Mllprograms, without whom

the great body of work that comes from this great institution could not exist.

Vi



Lastly, but most importantly, 1 would like to thank my pat® my two older brothers,
and my significant other Kristin for their unendisigpport and love throughout my journey in life

so far. Without them | could never be who | am today &adeindefinitely shapd my future.

vii



Table ofContents

Chapter | : Introduction to lonomer Morphology and Research Objectives....................... 1
1o (8 ox 1o ] o H PP PP PPPPPPPPRPP 1
Morphological Models fOr [ONOMELS.............uuuiiiriiiiiii e e e e e e e aaaaeas 2
[ONOMET ATCHITECIUIE.......eeiieiieiee et e e e 8
EffeCt Of COUNTEIIONS. ... ..eiiiiee i e e s e e 10
RESEAICh ODJECHVES. ... .uuuiiii e 11
RETEIENCES. ...t e e e e e s e e e e e e e e e e eneees 12

Chapterll : Research Background SeDmystalline 1onoOmers............ooevvvveveeeeeivevevvivenninnnnnnn. 25
g oo [0 To1 1 o] o NPT PP PPPUPPPPPPPPRR 25
Morphology of Semi Crystalling I0NOMETS.........ccoooiiiiiiiiiiiie e 25
lonic Influence on CryStalliZation...............eeeiiiiiiiiii e 28
Influence of Chain Architecture on Crystallization..............cccceeeiiiieiiiiiiiiiee e, 42
(070] o3 011 o] F O PP PP P UPPPPPPRPPPPPROS 42
REFEIENCES. ..ot e e e e 44

Chapter Il : Imbduction the Small Angle-bay Scattering as a Probe of lonomer Morpholo@y

oo [UTo1 1 o] o NPT TP PPPPPPPPPPPPPPPR 50
Scattering Vectors in Small AngkNx & { OF G G SNA.Y. 3.Y........ NI..2.3.Q4&51[ | &
Scattering from a Free EleCtran............cceuiiiiiiiiiii e 54



Scattering from MUIPIE CENELS.........cooi i 57

Scattering from Dilute &ICIES........ccoeee i 59
Polydispersity in Dilute Particle SyStems...........ooccuiiiiiiiiiieeeeeeeee e 61
Scattering from Concentrated PartiClES..........uuuuuuiiiiiiiiiiiii e 62
Liquidlike Hard Sphere Structure FaclOr...........ccooooeiiiiiiiiiieeeeeeeeeeeeeeeeee s 64
Liquidlike HardEllipsoid Scattering INteNSILY.......cccoeevieiiiiiiiie e, 66
The Fractalike nature of Polymer Interfaces.........ccocoveviiiiiiiiiii e 67
Total Scattering Intensity from Three Phase Systems..............cccovvvvvvviiieieieevvvvieiieiinns 68
(O0] 011 =L Y 4= 1 T= 11 0] NPT PP PPPPP P TPPPPN 69
(©0] 0 [o1[1 5] o] o RO PP TP PPPPPPPPPPPPPPTP 70
RETEIENCES. ...cceiiiee ettt e e e et e e e e e e e e e aeeeees 72

Chapter IV : Synthesis and Thermal Characterization of Random and Blocky Sulfonated

SyndotactiC POlYStYreNne I0NOMELS......ciiii ittt 75
Y 0L = T PP P PP PPPPPPPRR 75
g goo [0 To1 1 o] o NPT PPPPPPPPPPPRR 75
EXPEIIMENTAL ... .o e e e 78

IMBEETIAUS ..ottt e e e e et a e 78
Preparation of Sulfonation REAgENL.........ccocoiiiiiiiiiiiii e 79
Random Sulfonation of Syndiotactic POlyStyrene...........ccouviiiiiiiivieiiiiiie e, 79



Blocky Sulfonation of Syndiotactic POlyStyrene............cccceeeeeiiiiiiiiiiiiiieeeeeee e 80

Determinaton of Degree of SUIfoNation..............oooiiiiiiiiiiii e 80
Differential Scanning CalOrmMEethy..........ueiiiiiriiiii e 81
RESUILS @Nd DISCUSSIQN.....cceeiiiiiiiiiiiieiietee e e e e e s sttt e e e e e e e e s sab bbb e e e e e e e e e e s s sansnnanaeees 82
THErMaAl ANAIYSIS .. .uuueiiecee et e ettt ettt e e e e e e e eeeeeeereanrannnne 83
Crystallization KINELICS........ccooi i 90
Glas transition temperature analYSIS...........uuururerrrurrrimeiirrrrs e e e e e e aeeeeas 95
(@0 o[ 11 5] o] o PP POO PP PPPRPPPRP 97
] (=] (=] [0 PSSP 100

Chapter V :Crystalline Morphology of Blocky and Random Sulfonated Syndiotactic Polystyrene

........................................................................................................................................ 104
Y 0L = (o PP PPPPPPUPPPPPPPPRI 104
g goo L8 [o1 1 o] o R PP TP TP PPPPPPPPPPPPPP 105
EXPEIMENTAL.....co it a e 106

Small angle-Xay SCAIEIING ... ...uiiii ittt e e e e e e e 106
Wide angle xay diffraCtion...........ccooiiiiiiii e 106
Preparation of Xay Scatteing SampPIes........cooooiiiiiiiiiiiiie e 107
RESUILS 8N DISCUSSIQN......cceiiiiiiiiiiiiii ittt e et e e e e et e e e e e e e 107



Characterization of Phase Distributions in Sulfonated Syndiotactic Polystyrene using Small

ANGIE XrAY SCAEIING. ... iiiiieeeiiiiiit ettt e e e s e e e e e e e e e sneeeees 107
Quantitative Analysis of Sulfonated Polystyrene Crystallites..............cooouiiiininnn. 117

Consideration Sequence Lengths and Sequence Length-staBeFunctionalized Semi

Crystalling I0NOMELS. ... oottt annne 121
Characterization of Polymorphism in Sulfonated Syndiotactic Polystyrene............. 124
(@] o Tod 1101 0] o S 129
RETEIENCES. ...ttt 132

Chapter VI : Introduction to USAXS and Applications of USAXS tBa&rgeg Phase Separation

(1 (o] To] 0 1= =P PP PP 134
Y 013 = Lo PP PPPPPPPPPPPPPR 134
1 0o [ T1 1o o PR PPPPPPPRPPR 134
EXPEIMENTAL .....eeeiiiiitii et e e e e e e e e e e e e e e e e ettt et et e e e e e e e ——————— 139

A= ST = 139
Preparation of Sulfonation REAGENL..........ccoiiiiiiiiiiiiiiiie e 140
Random Sulfonation of Syndiotactic POIyStyrene..........ccccccceeiiiiiiiiiiiiiiieeeeeeeee 140
Blocky Sulfonation of Syndiotactic POlyStyrene............cccccceeeiiiiiiiiiiiiiieeeeeee e 141
Determination of Degree of Sulfonation.................oooevi i 141
Neutralization Of SSPS.......ccooi i ———————- 142

Xi



Morphological Characterization by Ultra Small Angtay<Scattering...............cccooeuee 142

Sample Preparation for USAXS SamPpLeS..........ccuuviiiiiiiiiiiiiiiieeeeeeee e 143
RESUILS N0 DISCUSSIQMN......cceiiiiiiiiiiitie ittt e e ettt e e e e e e e s e e e e e e e e e e e e s annneneees 143
Comparison of Random and BlockSg-unctionalization Percentage..................... 143
The Cluster Size of Randomly Functionalized SSPS................ovvvvveiiieiiiiiiiieiiinnnn. 147
Scattering of SSPSL0.BBS.........ooooiiiiiiieiieeeeeeeeeee 151
Efiect of Neutralization on lonic Morphology........cccoeevvveiiiiiii, 158
Effect of Annealing Temperature on [0NIC StrUCLULE........cccoveeiiieiiiiiiieeeeeeeeeee e, 161
(©0] 0 [ 11 5] o] o R PP PO PPPPPPPPPPPPPPN 164
RETEIENCES. ...t e e e e s e et r e e e e e e e e e aane 166

Chapter VIl : Peak Broadening Analysis teiahe Crystallite Dimensions in Polymorphic

SYNIOtaCtiC POIYSTYIENE. ... ...uiiiieiiiiieee e e 167
Y 0L = (o PP PPPPPPUPPPPPPPPRI 167
g goo L8 [o1 1 o] o NPT P T PPPPPPPPPPPPPPR 168
EXPEIMENTAL......coi i e e 170

Preparation of WideAngle Xray Scattering Samples.........cccoovveeiiiiiiiiiiiee e, 170
Wide-Angle Xray Diffraction Measurements............cooeuuviiiiiiieeeeeeiiiiiiee e 171
Data Processing and Fitting............oiiiiiiiiiiiiiii et 171
RESUILS 8N DISCUSSIQN......ccciiiiiiiiiiii et e e et e e e e e e rr e e e e e e e e aannrn s 172

Xii



(040 g o3 (113 To ] o TR T TR 181

REFEIENCES. ...t e e r e e e e e e e e e ane 183
Chapter VIII Conclusion and FUture WOrK.............c.uueeiiiiiiiiiiiiiieeee e 185
(O70] 003 0151 o KOO PP PP PP 185
FULUIE WOTK ...ttt e e e s e e s eas 188
Chapter IX : Collaborative Studies on Block Copolymer Systems.................cccceeeeeeee. 191

Imidazolecontaining triblock copolymers with a synergy of ether and imidazolium!siteg1

Nucleobasdunctionalized ABC tribtdk copolymers: selissembly of supramolecular

AFCHILECIUIES ...ttt ettt e et e e st e e sat e e st e e steesaeeeebeeenreeas 193
Nucleobaséunctionalized acrylic ABA triblock copolymers and sumdacular blends... 197
DoublyCharged lonomers with Enhanced Microph&aparation..............cccceevvvernennne. 202

Phosphonium containing diblocks copolymers from living anionic polymerization of 4

diphenylphosphino Styrer.............cooviiiiiiii i 207

Living anionic polymerization ofdiphenylphosphino styrene for ABC triblock copolyriers

.................................................................................................................................... 210
ImidazoliumContaining ABA Triblock Copolymers as Electroactive D&vices............. 212
HighPerformance Segmented Liquid Crystalline Copolye8ters.............ccccccvevveennnn.. 217

Synthesis and Characterization of Polfmue-Containing Poly(butylene terephthalate)

Segmented BIOCK COPOIYMBAS.........coouiiiiiice e 220

Xiii



Synthesis of Polysulformntaining Poly(butylene tephthalate) Segmented Block

Copolymers: Influence of segment length on thermomechanical perforniance......... 223

Synthesis and Properties 8£gmented Polyurethanes with Triptycene Units in the Soft

New semicrystalline block copolymers of poly(arylene ethéore)s and poly(14

cyclohexylenedimethylene terephthalaf®)................cccooiiiiiie i 235

Multiblock Copolymers Based upon Increased Hydrophobicity BispAeMalieties for

Proton EXChange MemMBIamBs..........c..eoiiieiiieiieesiee e eieeeee e stee e stee e eeessaeesnaeesneee e 239
RETEIENCES. ...ttt e e e e e e s e et r e e e e e e e e e e aaae 243
LY o] 01T 06 [ TP P P PO PPPPPPPPPPPPP 251
Code for Kinning and Thomas FitS............oooiiiiiiiiiiiii e 251
Elipsoidal HardSphere Model Fit Code............ooooiiiiiiiiiiieeii e 255
Monte-Carlo Modeling of lonomer Crystalline Morphology.........ccccceeeeiiiiiieiiieeiieeeeenn. 258
Glatter and Lake Method for WAXD DeCONVOIULION.............ccooiiiiiiiieiiiiiiee i 263
Code for Models for Lamellar MOrpholOgIES..........uvuuiiiiiieiiiiiiciese e 271

XV



List of Figures

Figure {1 : Eisenberg Hird Moore morphological model. Adapted witimgssion from
Macromolecules. Copyright 1990 American Chemical SOEIety..........cccccevveeeeivveeecreeenne, 7

Figure 12 : Schematic of different ionomer architectures. The black line indicates the polymer
backbone and the red circles represent the attached ionic maiety...........ccceeeeverieeeeeeneennn. 9

Figure H1: Representation of the Longworth and Vaughn model for semicrystalline ionomer
morphology. Adapted with permission of Nature. Copyright 1968 Nature....................... 27

Figure H2: Effect of counterion type on the thermal properties of meitenchedSsPS
ionomers containin@.0 mol% sulfonation. Reprinted with permission of the American

Figure H3: Fractional crystallization versus time profiles $&Sand SsP3.0 ionomers
isothemally crystallized at a supercoolin§40 C. Reprinted with permission of the American
Chemical Society. Copyright 1994 American Chemical S&ciety.............ccoeeevreecreeerennne. 31

Figure H4 : Effect of alkali metal counterion type on the thermal behavior of ryeikenched
SsPS ionomers containing ion contents of 1.4 mol %. All thermograms are normalized with
respect to sample mass and were acquired during aihgatcan of 20 °C/min. Reprinted with
permission of the American Chemical Society. Copyright 1996 American Chemical’So&i2ty.

Figure H5 : Effect of alkali metal counterion type on the isothermal crystallization of SsPS
containing ion contents of 1.4 mol % &) 210 °C. Reprinted with permission of the American
Chemical Society. Copyright 1996 American Chemical Séciety...........ccccecevvvveeeiveeeenne.. 33

Figure H6 : Effect of alkali metal counter ion type on the dynamic mechanical properties of
sulfonated atactic polystyrene ionomersrtaining 2.1 mol % ionic groups. Reprinted from
American Chemical Society. Copyright 1996 American Chemical Saciety..................... 34

Figure H7 : Effect of isothermal crystallization temperature on the Hatfie of crystallization
for 1.4 mol % SsPS ionomers neutralized with various counter ions. Reprinted with permission
from the American Chemical Society. Copyright 1996 American Chemical Society....... 35

Figure H8 : Correlation of crystallization halime with the ionic radii of the alkali metal
counter ions at various isothenal crystallization temperatures. Reprinted with permission of
the American Chemical Society. Copyright 1996 American Chemical Society............... 36

Figure H9: DSC scans of amorphous sulfonated sPS: (A) 6.3 mol %; (B) 4.4 mol %, (C) 3.4 mol %;
(D) 1.4 mol %; (E) 0 mol %. Reprinted with permission of Society of Chemical Industry. Copyright
2001 Society of ChemiCal INAUSLIY......cccoiiiieiiic e e 37

Figure K#10: Fractional crystallization versus time profiles for (a) sPS and (bHsERPS(c)
SsP&$+1.7, (c) SskPSal.7, (d) SsRBn1.7 iononers nonrisothermally crystallized at a cooling
rate of 20 C/min. Reprinted with permission of Society of Chemical Industry. Copyright 2001
Society Of ChemiCal INAUSTLY.... ... 38

XV



Figure H11:(a) Plots of #>"* versus crystallization temperature of PP artefétm mPP. (b)
Plots of i/, versus crystallization temperature of various ionomers. (c) Plotsdftersus
crystallization temperature of Naform mPP with different neutralization. Reprinted with

permission of Elsevier. Copyright 1999 ElseVier...........cccccoe e, 40
Figure W12:t £ 2 0 & 2 X)] vergueli foryNa<iobm mPP. Reprinted with permission of
Elsevier. Copyright 1999 EISEVIE..........ccoo oo 41

Figure 141 : Diagram of scattering vectors from interference between two scattering centers O

Figure IH2 : Example of double slit diffraction pattern (equivalent to lamellar scattering)53

Figure 143 : Vector Diagram for scattering offieee electron with a plane XZ polarizeday
PArallel 10 the XAXIS......ciiiiiiiiiiiieeeeeeee e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaaes 57

Figure IV1: Diagram of solution state and gsflate sulfonéion postpolymerization methods.

Figure IV2: Relative heat flow versus temperature of SPS homopolymer (H), SsPS&mbldm
(R),and SsPS3.2Blocky (B) copolymers. Samples were precipitated from TCB, annealed at 150
°C for 2 hours, then quenched to room temperature prior to scanning 8C2in. (b) Samples
were isothermally crystallized from the melt at 280 for 2 hours prioto scanning at 20

°C/min. All thermograms have been vertically offset to facilitate comparisan............... 85

Figure IV3: Relative heat flowersus temperature of sSPS homopolymer (H), SsPS3asidom

(R), and SsPS3.Biocky (B) copolymers. Samples were isothermally crystallized from the melt
at 200°C for 2 hours prior to scanning at 20/min. All thermograms have been vertically
offset tofacilitate COMPATISON.........uu i a e 86

Figure IV4:wSf I GAGS KSIG Ft2¢ OSNAEAzIOES Y IASNINEOBNE 2 F
A0V YR { WlIH{y RBAYRG@®DPHIZt 8 YSNARAP® ! ff &l YL Sa 6SNB )
Hnnc/ FT2NJ H K2dzNEY kKINAZM (2t AaOENYDEE KuBRBnoSSy
FlEOAEAGE 0.5 .02 Y LI NIRA2 Y. D 87

Figure IV5: DSC thermograms for sample preparation procedure used in scattering

experiments. Heat flow versus temperature of sPS (H), SsPB3B}1and SsPS3B{R) post
isothermal crystallization at 220°C , 225°C , 230°C , and 235°C for 1 hour using a heating rate of
100 e O o 71 o T 90

Figure IV6: R(t) versudn time at 220, 225, 230, and 235 °C [@)SsPS3.21R and(B)
SsPS3.218 copolymers. Polarized light micrographs(®ySsPS3.21R and(B) SsPS3.21B
copolymers captured at 30 min during isothermal crystallization at°235.......................... 92

Figure IV7: Crystallization halfime versus crystallization temperature for SSPS3Random
and SSPS3.ZBIOCKY COPOIYMEIS........uuiiiiie et e e e e e e e e e eeeaaes a3

XVi



Figure IV8: In [-In (1-Xc(t))] versus In t at 220, 225, 230, and 235 °C for (R) SsASar&H(B)
SsPS3.58. Fit lines are shown in black in the graph useddtermine the Avrami parameters
SNOWN INTADIE TML. . s e e e e e 95

Figure IV9: Glass transition temperature versus mole % sulfonation of SSPS Random and SsPS
Blocky polymers. Linear fit lines have been added as a visual guide................ccccce........ 97

Figure V1: One dimensional SAXS profiles for SsPSB.2B), SsPS3.5%(R), and the sPS
homopolymer (H). SAXS profiles have been vertically offdectlitate comparison between
(o1 UL Y ST UPPPTTUPPRTR 109

Figure V2: One dimensional SAXS profiles for sSPS homopolymer (H), SsSPBA85H
SsPS9.21R (R) copolymers. All samples were isothermally crystallized &2pfior to
analysis. SAXS profiles have been vertically offset to facilitate comparison between.durtes.

Figure V3: 1D SAXS profiles of sPS (H), SsPEdty (B), and SsPS3'Rendom (R) post
isothermal crystallization at 220°C, 225°C, 230°C , and 235°C for 1.hour..................... 114

Figure V4: Representation of the contrast between the amphorphous matrix and the
crystallites using the sPS homopolymer, SsPSR,5hd SSPS3.2BH..........cccvvvvvvviiviiiiinnnns 115

Figure V5: SAXS profiles SsPS5:!®8Gxky melted at 300C and then isothermally crystallized
at 200 C for 2 hours. The measurements were takenvai tifferent temperatures during the
SAXS MEASUIEIMEINL. ...ttt e ettt et e e e e e e e e etba e e e e e eeeetaaa e e eaaaaeees 116

Figure V6: Pictorial diagram of the change in contrast due to the mateégmperature
comparing SsPS5.18kcky and the sPS homopolymgsis the electron density of crystalline
lamellae } ais the electron density of the amorphous chains, ang the electron density of
o] OO PPPPRPPRP 117

Figure V7: Pictoral representation of the crystallite distribution. The purple translucent sphere
represents the average intarystallite distance derived from model fits.......................... 123

Figure V8: Representations of the crystal structures for melt crystallized and solvent
crystallized syndiotactic polystyrene. Repeid with permission of the Elsevier. Copyright 2009

EISBVIEE. ...ttt e ettt e et e et e e te e eateeanrs 125
Figure V9: WAXD profiles of sPS, SsSPSFR2R), and SsPS3'BHB) posisothermal
crystallization at 220°C, 225°C, 230°C , and 235°C for L.haQul..........cccooeeeeiiviiiiiiineeeennn. 127

Figure V10:t S N Sy {drystéllite® () versus isothermal crystallization temperature;
samples were crystallized for 1 hr. Polynomial fit lines have been added as visual.guid28

Figure Vi1: Raw USAXS profiles measured at room temperature. The SaPSgatdple was
compressiormolded at 200 OC and fast cooled to room temperatu8enfin). Reprinted from
the American Chemical Society. Copyright 1993 American ChemietySoc................... 137

XVii



Figure Vi2: USAXS profiles of a SaPS724&ample measured at different temperatures.
Reprinted from the American CheralcSociety. Copyright 1993 American Chemical Sotiety.

........................................................................................................................................ 139
Figure VA3: USAXS data of SsP$Cat several different concentrationsragaled at 190C for 1
hour using the DSC conditions described in the experimental section.......................... 145
Figure Vl4: USAXS data of SsSP3Ca several different concentrations............cccccceeeenne 147

Figure VI5: (a) USAXS data of a concentration series of S4RSB¥ Size distribution analysis
of the cluster morphology using a lognormal distribution of dilute spheres................... 149

Figure VI6: Pictorial representation of the cluster morphology with changing ion contefh&0

Figure \A7: Fit of the multiplet feature in SsSPS10.53&sising the Kinning and Thomas liglike

hard sphere model (KIOdEel)........cccoooiiiiiiiii e 152
Figure VA8: Fit of the multiplet feature in SsPS10.5€sising a cylindrical form factor with a
liquid-like hardsphere StruCtUIe fAaCTON............uiiiiiieiiiiie e 153
Figure VA9: Fit of the multiplet feature in SsSPS10.5€ sising a oblate spheroid form factor with
a liquidike hardsphere StruCture faCtOr...........oooiiiiiiiiiiiee e 155
Figure VA10: Fit of the multiplet feature in SsPS10.5€ssing a prolate spheroid form factor
with a liquidlike hardsphere structure fact ..o, 156
Figure VA11: Representation of the anisotropic multiplet, specifically the oblate spheroid
0T T [ PP ERPRRR P 157
Figure VA12: Comparison of the different scattering behavior of SsSPS with differing counter
ions at low functionalization PEICENT............uuiiiiiiiie e 159
Figure VA13: Comparison of the different scattering behavior of SsSPS with differing counter
ions at high functionalization PEIrCENL..........cuii it 161
Figure VA14: USAXS data on the effect of annealing temperature on the morphology of
SSPS3.5NR, SsPS3.565 SSPS3.2N8, and SSPS3.28S......ccccoooviviiiiiiiiiiiiieieeee e, 163
Figure VA15: USAXS data on the effect of annealing temperature on the morphology of
SsPS9.2NR, SsPS9.285 SsPS10.5M and SSPSBLSB.........cooiiiiiieiiieeeeeee e 163

Figure VH1: Example of raw data input for fitting. Note the data has been reduced to just
consider scattering angles bve¢en 4 and 15 in order reduce the background complexity73

Figure VH2: Example of the fit data using an interpolating function tlee background and

Gaussian peaks for the PeaAKS.........ccovi i 173
Figure VH3: Example for data used for fitting thepolymorph is sPS...........ccccceeeviieenn. 180
Figure VH4: Example for data used for fitting thepolymorph is SPS...........cccoiii. 180

Xviii



Figure 1X1: lonomeric ABCA triblock copofmer poly[Styb-(MVBImTf2N-co-DEGMEMAb-

Figure IX2: Atomic force microscopy (AFM) of ionomergB&A triblock copolymepoly[Styb-
(MVBImTHEN-co-DEGMEMARD-Sty] going from (a) 18 mol% (b) 26 mol% (c) 36 mol% ion content.

Figure IX3: Small angle Xay scattering (SAXS) of ionomergB&:A triblock copolymer
poly[Styb-(MVBImTHN-co-DEGMEMAD-Sty] with various ion contents 18, 26 and 36 mol%.

........................................................................................................................................ 193
Figure 1X4: Chemical structure of poly(THANBAD-AdA) ABC triblock copolymers......... 194
Figure 1X5: SAXS profiles of poly(T#ABADb-AdA) triblock copolymers.............cccevveeeee. 196

Figure IX6: Adenine and thymine functionalized acrylic ABA tribloggolymers using RAFT
polymerization. *For visual guidance, all adenine copolymers are labeled red; thymine
copolymers are labeled BIUE.............ooooiiiieieiie 198

Figure IX7: SAXS of solutieoast nucleobaséunctionalized triblock cgpolymers and their
blend. For clarity, data were vertically shifted by arbitrary factors.............ccccccceeeeeiinnnn 200

Figure IX8: Tapping mode AFM phase image of (a) solutiast poly(AdA-nBAb-AdA), (b)
solution-cast poly(ThA-nBADb-ThA), (c) melpressedpoly(AdA-nBADb-AdA), (d) mekpressed
poly(ThAb-nBAb-ThA), ad (e) solutioncast supramolecular blend................c...ooooooo. 200

Figure IX9: Pictorial representation of supramolecular blend of adenine and thymine
functionalized triblock COPOIYMESS.........ccooo i 202

Figure 1X10: Poly(VBDé&BrCico-nBA) to Poly(VBRBF4co-nBA) or Poly(VBRTEN-co-nBA)
USING NABFOT LITEN. ..ottt e et e e e e et e e e e e neeeeaeaens 203

Figure IX11: (a) SAXS of solutierast poly(VBD¢BrCico-nBA), poly(VBRBFR-co-nBA), and
poly(VBDET2N-co-nBA); (b)ISAXS of solutieoast poly(VBDGBrCico-nBA), poly(VBDGBR-
co-nBA), and poly(VBRIN-co-nBA). For clarity, data were shifted by arbitrary factors
VEIICAIIY ... —————————————————————————— 205

Figure IX12: Pictorial representation for aggregation of DABCO salt units, multiplets, and ionic
domains of poly(VBORBrCico-nBA) with halide counterions............ccccveveveieeeiineeiiciiinee, 206

Figure IX13: phosphonium containing diblock copolymers, pel{@TeDPPSBr and poly(ib-
(OB s =] oo PO PP PPPPPPPPR 209

Figure IX14: Small Angle -Ray Scattering profiles reveal bulk morphologies for pthPPS),
poly(Fb-GDPPSRBP, and poly@db-G2DPPSBI* diblock copolymers. The appearance of broad
peak in polytb-G2DPPSB scattering profile corresponds to interdigitated bilayers......209

Figure 1X15: Phosphonium containing diblock copolymers,ygbb-GDPPSBr* and poly(ib-
GLIDPPSPBI. ... ettt ettt ettt ettt te e e ate e eaa e et et e enteereenas 211

XiX



Figure IX16: AFM images reveal surface morphologies for (A) padytSso-b-DPP &), (B)

poly(So-b-lso-b-DPP &) and (C) polyed-b-112a--DPP&x). .....coovvviiiiiiiiiii, 212
Figure IX17: SAXS profiles reveal oriented bulk morphologies for pglytSso-b-DPP &),
poly(So-b-Iso-b-DPP &) and poly(&x-b-1120-0-DPP&x). ....ccocvvvviiiiiiiiiiiiiieie e, 212
Figure IX18: Chemical Structure of (a) Poly(styreid¢nBAco-AA}b-styrene) and (b)
Subsequent Neutralization withiethylimidazole..............cccoovvvvviiiiiiiiiiiiis 213

Figure IX19: AFM phase images of (a) poly@®tpA(Melmjb-Sty) and (b) poly(Sty-[nBA4%
co-AA(Melm)96%b-Sty) reveal differences in surface morphologies, and (c) SAXS profiles
indicate bulk morphologies similar to those observe@RM...............cccceveiiiiiiiiiiiiiiineeeeenn, 215

Figure 1X20: SAXS profiles of poly(StyAA(Melm)b-Sty) (solid) and poly(Sty[nBA4%co-
AA(Melm)96%b-Sty) (dotted) reval microphase separation when cast with 30 wt %

[EMIm][OTHI] ionic liquidTransmission electron micrographs of Osddined poly(Sty-

AAMelmp-{ G&v G oF0 TpnnP YR 600 -pBAmr P YI Iy AT
AA(Melm)96%b-{ G & 0 | ( ghificationnAil Bampds have 30 wt % [EMIm][OTI]

[1Tedo] g oo = 11 =To [N TP PPTPR S TPPPP 216

Figure 1X21: Chemical structure gboly(BBHD)}-ran-poly(BBP10R%)y (BBP10R%series). 217
Figure 1X22: SAXS profiles for BBLORSseries (vertically shifted) which coupled with DSC

further supports a microphasgeparated morphology..............coovvviiiiiiiiiiiiiiiiiiiis 219
Figure 1X23: WAXD profils of the BBP10R5%series highlighting the highly crystalline hard
segment and appearance of polymorphs upon soft segment incorporation.................. 220

Figure 1X24: Chemical structure of { | bt . ¢ { SIYSY(iSR...[.201.22021L12f &Y
Figure IX25: SAXS intensity plots of PERBT segented copolymers varying in polysulfone

incorporation before anN@aling.............cuuiiiiii i 222
Figure IX26: SAXS intensity plots of PERBT segmented polymers varying in polysulfone

incorporation after annealing at 160 °C fOr 3 dayS........ccccuuiiieiiiiieie e 222
Figure IX27: Chemical structure of the PBAESuU segmented block copolymer................ 224

Figure IX28: Small angle-xay scattering of PESRBT segmented block copolymers at a
constant PESu segment length of 10 Kg/mMOL.............oouiiiiiiiiiiiiii e 226

Figure 1X29: SAXS linear correlation function of PEERIT segmented block copolymers with 10
kg/mol PESu segments. Curves have been offset vertically (by 0.5 each) to facilitate comparison.

Figure IX30: Wide-angle xray scattering of PESRBT copolymers a). After annealing at 160 °C
for 24 h b). After quencieooling from 300 °C.........cooviiiiiiii e 228

Figure 1X31: Smalangle xray scattering of PESRBT copolymers after quendooling from



Figure 1X32: Chemical structure of segmented polyurethane...............cccooveeeeeeinnnns 230

Figure 1X33: WAXD profiles of segmented polyurethanes at strains...........cccccceevviinnes 233
Figure IX34: WAXD patterns of segmented polyurethanes aaists (films were stretched in

A L=T (o= 1o 1= Tox 1o o ) T 233
Figure IX35: SAXS profiles of the studied polyurethane samples...............ccccoevvvnnnnnn. 234
Figure IX36: AFM phase images of the studied PU samples............ccccovvvvvvvvevviivviiinnnnns 235
Figure 1X37: Chemical structure dPAESPCT multiblock copolymers..........cccccceviiiinnee. 235
Figure 1X38: WAXS profiles of annealed PAEST copolymers. (a. PCT; b. PRE®O0; c. PAES
PCT60; d. PAEBCT50; e. PAEBCT40; f. PAERCT20; g. PAES)....cciiiiiiiiieiiiiiiee e 237
Figure IX39: WAXS profiles of annealed PABET copolymers. (a. PAPET60; b. PAES’CT
50; c. PAESPCT40; d. PAESBPCT20; €. PAES). ...ttt 237
Figure IX40: SAXS profiles of PABSET COPOIYMEIS........uuuuiiiiiiiiiiiiiiesees e 238
Figure IX41: SAXS profiles of PAEECT COPOIYMErS........cocvviiiiiiiiieieeeeeeeeeeeeeeeevesvveenaans 239
Figue IX42: Chemical structure 66%0PAEBBPS100 multiblock copolymers................... 239
Figure 1X43: SAXS profiles of bis A based multiblock ¢ppers..............ccoooviiiiiiiiiennnennn. 241

XXi



List of Tables

Table 141: Table of common form factors for SAXS. Nates glefined as the spherical Bessel
function of the first Kind............ouviiiiiiii e O

Table IV1: Kinetic parameters at 220, 225, 230 and 235 °C for SsPR3a2id SsPS3.28B .. 94
Table V1: Fit Parameters from sPS (H), SsPSBIpEky (B), and SsPS3REndom (R) post

isothermal crystallization at 220°C fOr L NQUI ... 121
Table V2: Fit Parameters from sPS (H), SsPSBIpEky (B), and SsPS3REndom (R) post
isothermal crystallization at 235°C fOr L NQUI.........iiiiiiiii e 121
Table V3: Fit Parameters for SSPSS5TBHCKY.........ccccooveeiiiiiiieeeeee, 121
TableVil:/ | £ Odzf G SR LI N} YSGSNE dzaAy3 | L2t &RAa&aLISNE
peak observed in randomly functionalized samples..............ccccciiiii, 150
Table Vi2: Calculated parameters using the Kinning and Thomas-Sphére model to model
thE MURIPIETS......ce e e e e e e e e e e e e nneeees 150
Table VA3: Fit parameters extracted using the Kbdel fromFigure VA7............cccoovnee 152
Table Vi4: Fit parameters extracted using the model fréfigure V8. ............ccccvviiiinennnnn. 154
Table VI5: Fit parameters extracted using the model fréfigure V-O................................. 155
Table Vi6: Fit parameters extracted using the model fréfigure VA10..............oevvvvvvvnnnnnn. 156

Table VH1: Tabulated results of crystallite sizes derived by using the Scherrer equatioh76

Table VH2: Tabulated results of crystallite sizes derived by using the Scherrer equation with the

low angle reflections remMOVEd............ooiiiiiiii e 177

Table VH3: Tabulated results using the Williamsétall analysis method.......................... 178

Table 1X1: Fitting Parameters from the Kinning and Thomas Model for SAXS Curves of DABCO
SaltContaining Copolymers with Various Countertans...........cccceeeeeeeeeeeeeeeieeeeeeeeeeeeeee 206

Table IX2: Summary of form factors from SAXS analysis.........cccccevvevvriiveiiiiiiiiiiiininnnn, 214

Table 1%3: Scattering vector maxima and calculated Bragg spacing from the SAXS profiles of the
BB P LORGEEIIES ...ttt e e a e naees 219

Table 1X4: Domain pacing of PESBBT samples as synthesized and annealed............. 223

Table IX5: Calculated parameters for the linear correlation function BS@PBT segmented
block copolymers with 10 kg/mol PESu segments using a paracrystalline (ideal).lattic228

Table IX6: SAXS calculated Bragg spacings of polyurethanes based on different soft segments.



Table 1X7: Interdomain Distance for SAXS HBE .......cooviiieee e, 241

XXxiii



List of Abbreviations and Chemical Formulas

% ¢ Percent crystallinity (volume or weight)
aPS Atactic polystyrene

sPS Syndiotactic polystyrene

Random Solution state functionalization
Blocky Gelstate functionalization

SsPS Sulfonated syndiotactic polystyrene
APS Advanced Photon Source

DOE Depatment of Energy

nm Nanometer

a.u. Arbitrary units

cnrt Inverse centimeters

q Momentum transfer vector

1(q) Intensity as a function of momentum transfer vector
2d Twice the scattering angle

=3 Wavelength of light

FWHM Full width half max of a normadistribution
Mw Weight average molecular weight
DSC Differential scanning calorimetry
XRD X-ray Diffraction

WAXD Wide-angle xray diffraction

SAXS Smallangle xray scattering

USAXS Ultra smalangle xray scattering
DMA Dynamic mechanical analysis

AFM Atomic force microscopy

TEM Transmission electron microscopy
Tm Melting temperature

Tc Crystallization temperature

Ty Glass transition temperature

wiv % Weight per volume percent

A Angstroms

pH Heat of fusion

pH Heat of fusion at 100% crystallinity

XXIV



FundingAcknowledgements

National Science Foundation (NSF)

This material is based upon work supported by the National Science Foundation under Grants

DMR1507245 and DMR923107.

AdvancedPhoton Source (APS)

This research used resources of thavanced PhotoSource, a U.S. Department of Energy (DOE)
Office of Science User Facility operated for the DOE Office of Science by Argonne National
Laboratory under Contract No. B¥C0206CH11357. Re authors would like to thank Dr. Jan
llavsky and acknowledge the use of beamline@ldr USAXSAXSand WAX@xperimentsand

for accepting and assisting with the general user propGaalP49574. The work idChapter Vi
Introduction to USAXS and Ammaltions of USAXS to LeRgnge Phase Separation in lonongers

utilized data that was collected using this general user proposal.

XXV



Chapter |
Introduction to lonomer Morphology and Research Objectives

Introduction

lonomers are polymers that generally contain lesartil5 mol% of ionic functionality
incorporated into oas sidegroupto a hydrophobic polymer backbone through copolymerization
or postpolymerization modification of a homopolymé&?.lonomersare aclassof materials that
have sparkeda great deal ofacademic and commercial interegiue to the morphological
arrangements they can possess dhd properties that these ionic moietiesan impartwith both
the ionic characteristics, as well as, the peofes already pssessed by the parent
K2 Y2 L2 f dvopheliicdbackbondonomers can be utilized in anety of applicationsuch
asthe compatibalization of two polymefs’® where thereis a large difference in polarity ofro
components, acting as interface between the two incompatiiheses lonomers can also be
used tohelp improve adhesion in incompatible polymer systéhi3by lowering the interaction
energy between neighboringphases lonomers can also be important in processes for
purification of water, includig desalination and removal afiy ionic componerstthat can &ect
water quality?®3? Additionally, ionomers have been fountb be important in creating
membranes for fuel cell membranes by aiding in the transport of both water and ions from the

anode and cathodé>*3

lonomers can be used in a wide variety of applicatittvas requireadvanced materials

This necessitates the need to describe relationship between the emergent properties and the



morphological arrangement of phases in these systems. These studies are fundamental to
developing methods to improve the desired propertiasonomers and can aid in methods for
designing the architecture and proceasgiprotocols for use in a variety of applications that can
help improve advanced material¥he incorporation of these ionic component can give rise to
properties that are much ifferent than the nonionic counterparts by providing both
hydrophobic and hydrophilic characteristics to these systebmth in solutiori*®® and in the
solid-state’®"4, allowing for synergistic properties in these materidany of these properties

that differ from their nonionic counterparts can be attributed to the phase separated
morphology that forms in ionomer systems where there is a nonpolar backbone with polar
functional groups. A discussion of the morphological models describing this behavior is presented

in the following section.

Morphological Models for lonomers

A variety of morphological models have been employed to describe the arrangement of
phases withirionomers in order to capture how the hydrophilic ionic phase can phase separate
from the hydrophobic polymer backbone. There are many interactions that can drive the type of
phase separation that occurs in polymers, including but not limited to, the ofgfenctional
group used, the choice of count@n, in respect to, counteron size and charge densitihe
polymer glass transition temperatur@olymer dielectric constanthe rigidity of the polymer
backbone, length and rigidity of the attached furctal group, plasticizain, and processing

conditions.



There are many competing models that can accurately describe several aspects of these
systems but no single model seems to be able to accurately predict a generalized description of
the behavior of tlese systemsFirst several qualitative models had been proposed to describe
the morphology of these ionomers, most notably the models proposed by Bonotto and Bonner
in 19687 as well as, the model proposed by Longworth and Vaudhatso in 1968. The
Longworth and Vaughan proposed that the ionic peak that arose in-smglié xray scattering
datafrom poly(ethyleneco-methacrylic acid) and its corresponding salt foratsa Bragg spacing
of 5.0 nm, is due to ordering of hydrochon chains between aggregates rather than the
aggregategshemselves However, this model does not properly reflect the fact that a more
intense peak is observed for the lithium salt of these ionomers compared to the cesium salts.
Additionally, it does notproperly reflect the relatively similar melting point artegree of

crystallinity between the salts and the acid form of these ionomers.

Several other qualitative models have been proposed that attempt to account for the
GA2YyAO¢E LIS | 2 o are Nihg st odels{tHat-whas pRposel to describe the
scattering peak observed in ionomers was proposed by Eisenberg in”19% theoretical
model proposes that when the concentration of ions reaches a critical nuthieeelectrostatic
F2NOSa oAttt FlL@2N GKS FR2ANILA 2 ¥ I 2NS 33 LIS SN OK
hydrocarbon chains within these aggregates. These aggregates that contain only ions and their
associated functional group were termed multipletd. was additionally proposed that
electrostatic interactions between these multiplets could potentially cause these multiplet
structures to agglomerate into a phase separated domain, termed clusters. The formation of

these clusters is favorable due to elexgtatic interactions, but are energetically unfavorable due



to the elastic forces from the nonpolar matrix phase. This model proposes thdiala@ace of
electrostatic forces and elastic forces is energetically favorable fofaimeation of clusters in
random ionomers with a low dielectric constaarid at some critical ion concentratiodowever,
this model did not attempt in any detailed way to analyze the features of small anglg X

scattering data.

More in depth theoretical approaches were also prepd by Forsmarf Dreyfus/® and
Datye and Taylof® based on a similar idea of electrostatic and elastic forces. These studies
arrived at similar conclusions to the theoretical model proposed by Eisenberg, but provided
additional insight.Based on experiments that were performed by Earnest and cowofkers,
Forsman suggested that the aggregation of these ions may cause the polymer coil to expand upon
aggegation. wever, Squires and coworkers suggestiedt this expansion of these polymer

coil is unnecessary to describe thaiiw aggregation in random ionome#s.

Marx and coworkers proposed that the SAXS peak arises from the electron density
difference between the cations in the ionic aggregate ane kiydrocarbon backbone of the
polymer® The size of these aggregates are proposed to be very small and are treated as points
on a paracrystalline lattice. While this model can qualitatively describ&S#HXS data, it doestno
satisfactorily account for the presence of tgtass transition temperatures observed in dynamic
mechanical analysis. Binsbergen and Kroon in 1973 proposed a similar model which assumes the
scattering centers and points at the centof spheres, which have random packidhis model
is fundamentally similar to the model proposed by Marx, and also fails to account for the two

phase behavior seen in the dynamic mechanical behavior of these systems.



Yarusso and Coep proposed a hardgphere model that proposes that these ionic
aggregates possess and liqiiike ordering with a specific minimum distance that ionic
aggregates can be away from each otBEFhis model can successfully model #agy scattering
OdzN3Sa 20aSNWSR YR A& Ay SEOSt t SyiddiothcBENESY Sy
polystyrene ionomers. This model again makes no attempt to reconcile the observed phase

separation observed in DMA.

A very successful model proposed by Ding and cowdtKess been proposed to describe
anomalous SAXS data that is able to accurately describe the entire SAXS profile. This model,
similar to the Yarusso and Cooper model treats these ionic aggregates as hard spheres, but
includes an additional contributiorotthe scattering profile from lone pairs of ions that exist in
0KS YFGNRE YFGSNAIE® ¢KAa Y2RSt adz00Saa¥dzf
characteristic small angle upturn that is observed in ionomer systems. However, this model does

not make amattempt to describe the mechanical data observed in DMA.

MacKnight proposed an additional model in 1974 that that attempted to model tta/x
scattering peak in poly(ethylereo-cesium methacrylate) ionomers using another type of eore
shell modeB” MacKnight proposed that the ions would exist as a cluster with a radius 0.@
nm containing approximately 50 ion pairs. Surrounding this ion cluster is the shell, which is
composed © hydrocarbon chains from the polymer backboneadnight proposed that an
electrostatic potential between the cluster and matrix ions controls the size of this shell. This
distance between the cluster ions and the matrix ions is estimated to be appradyrabnm.
tKA&a Y2RStf O2yaARSNAR (GKS aAz2yAdé¢ LIS G2 6S R
than interparticle distances. This model may be able to provide a plausible explanation for the

5
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accounted for by the relatively large size of the cehell particle.

Roche proposed a similar model to that ofadKnight®® However, akey difference
between these models is in the proposed geometry of the cluster in the-sloe#t model. In th
Ol &S 2 TnodeRh®hasSpmaosed that the central ionic core is actually a lamellar geometry
instead of a spherical geometry, and the sloelhsists of aepleted region of ions on either side
of the lamellar coreSimilarly,to a O Y y A mAddél, & spacing between the core and shell
accounts for the SAXS peak and the size of the-sloedl aggregate could provide a possible

explanation for the observation of multiple phases in ionomers.

The model developed by Eiseerg, Hird, and Moore (EH®)has been widely accepted
as the model that can provide the most accurate descriptionboth the morphological
observations from small angleray scattering(SAXSand the observatiorof multiple distinct
mechanical phases from dynamic mechanical anal{fBMA) The EHM model has many
advantages compared to these other modedse most obvious advantage is that it bears no
apparent inconsistencies with both SAXS and DMA observatians.consider the observations
from SAXS data EHM, the model assumes that most of the scattering occurring at1(&aam
4.2 nm)arises from intemultiplet scattering. This intenultiplet scattering ariseprimarilyfrom
within an individual cluster fitracluster), although there would be some contribution from
scattering between clusters (interclustesgattering. This behavior will be described latethis
dissertationwhereY I 6 KSYI 6 AOFf RSAONARLIIAZ2ya 2F (kSas
like hardd LIK S NB  It¥sadlifidnallydimportant to note that this model does not require any

electrostatic potential between multiplets, in fact these clusters form due to a local proximity

6
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rather than a condensation into clusterBhis model predictthat the average behavior can be
entirely described by the shape and size of aggregates, and the intracluster distribution of

aggregates.

.. ® Ly
‘e 9
® o
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@

\

Multiplet Structure Cluster Phase

Figurel-1: Eisenberg Hird Moore morphological modétiapted withpermissionfrom
MacromoleculesCopyright 1990 American Chemical Society.

DMA has shown that these polystyrene ionomer syst@émfact show two loss tangent
peaks exist, corregmding to the presence of two glass transition temperatureg.(This
indicated to Eisenberg, Hird, and Moore, that there were in fact two mechanically distinct phases
even at ion contents as low at 2 mol% in poly(styreaesodium methacylate) ionomes8
However, SAXS analysis has shown that there are not two phases that are continuous in respect
to changes in electron density. The EHM model accounts for this behavior by assoatitig
multiplet structures have a shell of polymer surrounding multiplets that are restricted in mobility.
These restricted shells can form a continuous, mechanically distinct phase when there are

enough multiplets in the matrix that these restrictedlpmer chains from neighboring multiplets



begin to overlap with each other. This feature of the model accounts for the observation of two
distinct QA Ay (KSaS .Rhesg eye&dhersialsd abSavidianges in the relative

magnitude of the two a B KSYy (GKS O2y OSYyaGN» A2y A& OKIy3
changes in the relative volume fraction of clustered and wteled material Figurel-1 shows a

pictorial representation of this model.

lonomer Architecture

The architecture of ionomerhas a large impact on the material properties that can be
obtained in these systems. Architecture in this case refers to the placement and sequence of ionic
groups along the polymer backbone. The greatest effect is seen on the morphological assembly
of the attached ionic moieties into the previously described multiplets and clusters. Highlighted
below in Figure 12 are four examples of the types of architectures that can be considered:
random, block, linear telechelic, and branched telechelic arrangen{atit®ughmore complex
architectures certainly exist)The EHM model attributes different morphological attributes in
respect to mutliplet formation specifically for random ionomers and linear telech®littsis
proposed in this model that random ionomers would create smaller multiplet structures
compared to those observed using telechelid@his can plausibly be explained by considering
steric effects, where, in the case of ramdaonomers there is significant sterfigndranceto
forming large multiplets due to the ionic functional group being attached most often in the center
of chains, thus the mutliplet must allow for more room between adjacent ionic atche to

the fact that two chains must protrude from the multiplet with each ionic attachment. In the case



of telechelic ionomers only one chain end will be protruding from the multiplet surface, allowing
for a higher density of chains to be packed into an individual muttipleis eludes to that there
must be some limiting size for a multiplet with a given polymer backbone that fundamentally

depends on the stiffness of a polymer and the architecture of the polymer.

Random Linear Telechelic

et

Branched Telechelic

Block

M !

Figurel-2 : Schematic of different ionomer architectures. The black line indicates the polymer
backbone and the red circles represent the attached ionic moiety.

In this dissertation our focus is in comparing block ionomers versus random ionomers. In
this case its expected that on a local size scale (on the order of multiplet sizes) that ionomers of
comparable ionic incorporation that block copolymers should form a multiplet morphology
similar to that of random ionomers. Both of these architectures will requa tonic groups
have two attachment ends, since on average ionic functional groups will be found in the middle
of a chain rather than at the ends. However, fundamental differences in the density of ionic

groups does exist between these two architecturas small size scales. Block ionomers of

9



comparable ionic content witlave a much higher densitf polarmoietiesin regions of the chain
where ions are found compared to their random counterparts, which would possess a more
diffuse distribution of ionic ipups along the backbone on average. This effectively creates
regions of high ion density, whi@wcording to the EHM model, mayeate either multiplets of
similar size that are closer together, multiplets that are laygersome combination of these two
effects However, it should be noted again that multiplet size is fundamentally lthbtesteric
factors that will limitthe ability of chains to pack, which would be controlled by the effective

volume of a chain and the stiffness of these chains.

Effed of Counterions

The choice of counterion can have a significant effect on the electrostatic network formed
in these ionomer systems. A great deal of experimental evidence is present in the literature that
has demonstrated differences in ionomers synthkesi used counterions of differing sizes,
valency, and oveall charge densitie®" °°105 The differences in the size and valency of these
counterions can have a profound impact on the strength of electrostatieraction within
multiplets. The strength of this electrostatic network can control both how well ions are able to
be transported throughout the system and the ability of polymer chains to diffuse throughout
the amorphous regions. This can impact the apitift polymers to crystallize with high thermal
input orto effectively transport water or other types of charged ions through a matrix in the case

2T YIFIOSNRFfa o0SAy3a dzaASR F2NJt9acC/ Qao
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Research Objectives

The main goals of this research are to explorertiationship between ionic interactions
and the morphological development of these semrystalline ionomers. Specifically, a
comparison between the morphology of randomly functionalized sulfonated syactiot
polystyrene (RSsPS) andldcky functionalied sulfonated syndiotactic polystyrene-@8PS)it
was already noted in past research that using a blocky architecture leads to significantly improved
crystallization properties such as, higher crystallization rate, higher total crystallinity, and
increagd melting temperaturé®®: 19’However, very little is understood about the morphological
differences that exist when creating these two different chain architectures,itheprudent to
develop a quantitative method to characterize the fundamental differences in phase
arrangements tha exist between these two functionalization methods. In particuldms
dissertationhopes to provides a methodology to explore the size, shape, and distribution of

phases within these matals, as well as, an approximatida explain the sequencing of

sdzf F2y I GS INBdzLJa Ff2y3 GKS oF O 6 2A6dtiodaly, the K S OF

hierarchical structure of the ionic morphology is explored in order to provide a relationship
between the small ionic aggregates and the clustering of theseeggtgs.In particular, this
dissertation will explore blocky architectures that have been produced using a novahtgel

synthesis that will be described further in the proceeding chapters.
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Chapter Il
Research Background Se/iystalline lonomers

Introduction

Althoughsulfonated atactic polystyren&@aP¥ an amorphous ionomer, has been studied
in great detail, many of the industrially important iamers such as Nafion® and Surlyn® are-semi
crystalline in nature and the morphologies of serystalline ionomers are complex thrgdase
systems made up of an ion rich phase, crystalline domains, and an amorphous matrix. Given the
complex interactions tht can exist in these materials, it has been shown that the process of ionic
aggregation significantly influences the crystallization process of-sgsiialline ionomers as
one polymer chain may traverse all three phases of the seystalline ionomet. As a model
semicrystalline ionomer, Orler and coworkers developed a method to produce sulfonated
syndiotactic polystyrene (SsPS)ising a mild pospolymerization sulfonation procedure similar
to that used by Makowski to sulfonatgactic polystyrené Although SsPS may be considered as
a model semcrystalline ionomer, it was found that incorporation of as little as 2 mol% of
sulfonate groups onto sPS sigedlintly decreased the ability of SsPS to crystallize in the ionized

form.?

Morphology of SemCrystalline lonomers

Semicrystalline ionomers can prale a framework for creating polymer networks with

synergistic properties. It has been explained in previoussection that the incorporation of
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ionic groups can drastically change the material properties even when adding only small amounts
of the ionicfunctionality. However, the introduction of a crystallizable backbone in ionomer
systems can be utilized in a variety of applications such as food packagimgmbranes for
filtration,% *chemtal and electrical sensot$1® biodegradable materials;?° proton exchange
membranesit?* and many other potential commercialiyjnportant uses.Compared to their
amorphous counterparts these semicrystalline ionomers bear a tpreese morphology
consisting of amorphous matrix, ionic aggates, and crystalline segments. Each of these

components can impart unigque properties to the polyneanaterialas a whole.

Several important representations have been presented to describe the arrangement of

these phases.Specifically,the work of Longorth and Vaughn presents an excellent

NBLINBASYGraGAz2y 2F gKIG OFry 060S NEFTENNERL (02 | 3

shows a morphology where the crystalline assemblies and the ionic aggregates are arranged
randomly with respecto each other since there is no clear driving fortar a highly ordered
segregation of these morphological featurdhie morphology of both the ionic aggregates and

the crystallites depends greatly on both the physical characteristics of the hydrapbabtikbone
(backbone rigidity, stiffness, crystallizability, matrix diffusion rate, etc.) and the ionic functionality
(electrostatic attraction, matrix diffusion, attached counter ion, etéhese two morphological
structures are also intermittently linkkdue to the fact that a single chain may be involved in all
three phases, since a chain may possess long runs of unfunctionalized eajdealli

homopolymer and polymer with ionic moieties attached.
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Figurell-1 : Representation of the Longworth and Vaughn model for semicrystalline ionomer
morphology Adapted with permission of Natur€opyright 1968 Natur&®

Of particular interest in the scientific communigre Nafior® and Suryl® have leen
studied in great detailNafior®and Surly®are two ionomers that have a distinctly different
backbone and ionic functionality. Nafion® is a perfluorosulfonate ionomer with a
poly(tetrafluoroethylene) backbone, whereas Surlyn® is an ethylene metitaacytl ionomer.
However, due to the fact that many of the commercially available semicrystalline ionomers are
produced via copolymerization it is very difficult to control the molecular weight of these
systems. This makes them difficult to use as modsiesys to understand the link between the
ionic aggregation and the crystallization behavior in these systadditionally the morphology
of Nafion®, while extensively studied, is poorly understood and there are still a variety of models
that are used talescribe the morphology of the ionic aggregates and the crystallite morphology.
These models in include the clustegtwork modelfrom Gierke and cavorkers?2 2’the lamellar

model by Litt and coworker$,the fringed micelle model by Kim and coworkeascoreshell
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model by Fujimura and coworket$,30 the sandwichHike model proposed by Haubold and
coworkers?! the fibrillar nanostructure model by Rubatat antbworkers3%34 the wormtlike
model by Kim and coworkeP8 the Parallel water channel model developed by Schrdhr

and Cherf®asimulated bicontinuous network model by Elliot and coworlk®end the SAXS and
SANS studies performed by Gebel that demonstrated a morphological transformation of dry
Nafion membranes that exists inverse micelles to a rdike structure in the solution staté,
which was evident in other studigerformed by Loppineas well?® “°Clearly using Nafio®as

a model system to study the link between ioaggregation and crystallizatiggresensa system

that is bothdifficult to control inprecise manneandis apoorly understood systemn

In light of this complex morphology a model sergstalline ionomer system cdre used,
thus Orler and coworkers utilized sulfonated syndiotactic polystyrene to study these systems.
Sulfonated syndiotactic glystyrene is a good candidate for studying the link between ionic
aggregation and crystallization for a variety of reasons including the simplicity of the backbone
structure, the fast crystallization rate, théigh thermal stability of this polymer, the
hydrophobicity of the backbone, the extensive information on the morphology of both the
crystalline and ionic aggregate structure in these polymers, and the high stability of the polymers

when sulfonating syndiactic polystyrengsPS)

lonic Influence on Crystallization

lonic groupsprofoundly impact the ability for the homopolymer to crystallize. Orler and
coworkers in fact have shown that in randomly functionalized copolymers that there is little

28



evidence fo crystallization for sPS functionalized with greater thatrBol%of the sulfonate salt
attached? The proposed rationale for the lack of crystalliaatin these random copolymers is
that the ionic functionalities act as defects during the formation of crystallites, thus you cannot
form crystallities containing sulfonated sPBhis has been observed by Orler and coworkers
resulting in a profound redun in the crystallization rate, the melting point of these polymers,
and total crystallinity when a §ficient number of sulfonategroups are incorporated.
Additionally, the strength of the electrostatic network was also found to have a profound effect
on the ability of these polymers toystallize.Orler and coworkers that if the ionic aggregates
contain stronger electrostatic interactions in the cagk N& functionalized sulfonated sPS
ionomers that these semicrystalline ionomers crystallize at both a slower rate and are not able
to crystallize to as high of a total crystallinity when compared tof@sctionalized sulfonated

sPS ionomersThis indicates that the ability to crystallize quickly and to obtain a high volume
fraction of crystallites depends strongly on the chargaslty of the salt used in these ionomers,
where larger counter ions will have a lower electrostatic interaction within these aggregates and

will provide enough mobility for neighboring chains to assennfitie crystallographic registry

Orler in particula studied the influence of thetand the Cssalt forms of sulfonated sPS
and found profound effects on the thermal behavior. First they noted that under-mednch
scans in differential scanning calorimetfp SC)of 2.0 mol% SsPS that thé #rm fails to
crystallize during the time frame of the experiment, while thé<adt tends to crystallize similarly
to the acid form of these polymersA DSC thermograrshown in Figurell-2, shows that while
the acid and the Cdorms both show a clear crystallization exotherm and melting endotherm,

while no crystallization or melting are observed in thesilt It also important to note that in
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these DSC scans, a higheystallization temperature was observed in the @sm was observed
compared to the acid form, indicating a higher thermal input is required when considering

systems that are subject to ionic interactions thali lower the chain mobility of these polyms
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Figurell-2 : Effect of counterion type on the thermal properties of mglienchedSsPS
ionomers containin@.0 mol% sulfonationReprinted with permission dhe American
Chemical Society. Copyrigh#94 American Chemical Socigty

Orler and coworkers in this paper also noted that the rate of crystallization when
considering these two salt forms hawelarge difference in the rate of crystallizatid©Orler
performed Avrami analysis on the crystallization degg(ire #3) ionomers using the following

relationship:

Gt adp s c%y‘lf) ¢ b (1)



> ¢ K S\ fractional crystallinity, K is the kinetic growth rate constant, n is the Avrami
exponent, and t is the time of crystallization. Using this analysis Orler foundhthéinte t takes

to reach half of the maximum crystallinityi6) is twice the amount of time in the case of the K
form compared to the Cdorm. In addition to the increased rate and total crystallinity when
considering the Cdorm compared to the &form, Orle found that the equilibrium melting
temperature changes be a small amount from 264to 262C for the Csform and K-form

respectively.
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Figurell-3 : Fractional crystallization versus time profiles $65and SsP3.0 ionomers
isothermally crystallized at a supercooliof40 C.Reprinted with permission dhe American
Chemical SocietyCopyright 1994 American Chemical Society

Further studies on the effect of count@wns on the crystallization kinetics were
performed by Orleusing DSGyhich studied a wider variety of counter io(figure 1#4).2 Orler

and coworkers found that when neutralizing sulfonated sPS ionomers with a monovalent salt
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that the thermal input required to crystallize these polymers increasamatically, hese results
have also beerpartially confirmed later in this dissertation when the thermal properties of
random and blocky ionomers are studied furthiérshould be noted that the crystallization peak

becomes broader when compared to the abim in SsB.

Rb*

Heat Flow Endo >

Cs*

| | | — 1 1

50 100 150 200 250 300 350

Temperature (°C)

Figurell-4 : Effect of alkali metal counterion type on the thermal behavior of rgelénched SsPS
ionomers containing ion contents of 1.4 mol %. All thermograms are normalized with respect to
sample mas and were acquired during a heating scan of 20 °C/Reprinted vith permission

of the American Chemical Socie€opyright 1996 American Chemical Soclety

The melting temperaturesare also seen to decrease due to neutralization, these
temperatures have been extrapolatedtothe=Tt AyS Ay 2NRSNJ (2 I LILINREA
YSEtOAY 3 GSYLISNI (dzNB ¢ > slworkitkKa? thefes nétiues aqgailibbni@d 0 SR Ay
melting temperature for copolymers as they can never form crystals of infinite extent. The results
show that even for ionomers functionalized at 1.4 mol% sulfonate groups that there is a
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depression in the observedquilibrium melting temperature from 27%& to 268C for the

homopolymer and neutralized ionomers, respectively.
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Figurell-5 : Effect of alkali metal counterion type on the isothermal crystallization ofSSsP
containing ion contents of 1.4 mol % &) 210 °CReprinted with permission dhe American
Chemical SocietyCopyright 1996 American Chemical Soclety

A much more profound effect is observed due to neutralization on ttystallization
kineticswas observed by OrleFigure 15a K2 ga (KS T NI OG®, ZefsusftimeONE a G |
shows that all neutralized salts crystallsdewer than the acid form of SsPS. However, this trend
also shows that the ionomers tend crystallize much slower with smaller counter ioHsaina
much faster with larger counter ions (g hisprovides evidence thahe crystallization kinetics
fundamentally depend on the charge density of these counter ions, where a higher charge

density slows down crystallization due to less chain mobility in these systems.
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Figurell-6 : Effect of alkali metal counteion type on the dynamic mechanical properties of
sulfonated atactic polystyrene ionomers containing 2.1 mol % ionic grdregrinted from
American Chemical Society. Copyright 1996 American Chemical Society

Using dynamic mechanicahalysis shown inFigure 16, Orler additionally observed
significant effects on the mechanical behavior of ionomers functionalized with 2.1 moiéb ion
functional groups. Orler notes in his analysis that when the mechanical behavior is analyzed
below 180C that the storage modulus versus temperature is independent of counter ion type.
However, as is evident in the data presentedHigure II-6 the storage modulus begins to
significantly deviate when considering the rubbery plateau that exists betweerCl&dd 300C.

It can be seen idecreasing counter ion size the rubbery plateau extends to higher temperature
and the temperature at which flow is obsed coincides with this extended plateau to higher
temperature. Hara and corworkers have observed very similar results for sulfonated atactic

polystyrene iolmmers with an ion content of 4.1 mol% This further supports the notion that
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Orler describes throughout his work, which indicates that thenter ion size has a significant

effect on the mobility of chains in these systems, driven by the strength of ionic interactions.
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Figurell-7 : Effect of isothermal crystallization temperature on the Hatfe of crystallization for
1.4 mol % SsPS ionomers neutralized with various counterRapsinted withpermission from
the American Chemical Societypp@right 1996 American Chemical Society

Orler also studied thdependence of the shape on the crystallization temperature v&rsu
crystallization half time (i) curve on the type of counter iofFigure H7). A maximum
crystallization rateappears between the gl(where polymer chains gain enough mobility to
crystallize)and the T, (where chains possess too much thermal energyrystallize)of this
polymer as is expected for any semicrystalline polymer system. Of interest for this discussion
about the effect of counter ions there is again a significant effect on the speed of crystallization
for a given temperaturgvith changing ounter ion size. It should be noted that the crystallization

rates are relatively similar in the nucleation and growth regime (temperatures lower than the
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maximum crystallization rate), but begin to deviate significantly when the rates depend on the
diffusion in these systems. This again supports the claim that larger ions allow for more mobility
in these systems, where the crystallization rate decreases with decreasing size when considering
temperature that are diffusion controlled, effected primarily hetstrength of the electrostatic

network in these ionomers.

35 T T T T
— ()
ol e T20C |
. T =215°C
25 | B .
T =205°C K
- .‘
IRl i}
‘g o ‘.“. L
L 15 F T=200C 0 T Ty 4
& .. R
- .‘_
10 | - &, -
T =190°C R T N v
b AT e e _
@ e ﬁ::::::‘“ ..... '
T =175°C
0r _
1 1 | |
1.0 1.2 14 1.6 1.8 2.0
Tonic Radius (A)

Figurell-8 : Correlation of crystallization halfime with the ionic radii of the alkali metal counter
ions at various isothermal crystallizaticemperatures. Reprinted with permission othe
American Chemical Society. Copyright 1996 American Chemical Society

Similar to tle previousdiscussion when considering the crystallization temperature
versus i (Figure H8), the t2 is effected by the size of the counter ion. Interestingtyis
observed in this papethat the ti> has a linear dependence on the ionic radius.il/ithis
behavior is interesting, it is not well understood why there is such a simple relationship between

the crystallization temperatures, crystallization rate, and the ionic radius. However, the general
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trend further supports that the dynamics of crgfiization are controlled by the charge density

of theions within theionic aggregates in these systems.

Hsu and coworkers observed similar results on similar systems that were researched by
the Moore research grouf?. However, Hsu looked at the effect of sulfonation percentage on the
thermal behavior of the acid form of SsPS. In particular Hsu observed that with increasing
sulfonation percentage that both the melting iob and the total crystallinity was reduced. This
Aa O2yaAraidSyd oAGK NBadzZ 6a GKIFIG FNB LINSaSyidSR
and several other researchers. An example of the changing thermal properties with changing

sulfonate conént can be seen iRigure H9 below.
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Figurell-9: DSC scans of amorphous sulfonated sPS: (A) 6.3 mol %; (B) 4.4 mol %, (C) 3.4 mol %;
(D) 1.4 mol %; (E) 0 mol Reprinted with permission of Society of @meal Industry. Copyright
2001 Society of Chemical Industry.

Lin and coworkers also studied the effect of the choice of counter ion ocryistallization

behavior®® In this case another observation wasesethat has been consistent throughout the
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body of research that surrounds sPS ionomers. It was seen in this research that with the
incorporation of sulfonate groups that the crystallization rate is slowed dramatically, and when
a counter ion is used theaystallization rate becomes even slower than when compared to the
acidic form of the copolymeFigure H10shows crystallization rate data which clearly shows the

effect of both the incorporation of sulfonate groups and the addition of counter ions.
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Figurell-10: Fractional crystallization versus time profiles for (a) SPS and (bHsEPS(c)
SsP&$H-1.7, (c) SsPSa1.7, (d) SsR3n1.7 ionomers noxisothermally crystallized at a cooling
rate of 20 C/min. Reprinted with permission of Society of Chemical Industry. Copyright 2001
Society of Chemical Industry.

Additional studies were performed by He and Yu on maleic anhydride grafted to
polypropylene ionomerémPP)“ In their studies a profound influence of the type of counian
used and the degree foneutralization was also found to have a profound effect on the
crystallization kineticgzigure H11shows three different data sets that reflect the changes in the
crystallization rate.Figure K11 (a) shows a simple comparison of the base polypropgle

homopolymer, where the crystallization rate of the acid form of the functionalized maleic

38



copolymer actually crystallizes faster than the base homopolymer. The authors propose that this

can be attributed to the functional group act as nucleation siscfystalline growth.

In Figure #11 (b) a comparison of different countaons are shown. When comparing the
rate of crystallization the figure shows the following trend in respect to crystallization rate: Na
> Mr?*> C&* > H. The main point for thiparticular research is that it appears as if monovalent
counterions will crystallize faster than divalent ions, and that in this case the acidic form
crystallizes the slowest. This may be acting via a different mechanism than is seen for SsPS
copolymers because the trend suggested by the studies mPP suggests a different mechanism
than that seen by Orler where increasing the ionic radius will decrease the crystallization time (at
a set crystallization temperature). The differences could be that the valenchanging in the
study done by He and Yu, and the type of highest occupied orbital is also different in the case of
comparing MA*and C&". This does however show that exchanging the type of codotehas

a dramatic impact on the crystallization perties.
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crystallization temperature of Naform mPP with different neutralizationReprinted with
permission of Elsevier. Copyright 1999 Elsevier.

Finally, in this study the effect of percemeutralization was investigated. It was found
that a higher degree of netalization with the Nacounterion causes the crystallization rate to
increase. Within the context of this study this is consistent with the data fajare H9 (c)that
shows the Naform crystallizes faster than the*lfbrm. Thus, if more of the cofymer exists in

the Na form one should expect that this will promote faster crystallization.
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Figurell-12:t £ 2 1 & 2 X)] Vergus ktffoy NaMdrm mPP Reprinted with permission of
Elsevier. Copyright 1999 Elsevier.

The authors in this study also investigated the impact of cooling rate on the rate of
crystallization. The authors found that increasing éhcooling rate actually decreases the
crystallization half time (f2). This is consistent with the theory of crystallization that the chain
mobility must slow down enough to be able to crystallize, thus, a faster cooling rate will allow
the samples to reeh the optimal crystallization temperature more quickly. This trend is shown

in Figure #12.
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Influence of Chain Architecture on Crystallization

Significant differences are observed in the crystallization behavior when comparing
different ionomer architetures, of particular interest for this dissertation are the comparisons
between a blocky architecture and tlh@ndom architecture in ionomers. The primary motivation
for creating blocky architectures is to improve the ability of these polymers to crgstaihich
can improve the thermanechanical stability of these ionomers. As noted in the previous section
the development of crystallinity is significantly inhibited when ionic groups are incorporated in a
random fashion, where the crystallinity is almesitirely inhibited when including more than43
mol% of ionic groups. Preliminary work on these systems were performé&it.lyonyaenson
and myself that show significantly improved crystallization rate, total crystallinity, and higher
melting temperaturewhen a blocky architecture is uséd.*® These observationsvill be
elaborated upon further in the discussion of our current research of these systems of blocky

systems created through functionalization in the-gtdte.

Conclusion

Semicrystalline ionomers can create unique morphologiest contain both ionic
aggregates and crystallizable components. A very simple model of these morphologies has been
provided by Longworth and Vaughn showing a possible description for randomly functionalized
semicrystaline ionomers using a random netwdthwever, depending on the choice of counter
ion used in these systems many of the thermal properties can be significantly influenced, which
appears to fundamentally depéron the charge density of thenic functionalities. The strength
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of these ionic ingractions can fundamentally dictate many of the crystallization properties,
including the melting temperature, crystallization temperature, ability to crystallize,
crystallization kinetics, and the mechanical behavior at high temperatti@sever, in thecase

of randomly functionalized ionomers the ability to grow a crystalline component is significantly
limited due to the fact that randomly distributed defects will prevent crystafian in these
polymers. th order to retain the synergistic properties b&ving both an ionic component that

can transport ions and a mechanically and thermally stable crystalline phase a different sequence
of ions can be musbe created, such as blocky sequencing of ionic compondntghis
dissertation a blocky functionaéiion method is being studied that allows for the creation of
semicrystalline ionomers with a high ion content that may be more useful in advanced materials
applications where both high ion content and aalbzability will be desirablenlorder to be ake

to finely tune these properties a new morphological model to describe the distribution of the
ionic components and crystallized components could be of great use for designing the

architecture and processing conditions.
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Chapter Ili
Introduction the Small Angle Xay Scatteringas a Probe of lonomer
Morphology

Introduction

Small angle xay scattering(SAXS)s a technique commonlysed to find structural
information concerning phase separated materials in the randeroh to several micrometers
This technique is performed by measuring the scattering angler@yxfrom a material using a
collimated xray sourceand then measuringhe signal from these scatteredrays using some
form of xray sensitive detectorSAXS has been found to be esiply useful in the field of
polymer sciencelue to the frequent occurrence of incompatible chemical components when
dealing with blended pgmer systems, block copolymers, and semyistaline polymers, all of
which may phase separat&vhere each phase often will have a significant difference in the
electron density which is necessary to resolve phase separation with SEXSsize of objest
that can be measured usingray scattering is only limited by the diffraction limit for a given
wavelength when considering very large angdesd the size of the detector pixelsmall
dimensions < @1 nm) and the ability to resolve extremely small sgvery large size scales up
to several micrometers). This allows one to probe dimensions small enough to see
crystallographic information corresponding to the ordering of crystalline objects, as weh@s
rangeinformation that can correspond to iroscopicphase separation or collections of phase
separated materialsuch as ionic aggregates and the clustering of these aggregjatasier to

completely understand how scatteredrays can be used to describe the distances of nanoscale
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objects the theoy of xray scattering can be used, and will be described in the proceeding
sections.The next section will describe the theory behind the observed diffraction patterns from

light and the dependence on the geometry of the scattering centers that are Ipeaipd.

Scattering Vectors in Small AngleNd- @ { OF GG SNAY3IY . NIF 33Qa

Firstthe scattering from two identical scattering centédsand M is consideredsuch as
in Figure 141.2 3 These scattered-rays will be measured at a plane tangent to the vectr
which corresponds to thencident beam direction. Ae vectorsof emitted waves fronO and M
are usedio compute a phase difference between these two vectavkich will depend on the
distance between the center® and M. A phase difference between the two wave vectass

calculatel as follows:

cpd (1)

where, d defines a path length difference between the two scatterethys. This path length

difference can be calculated as follows:

d ab ot o | | | o 2)

Herem andn aredefined as the projections @ onto therays passing throughl. SandS define
the unit vectors in the direction of the scattered and incidemays respectively andis a vector
that describes the path between scattering cen®rand scattering centeM. Using these
relationships between theectors the phase differencés definedin terms of the unit vector$

andS, as well as the vectarjoining the two scattering centers
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J cp o> 3)

, Wheresis just asubstitute variable defined by

¢ 49 @

vV - _—

The scattering angle ‘can be relatedo the magnitude of the scattering vectsias follows:

C . .~
se -0fI (5)
The value of can be substitutedor the more commonly used momentum transfer vectgyto

obtain a more familiar version of the Bragg equatiamerery ¢pi, which gives the following:

qn Poet (6)

Finally, this equatioris relatedii 2 G KS NBLISF G &L} OAyS RNEARRWOIYH
between the two scattering centers by considering that p#Q Substituting this relationship in
for the equation 6), another form of the Bragg equatios obtainedin terms of the distance
between two scattering centers.

CQOE+ _¢ (7
Where, n is the diffraction orderlf we considerthe periodic system that can hasaultiple
interference maxima like would be expected for Yodrgpmas double slit diffractiorin Figure
[1I-2 an example of doublslit diffraction is shownwhich ircludes contributions from both
scattering from the width of the slit (the single slit envelope scattering) and the distance between
two adjacent slitsThis diagram shows how interference forms from plane waves and then will
form diffraction patterns fromconstructive interference between these two slits. fact, this

diagram shows an example of what would appear from a lamellar type scattering where two
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adjacent planes are arranged in parallel to each other, where the pattern will have both a

component fom the shape of the slit and the average distance between slits.

Incident beam direction

Figurelll-1 : Diagram of scattering vectors from interference between two scattering centers O
and M.

Incident Plane Double-Slit Diffraction
Waves Pattern

Single-Slit
Envelope

Figurelll-2 : Example of double slit diffraction pattern (equivalent to lamellar scattering).
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Scattering from a Free Electron

In order to calculate the amplitude from a set of scattering particles pgtudentto derive
the scattering fromthe simplest unit of scattering, the scattering length from a free electron.
First a reference frame for the scattering of a free elecigoonsideredin this case an electron
at the originis usedO, andaplane polarizedpolarized in the XZ planefigure 143) x-ray passs
through the electron? 3 The electron will accelerate when subjected to the oscillating electric
field B, where the amplitude of this electric fieldgs ‘O ‘QFa , wheree is the electron charge
andm is the mass of the electron. The electron will eamd electric fieldn the Z directiorat
point P that can be calculated as:

Q
0  OF - 3P (8)
aw |1

where, r is the magnitude of the vect@P, m =9.1163 103'Kg,e = 1.6 10*°coulombs and c

is the speed of light

Nexta beam polarized along theaxis is considered. Since the polarization direction is
no longer perpendicular to the direction of the oscillating electron, tesulting electric field

vector magnitudemust now be computed by using the following cross prdu

Q Alcd
0 0 —p3 9)

1

a w [

By computing a beam polarized in both thexs and e Yaxis, this allows computation

of the scattering froma beam of arbitrary polarization. The magnitude of the electric field vector,
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B, can e computed by considered the Y and Z components and tisenig/thagoreon theorem
to compute the magnitude of this vector.
0O Oy Op (20)
For an unpolarized beam this equation can be transformed in terms of the expectation

values of O and Oy, , which will ey the following relationships:

O @0y O 0y O (11)
6oy O Oy O g‘o (12

From these relationships we can compute the flux yeit area, which wilhllow for computation
of the differential scattering cross section. The flux is proportiongDto O O and can

thus be defined as follows:

O

Q  pp Al é&— (13)
aw i C

where,’O O . The unit ar@discat the pointPsubtends a solid angle gfat pointO, therefore

the energy scattering in the directio@P per unit solid angle per second of scatteredays is

computed as:

Q AT €
o o P Ao (14)
aw C
where, — is the classical electron radiug, The term |=-can be renamed in a form familiar

form termed the differential scattering cross sectiags follows:
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IQ . "
il ’ | 7 15
0 @ i (15)

Thus the scattering length desity is trivially calculated as:
p AT O (16)

This scattering length densitfpe) is fundamentally related to the description of the
scattering intensity. These individual partiglarticle scattering intensities can be extended to
include collections of particles if a summation over all states is included. This summation can
either be computed explicitly, in the case of simulated systems, or through a continuous
approximation. Throghout the rest of this dissertation the continuous approximation will be the
primary focus, as this wilprovide abase equation to develop models that describe the
approximate size, shape, and distribution of electron density in a variety of phase sparat
systems. The next section will focus on the extension of dleiscription ofsingle electron

scatteringintensity to continuouslectrondistributions.

56



Figurelll-3 : Vector Diagram for scattering of aeé electron with a plane XZ polarizeday
parallel to the Xaxis.

Scattering from Multiple Centers

For an ensemble of scatteriragnters,the scattering amplitudas definedas a function
of the momentum transfer vectoq, by computing a sum over atattering interaction3.First

this summationis definedas follows:

6 ® Ownn'di (17)

In this caseA(q) is the normalized amplitude of scattering aind is the position of the ®
scattering center. A continuous approximationezfuation 17is usedm order to truncate this
equation into a simpleform, rather than computing an esedmely prohibitive explicit surover
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the ensemble of functional groups preserithis approach of usindjscrete positionsan be
redefinedin terms of acontinuousnumber density distributiom(r) as follows byeplacing his

summation with the integrand of the number density distribution function
0n Wil Oon@i Qi (18)
Thena term called the scattering length density distributicainbe defined using the following
relationship
ri w e i (19)
Substituting the scattering length density distributimto the amplitudesquationthe final result
for computing the amplitude function in equatias obtained
0n ri oon'@i Qi (20)
In order to compute the intensity of this function the magnitude of this equatsnalculated
For complex functions the magnitude must be computed as the produg{@fandA*(q), where

A*(q) is the complex conjugate @i(q). Thus we arrive at the scattering intensity for an ensemble

of scattering centers:

™) o0nR o' N ri Qo ‘@i Qi (21)
This equation can be used to define different distributions of particles in terms of both collections

of particles within a given phase (intraparticle scattering) and the scattering between phases

(interparticle scattering)ln the following sections methods for computing theg®roximations

58



will be described in order to develop the models that will be used to describe the scattering data

from the semicrystalline ionome systems studied in this dissertation

Scattering fromDilute Particles

The scattering for a dilute system of particles can be defined fairly simply by considering
the scattering to be the product of the number of scattering centers and the scattered intensity
arising from a single particle with a given dipslistributionr (r). We can definehtis in terms of
the relationship derived by Guinier and Fourndet:

‘O v 00N (22)
, Wwhere K is a constant that scales the intensity in terms of the source used and the sample

characteristicsN is the numbe of scattering particles, ang(q) is called the form factor. The

form factor,Hq), defines the singleapticle intensity function

The form factor for a sphere is derived here for two reasons, it provides a simple
demonstration of the derivation of form factors, and it is an equation that is fundamental to
many of the total scattering equations used thrdwyt this dissertation. Firse spherical
collection of scattering centewith a homogeneous densiig consideredThe scattering length

density distributionis described mathematicalps follows*

Ly r i Y
! m i Y (23)

, Where r is defined as the distance from the center of the sphere and R is the radius of the sphere.

Additionally,Hq) can be defined as follows:
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o v F QY (24)
, Where yis the sphere volume an& A=| is the integrated sphera form factor defined as:
. O . o= LU R T
F Q'Y r,],—YOEnIY nYA T oY (25)
Equations 22, 24, and 2bcan be combined to the scattering intensity function fbspherical
particles scattering.
™) 00UV F RY (26)
Thisgeneral form can be expanded upon to include the interferences between neighboring
particles, as will be described in the next sectidany other form factors can be used
alternatively to describe these types of dilute systems, shown b@olable 1141 is an exanple

of the most commonly useshapeghat have high symmetrfor dilute systemg.
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Tablelll-1: Table of common form factors for SAXS. Ntes defined as the spherical Bessel
function of the first kind.

Form Factor Shape Form Factory a
.y o A st T
Sphere on H—Y ORIY NYAINY
. cQu |
on < Qm
Ellipsoid v

O A6m 6 p m 7

Al coQRYOETOEfOAI LP

Cylinder "On, - OEITQ]
1 AYOET  HoAllp
”n r c AT 2~ € Al \ r’] n
Lamellae on n— Al d Own —~

Polydispersity in Dilute Particle Systems

In order to include the effects of multiple sizes of particles a distribution function that will
give some probability to having a set of a particles ofvargsizeas included into the intensity
function. This will become important when considering the size of clusters of ionic aggregates, in
particular when obtaining quantitative information about the distribution of collections of ionic
multiplets.In orde to considetrthis, the intensityfunctionthat arises from intraparticle scattering
(i.e. the form factor)s modified by integratingver all possible particle volumes. As an example
the equation derived previously for the scattering intensity functicerided for sphereds

modifiedas follows®
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o ws sonso i 001 Qi (27)
Where,9 zis the electron contrast between phaségq)is the form factor described previously,
V(r)is the distribution of density in the particle volum,s the number of particleand P(r)is
the probability of a scattering center of radiiIn order to increase the stability and speed of

computation used for a fitting procedure we can compute this equation explicitly by using several

finite bins of the particle radir,.>

o) WS sonsw i 001 Wi (28)
The two distributions that have been employed in this dissertatioh mdlude both a
Gaussian distribution and the Logrmal distribution. The Gaussian distribution is used to treat
systems with high symmetry in the distribution of sizes, whereas tha&domal distribution is

used to treat systems that have some minimaize cutoff, yet caalso have shapes that possess

a large radiusn the distribution. The two functions are defined below of&)and LN(r)®

w m
oi —L_oen P27 (29)
Vg p ¢ .
Oown & o m7¥c,
0 0l d — — S (30)
w w » G p

Scattering from Concentrated Particles

In order to include both the scattering due to the shape and sizeadigbes, as well as,

the distribution of particles another contribution to the scattering must be included termed the
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for monodisperse scattering particlés®
™) 00 0On YR (31)
Where,S(q)is a term to describe the interparticleray interference intensity, given by

O Rl ,
— |

T (o} (32)

Yn p 1pe Qi p

In this equatiom is the number density of particles awr) is the radial distribution function of
particles.This equation must be solved under specific conditions to provide eitherdlosm
solutions, as will be seen for the ligdie hard sphere structure factpor numerically if more

complexsolutions tog(r) are used.

Many different approximations exist for describing the structure factbmost notable
importance ighe decouping approximatiof °and the local monodisperse approximatiétiThe
fundamental differences between these two approximations that the decoupling approximation
assumes that the scattering from trséze and shape of particles is completely independent of
the positions and distribution of these particles. The local monodisperse approximation assumes
the opposite, the size, shape, and position of these particles are highly correlated on small size
scdes. The derivation shown in the proceeding section utilizes the local monodisperse
approximation, since there will be a spherical shell included on the outside of particles, which
will inherently dictate the relative positions of these particles. In fact, f & dzOIK NJi K © NR ¢
models utilize a correlated position and shape in their derivation, which will allow us to distribute

particles in space with no overlapping positions.
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Liquid-like Hard Sphere Structure Factor

In order to compute a distributiothat essentially defines the distribution of particles in

I G EAAURR F NNF yISYSyid 68 Ydaad a2t @S GKS Sljdz A

(equation 32. Using a liquidike ordering will allow us to describe an arrangement of particles
that are separated by some minimum distance that will be terme8 thd NI RA dza 2 F
I LILINE RdD) &nél ared separated bgn average volume occupied per parti€). The first
consideration that must be made to mathematically provide a solution tosthécture factor is

to consider the form of the radial distribution functiog(r). First g(r) is castinto the two body

correlation function h(r12) as follows?!

Qi Qi p (33)
Ornstein and Zernike porposed a solution |o> , Which breaks the problem up into
two components. The first component is to describe the direct correlation between particle 1
and its nearest neighbor particle 2 amiden a second component is included to extend this
interaction to all other particles. Ornstein and Zernike proposed a simple solution to this

problem:?

Qi Wi ¢ wi Qi qa (34)
The first component of the equation, the direct correlation functid» is a term that

describes the short range ordering of particles (nearest neighbor interactions), whiciuiekly
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decay to zero with increasing separation distance. Percus and Yevick have derived a useful

approximation for this direct correlation function using the following expression:

ol 'othL-p Dmhéi—ni (35)
QY QY
Wertheim'4 and Thielé®independently derived the direct correlation function with an analytical
closedform expression foa hardsphere fluid.They solved this equation under the following
conditions; wherr >R (where,Ris the sphere radius) both » andc(r)will be zeroKinning and
Thomad® derived the following set of relationships, whevee consider < 2R c¢(r) can be cast

using the following polynomial solution to the PereYsvickin order to approximate the

correlation function:

~

Wi | bl T (36)

where the polynomial coefficients are defined as follows:

I p ¢h Tp h (37)
b oh p hic Tp h (38)
g HhI¢c p ¢ch Tp h (39)

, [
T Y
Ry S 41
h —p— (41)

In this deivation, A, is the hardsphere volume fraction. The Fourier transform of the Ornstein
Zernike equation can be combined wititerferenceequationto obtain:

o~ s p
M S ErR (42)
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where,C(q)is derived by computing the Fourier transform of the dtreorrelation function from
equation 34 as follows:

O Hjll ,
— |

A Qi (43)

o n o | bi T

This integrand has been evaluated by to give the following closed folutian to the structure

factor.
~ p
Y — 44
L p ¢ % 00 fo (44)
.whered ¢n'Y and
o~ N A 8 R T omk r W oA
Oo — OBl 0AI00O — coOBlI ¢ 0 AlIOO ¢ +— o0 AldO
0 0 0 (45)

T 00 @ AT6O 6 @b OBl ¢
The normalized structure factor can be given by catimg S(0)(the structure factor at zero

angle) which gives ¥» , thus the normalized structure factor is Sim%ﬁt > a.

LiquidHlike HardEllipsoid Scattering Intensity

In order to treat crystallite systems a different set up modelast be employed to
properly account for the asymmetry in particle dimensions that occur due to the existence of a
lamellar fold surface versus the lateral surface. There are several ways to account for anisotropic
dimensions in this case, including theswslamellar form factor, cylindrical form factor, or in this
case an ellipsoidal form factor. It may prove to be artificial to distinguish between these three

cases, however, using the ellipsoidal model allows for the use of {idg@icordering for the
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structure, which in turn allows us to incorporate something that mimics the inclusion of a rigid

amorphous fraction.

The total scattering intensity for the scattering of ligdikie ellipsoidscan be treated
similarly to the derivation seen in the previosesction for liquidlike hard spheres. First to start

we consider a scattering intensity in the familiar Zernike and Prins scattering intensity:

‘O 000 YN (46)
where, again we have scaling constants to define the amplikiaed N, the liquidlike structure

factor S(g) and finally the ellipsoidal form factor.

To define the ellipsoid shape a major and minor axes are defin@dad B respectively.
In order to create a form factor that is free of any orientation effects the form factor must be
averaged over all orientations, this can be done be averaging the spherical Bessel fahti®mn

first kind (j(v))used for computing tb anisotropic spheroid as follovist’- 18

o QU
"on ) (46)
0
where,
0O nom 6 p m 7 (47)
and
. OBl ATwO
QY — (48)

0 0

The Fractalike nature of Polymer Interfaces
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The last component that is critical to treat is the scattgrthat arises from the matrix
LIKFaSd ¢KS a0l ddSNAYy3a FTNRY (KAa O2YLRYySyl

scattering. Scattering from fractal like objects can be approximated as folfows

. , 0 49

0 N (49)
, where K is defined as the Porod constant, which in this isageated an amplitude variable
and d represents the fractal dimension, which can be used to either describe surface fractals or
mass fractals. If & 23 this would be considered scattering arising from heterogeneity of
interfaces within the system. A fractal dimension of d-4 &uld be linked to the powdaw like
scattering that arises from scattering of Gaussian chains. However, no real significa
morphological parameters are needed from this particular fit at the moment and can be thought
of as part of treating the background scattering of the sys&nte no significant geometric

parameters areusedfrom this component for describing the diditition of phases in these

ionomer materialsalthough they could potentially be used in a future analysis

Total Scattering Intensity fronThree Phase Systems

Using the intensity defined for each component the total scattering intensity can now be

consideed from the linear combination of scattering intensities:

0 N on O O §O) O (50
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, where’O s the liquidlike hard sphere scattering from multiplet® is the liquidlike hard
ellipsoid scattering arising frorarystallites, O is the Porod scattering from the matrix
components, andO represents the background intensity and can be generally regarded as
constant throughout the rangeOne note of caution for this method of describing the tota
scattering intensity is that this assumes that these scattering entities are entirely independent of

each other. This assumption is used to reduce the complexity of modeling these systems.

Fitting this function requires a particularly robust fitting algiom to avoid divergent
solutions and often require good initial guesses for the parametdrs.order to fit these
components each component must be transformed into an algebraic form so the residuals can
properly be compared. In order to perform thestsfiwo different methods were used. For fits
that contained a crystalline component the Levenbdtgrquardt®, a variant of the Gauss
Newton method! was used. For the interpretation ofata that was taken at Argonne National
Labsusing their ultrasmallangle xray scattering systenthe standard fitting method used in
IgorPro has been used, which using a least squared fitting method utilizing maximum entropy

regularization? %

Contrast Variation

An alternative represatation of the scattering intensity can be used that casts the
equation in terms of three primary components; the intraparticle scattering (the form), the

interparticle scattering (the structure)na the contrast between phasés?
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O % w”0on Y (51)

, Where 9 zis the contrast difference between two phases in a phase separated systéme. If
electron density fromwo phases; and” are consideredthis contrast termcan be expanded

as follows:

L T T T T T (52)

The expansion shown above shows a basic justification for the Babinet principle, which states
that the intensity of a given component contributing to the SAXS intensity dependhe
difference between the scattering length density of each phase. Howdverphasewhich is

lower in scattering length degity cannot be distinguishedithout apriori knowledgeln this case

the contrast between phases can be used to representriiative differences between the

amorphous iorArich phase andhe crystalline ioAree phase.

Conclusion

A theory for the treatment of small angler&y scattering data has been described here.
This derivation and description builds upon the fundameptalsics of scattering single particle
systems and extends these calculations to collections of particles. This treatment allows one to
compute critical geometric parameters that can describe many important aspects in phase
separated systems including tseze, shape, and polydispersity of individual particles, elbasg,
the distribution ofthese particles relative to each other. These treatments are important for

studying phase separated systems in order to connect the morphological description ofatsateri
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to their thermal and mechanical properties. Ultimatgbroviding an accurate picture of these
materials will provide a wealth of information for understanding how phase separated materials
can be altered and firuned in order to optimizeéhe properties ofhigh-performance materials

that may be valuable in both scientific research and commercial produnctsis research it has
proven to be extremely useful in quantitatively describing the fundamental morphological
differences in both the ionic andrystalline components when comparing the syndiotactic
polystyrene homopolymer, randomly functionalized sulfonated syndiotactic polystyrene, and the

NBEOSyif e RSaOdRedundiondized siidhated syrdiStdctic polystyrene.
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Chapter IV
Synthesisand Thermal Characterizatioof Random and Blocky
Sulfonated Syndiotactic Polygtene lonomers

Abstract

Blocky sulfonated syndiotactic polystyrene (SsPS) copolymers were produced using a
recently developed postpolymerization functionalization procedure conducted in the gel state.
The thermal properties and crystallization behavioaahatched set of blocky and random SsPS
copolymers containing 3 and 10 mol % sulfonate groups were compared using differential
scanning calorimetry (DSC), which shows that the blocky functionalization architecture displays
a much faster rate of crystalidion even at low sulfonate contents and a higher crystallizability
at high sulfonate contents. The glass transition temperature for geldtatetionalized
copolymers was found to be independent of sulfonic acid content above 4% sulfonation,
consistent wih behavior observed in previous studies of sodium styrenesulfonate block

copolymers.

Introduction

Earlier it has been described in ti@hapter Iithat Orler and coworkers have shown
through extensive study that randomly functionalized semicrystallinenaoers will significantly
inhibit the ability for these systems to crystallize at high ion contéftSucha pronounced
decrease in the ability of a polymer to crystallize at low ion contents may be a challenge in

utilizing SsPS in applications where high ion content and a high degree of crystallinity are
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desirable (e.g., in membrane applications). For example, a proton exchange membrane for fuel
cell applications requires high ion content for the transport of evaand ions through the
membrane>® A proton exchange membrane must also possess mechanical stability to withstand
harsh fuel cell operation conditions and low solvent swelling behavior as Wiéle mechanical
integrity necessary for operation in harsh environments such as elevated temperature with low
swelling ma be derived from a membrane containing a reasonable crystalline compdhent.
Consequently, it would be desbke to produce a sensrystalline ionomer with a degree of
sulfonation that is appropriate for proton conduction and a high degree of crystalthity.
Crystallinity has been linked to improved barrier properties and decreased membrane swelling
in the presence of solvent€. Additionally, crystalline domains have been proposed to act as
physical crosslinks that enhance mechanical propetfids.order to produce systems with both
a high ion content and high crystallinity, blocky ionomer architectures arggbevestigated.
McGrath and coworkers have shown that block ionomers possess unique and
advantageous morphologies that enhance proton conductivity and hydrolytic stability against
swelling over random or statistical copolyméfs-or multiblock polyarylethersifone (PAES)
copolymer systems, the hydrophilic, sulfonated PAES segments provide the ionic character,
which is necessary for proton conduction, while the hydrophobic poly(arylene ether) segments
lends hydrolytic stability* Moreover, the creation of multibldc copolymers with long runs of
hydrophilic and hydrophobic segments facilitates the formation of micropisaparated
microstructures, which have been shown to enhance proton conduction. The increased proton
conductivity of the multiblock system, relater to the random analog BPS33 copolymer

membrane, was attributed to enhanced connectivity of the hydrophilic regions within the
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hydrophobic matrix* and directly related to the ionic content and the hydrophilic/hydrophobic
block lengths® Furthermore, in a similar study, block copolymers were found to exhibit greater
proton conductivity than their random copolymer analogs wiséudied in the partially hydrated
state!® 17 In order to take to take advantage of these superior morpholpmperty
relationships, there is great interest in finding experimentally simple and economicallglolesir
methods to produce these block ionomer architectures.

The Moore research group haeveloped a pospolymerization method to sulfonate
syndiotactic polystyrene to yield a blocky distribution of the sulfonate groups along the polymer
backbone'® This method is based upon conducting the sulféoraiprocess while sPS is in the
solventswollen, semrystalline gektate. sPS gels can be formed from a variety of solvents,
which forms a physical network consisting of both crystalline and solvent swollen amorphous
domains? 1 2°During the course of the reaction, the sulfonating reagent is sterically excluded
from the crystalline domains, and thus is only capable of reacting with the sedveriten
amorphous chain segments in the seonystalline gel netwrk. Our working hypothesis is that
this gelstate reaction creates a blocky architecture, which inherently preserves long sequences
of unsulfonated (and thus crystallizable) sPS homopolymer segments separating runs of
sulfonated SsPS units along the po&r chains.

It is important to note that other groups have reported heterogeneous functionalization
reaction schemes for serarystalline polymers. Polyethylene powders have been suspended in
chlorinating reagents, in an unswollen state, to achieve akyldunctionalizatior??® Borriello
and coworkers, employed a heterogeneous reaction scheme in the sulfonation of cast or

compressioAmolded sPS films to create materials suitable for absorbing volatile organic
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compounds from watef? In this work, the authors proposed that during this seitdte reaction,

a uniform sulfonation of the amorphous phase is obtained, while the crystalline phase remains
unfunctionalized. Howeveg A y OS GKA & &2t AR adGl 0SS 2N aodz 1 & 3
interplay of diffusion and reaction processes, it was shown for compressaded films, that

this procedure created a gradient of sulfonation from the interior to the exterior, sirtoléihat
observed earlier for aPS filmsFor cast films, a more uniform sulfonation across the film
thickness was observed, along with a noticeable decrease in crystallinity with increasing
sulfonation. More recently, Borriello and coworkers created sulfonated aerogels of sPS by
exposing bulk gel specimens to chlorosulfonic 8¢ithis procedure is similar to thdescribed

in this report; however, sulfonation througbut the bulk specimen (6 mm by 35 mm) could be
non-uniform compared to small (sumillimeter) gel particles. While this study clearly
demonstrated preferential sulfonation of the amorphous componiarthe semicrystalline gels,

no evidence was presented to indicate the formation of a blocky architecture that could preserve
crystallizability in subsequent processing. Our current study is focused on exploiting-thatgel
morphology to template thefunctionalization chemistry as a means to create a blocky

architecture along the polymer backbone that preserves crystallizability.

Experimental

Materials
Syndiotactic polystyrene (Questra 102) having a weight average molecular weight (M
of 310,000 g/mb was obtained from the Dow Chemical Company. Reagent grade 1,2,4

trichlorobenze (TCB), methanol, sulfuric acid, and potassium monopthalate were obtained from
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Fisher Scientific. Hexanoic anhydride, benzyltrimethylammoniuim hydroxide, and benzoic acid
werereceived from Sigma Aldrich.
Preparation of Sulfonation Reagent

A mild sulfonation reagent (hexanoyl sulfate) was prepared according to previously
published procedurésusing TCB as the solvent. TCB was added to a volumetric flask containing
0.03 moles of hexanoic anhydride per mL of sulfuric acid. The TCB/hexanoic anhydride solution
was cooled in an ice bath for 1 hour, and theiid mL (depending on éhtarget degree of
sulfonation) of concentrated sulfuric acid was added to the chilled solution and shaken vigorously
to allow for complex formation. Additional TCB was then added to the fill the remaining space
in the volumetric flask.
Random Sulfonabn of Syndiotactic Polystyrene

sPS was dissolved in TCB under reflux for 1.5 h to yield a 10% w/v solution. After 1.5 h,
the solution was cooled to 70 °C and then additional TCB was added to yield a 1% w/v sPS
solution. The sPS solution was allowed to elrate at 70 °C under a nitrogen purge for 1.5 hr.
After equilibration, the appropriate amount of sulfonating reagent was added, and the reaction
was allowed to proceed for 1 hour at 70 °C under a nitrogen purge. After 1 h, 10 mL methanol
was added to thesolution to terminate the reaction. The solution was poured into a large excess
of methanol (~ 2L) to precipitate the copolymer, followed by filtration and washing with
deionized water. For the random copolymers containing higher than 5 mol% sulfonetioyh,
ether was used to precipitate the polymer instead, and water was used for the entire washing
process in order to avoid dissolution of the polymer into methanol. The random SsPS precipitates

were filtered and washed with deionized water repeatedly ibatl remaining traces of TCB,
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sulfonating reagent, and methanol were removed. The resulting polymer was dried under
vacuum at 100 °C for 12 h.
Blocky Sulfonabn of Syndiotactic Polystyrene

Syndiotactic polystyrene was dissolved in TCB under reflux%adn 1o yield a 10% w/v
solution. After 1.5 h, the solution was cooled to room temperature. Upon cooling, the 10% w/v
sPS solution was allowed to remain at room temperature for 24 hours. During this cooling
process, the sPS solution crystallizes and soaphysical gel. The solid gel was manually broken
in small, submillimetescale particles using a spatula. The sPS gel particles were diluted in
additional TCB to yield a 1% w/v sPS suspension. The spS8tgdt dispersion was allowed to
equilibrateat 70 °C under a nitrogen purge for 1.5 hr. After equilibration, the appropriate amount
of sulfonating reagent was added and the reaction was allowed to proceed for 1 hour at 70 °C
under a nitrogen purge. No visible change in the sohsrspended gel picles was observed
during the course of the reaction. After 1 h, 10 mL methanol was added to the dispersion to
terminate the reaction. The dispersion was poured into a large excess of methanol in order to
precipitate the polymer. The SsPS particles wigtered and washed with deionized water
repeatedly until all remaining traces of TCB, sulfonating reagent, and methanol were removed.
The resulting polymer was dried under vacuum at 100 °C for 12 h.
Determination of Degree of Sulfonation

The randomly andlocky sulfonated SsPS copolymers were redissolved in 95/5 viv
TCB/methanol for 1.5 h to a yield 0.5% wi/v solution. These 0.5% w/v solutions were used to
determine the degree of sulfonation via n@gueous titration with methanolic

benzyltrimethylammonimm hydroxide. The benzyltrimethylammonium hydraxidwas
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standardized using benzoic acid. SsPS ionomers of low sulfonic acid content and high ion content
were prepared. Low sulfonic acid content SsPS containing 3.2 to 3.5 mol% sulfonate groups are
identified as SsPS3.5Random and SsPS3!Btbcky, where the Hlenotes the copolymers are
in the acidform. The Random and Blocky nomenclature denotes homogeneous functionalization
of SsPS in solution and functionalization of SsPS in the&aje| respectively High sulfonic acid
content SsPS random and blocky copolymers were also prepared for this study containing 9.2
and 10.5 mol% sulfonate groups, respectively. These copolymers are identified as
SsPS9.21Random and SsPS10Bibcky.
Differential Scanning Catimetry

Thermal behavior and crystallization kinetics of the SSPS copolymers were studied using
differential scanning calorimetry (DSC). A TA Instruments Q2000 DSC was used to probe the
thermal behavior of SsPS. Dried powders of the sulfonated copolyanershin film samples
with controlled thermal history were analyzed. Thin film samples were prepared for these
experiments by thermally pressing each sample between Kapton sheets at 200 °C and 3000 psi
for 3 min using a Carver laboratory press. The S#RS were allowed to cool to room
temperature under ambient conditions after removal from the press. Samples from the
thermally pressed films were die cut and placed within aluminum DSC pans. The weight for each
sample was maintained betweenc@B mg.

DSC analysis was performed under a continuous nitrogen flow to minimize sample
degradation. The glass transition, crystallization temperature, andmgelemperatures of the
SsPS3l'Random and SsPS3Btbcky copolymers were determined from the sec@f8C scan,

after erasing the thermal history, using the TA Instruments Universal Analysis Software.
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Isothermal crystallization was carried out for the low sulfonic acid content SsPS copolymers. TA
Instruments Universal Analysis software was used to analyeeresulting DSC traces. The
crystallization haltime, t, the time at which the material reaches 50% of its maximum
crystallinity, was obtained from isothermal scans at various temperatures, and was used as a
measure of the crystallization rates of thendom and blocky sulfonated SsPS copolymers. The
thermal transitions of the high ion content ionomers were evaluated from the DSC heating scan,

post isothermal crystallization.

Results and Discussion

The strategy for producing a blocky SsPS ionomertanthre is depicted irFigure /1.
A homogenous solution of sPS will crystallize upon cooling the solution from elevated
temperature to room temperature. Over time, the number and size of the crystalline domains
increase until a physical gel is formedr the initial homogenous solution. The physical network
within these gels consists of the crystallites (acting as Awittional physical crosslinks) that
are linked together by solversgwollen amorphous chain segments (acting as ties chains). The
presence of crystalline domains, that establish the gel structure, provide a means by which to
preserve sequences of unsulfonated material when the sulfonation process is conducted within
the gelstate. During this gedtate sulfonation process, the sulfonan reagent (represented by
the red circles irFFigure 1\¥1) is not able to penetrate within the crystalline regions. Thus, the
sulfonation reagent is only able to react with the amorphous chain segments spanning the
solventswollen domains between the phigal crosslinks. Consequently, we hypothesize that
Goft2014a¢ 2F LINIAIffe adzZ F2yl SR at{ OKIAYaA
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sPS homopolymer isolated within the crystallites. In contrast, it can be sdegure V1 that
conductid (KS adzZ F2y Il GA2y LINRPOS&daa ¢gKATS at{ Aa
random placement of sulfonate groups along the polymer backbone with comparatively shorter
sequences of unsulfonated material. The aforementioned method of sulfanaf$ while in the
gelstate may provide a very simple pgsvlymerization modification approach to create a
blocky placement of sulfonate groups along the polymer backbone. The thermal properties,
crystallization behavior, and morphologies of these mailerare investigated to elucidate the

effect of these distinct sulfonation methods on ionomer architecture and properties.

Solution State Sulfonation Gel State Sulfonation

Amorphous
Region ("‘ﬂ N
'{-\q;.&q )-'-‘-iti‘in J
Crystalline AR
Domain aa‘v&*\ AL/
NN ool
s i \./E g‘.‘*.—‘«":ﬁ.‘.”*
ulfonation Q’
Reagent 'S , e J b

FigurelV-1: Diagram of solution state and gsfate sulfonation pospolymerizaton methods.

Thermal Analysis

DSC thermograms of the low sulfonic acid content SSPS copolymers SSR&315H,
SsPS3.21Blocky, and the sPS homopolynaae shown inFigure 1¥2. The thermogram for the
sPS homopolymeiF{gure 1\¥2) contains three thermalransitions: a broad endothermic event

near 175°C, followed by a small exothermic event at 19D, and then prominent melting
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endotherm at 270°C. In the vicinity of 190C, solventreated sPS is known to undergo a

0NF ya¥F2N)IF (A 2grm eyt Strudturekosuf sl Q- fy a» h 2 NJ i ONRAGI f
near 270°C?": 28 Since the sPS homopolymer sample in this analysis was precipitated from TCB
(consistent with the process used to isolate the Ssipdlgmers), the observed thermal events

below 200°C are thus attributed to the helical to dthns crystal transformation. Similar to the
behavior of solvent treated sPS, the lightly sulfonated copolymers also show thermal transitions
near 190°C Figue 1\£2), attributed to the helical to alirans crystal transformation, and the
YSEtdAYy3 2F GKS h |y Rk 2 RG. itis iotdi@stng to fote LlddwevierytBaNlIK &
the exothermic event near 19T for the SsPS3.8RAndom sample is much more dmsti than

that observed for both the SsPS3Bitbcky and sPS homopolymer samples. During the-time

frame of this heating scan, we suspect that the reorganization event that establishes-tianall

crystal forms is delayed in the random copoly/idyielding a more pronounced separation of

the overlapping endothermic and exothermic events) due to the close proximity of the

interacting defects (i.e., the sulfated styrene units) to the crystalline stems.
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FigurelV-2: Relative heat flow versus temperature of sSPS homopolymer (H), SsPR&eldm
(R), and SsPS3.Bibcky (B) copolymerSamples were precipitateflom TCB, annealed at 150
°C for 2 hours, then quenched to room temperature prior to scanning 8C2in. (b) Samples
were isothermally crystallized from the melt at 280 for 2 hours prior to scanning at Z0/min.
All thermograms have been vertibabffset to facilitate comparison.
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FigurelV-3: Relative heat flow versus temperature of sSPS homopolymer (H), SsPR&eldm
(R), and SsPS3.Bibcky (B) copolymerS§amples were isothermally crystallizééom the melt
at 200°C for 2 hours prior to scanning at Z0/min. All thermograms have been vertically offset

to facilitate comparison.

Given the consequence of the sulfonate groups acting as structural defects along the sPS
chains, it is not surging that the melting point for both of the sulfonated copolymers during
the heating scans (as shownRigure 1\2) is observed to be depressed from 270 °C (for the sPS
homopolymer) to 260 °C and 266 °C for the SsPSR&tdom and SsPS3Btbcky copolyrers,
respectively. Following isothermal crystallization at 2@0for two hours Kigure 1\/3), the
melting point of the SsPS3.8RAndom copolymer is further depressed to 2%7, while the
melting point for the SsPS3.2Blocky copolymer remains at 266 (earer to that of the sPS
homopolymer at 272°C). The higher melting point for the blocky copolymer suggests the
presence of thicker crystalline lamellae relative to the random analog. This behavior may be
attributed to the gelstate functionalization, wich is expected to inherently preserve longer runs
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of crystallizable sPS units between the functional defects, and thus allow for the formation of

thicker crystals during this isothermal crystallization process.
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The area under the melting endotherms of the datdigure 1¥3 was used to determine
the overall degree of crystallinit%, for these samples using the following relationship:
w0

® P

The value of "O for sPS is 82.6 Jf§. The degree of crystallinity for the SsPS3Blbcky

copolymer K. = 35%) is nearly identical to that of the sSPS homopolyder 86 %). In contrast,

the degree of crystallinity of the SsPS3BBindom copolymer is siticantly reduced X = 26%).



Although the thermal properties of the random and blocky copolymers are only
moderately different at low degrees of sulfonation, our previous work has demonstrated that the
crystallizability of random SsPS at ion contents &8wmol% is severely limitéd.However,
based on our working hypothesis that the @#hte functionalization can preserve crystallizability
and effectvely decouple the functional group aggregation phenomenon from the crystallization
process, it is of interest to explore the impact of this prospective route to create blocky
architectures at significantly higher degrees of sulfonatiofigure ¥4 compaes the DSC
thermograms of the sPS homopolymer to that of the highly sulfonated SsPBauadtbm and
SsPS10.5Blocky copolymers, following isothermal crystallization. It is clear from these data
that even after thermal annealing, the SsSPS9R&hdom copolyer is not able to crystallize and
remains completely amorphous. In contrast, a large melting endotherm is observed at44 °C
the SsPS10.5Blocky copolymer, indicative of the development of a high degree of crystallinity
during the annealing periodThis behavior demonstrates that the egthte sulfonation process
indeed preserves the crystallizability of the SsPS copolymer at a high degree of sulfonation, and
lends strong evidence (albeit indirect) supporting our hypothesis that the heterogenedus ge
state functionalization reaction yields a blocky architecture that conserves long runs of pure sPS
units between functional units. In contrast, the homogeneous solution state functionalization
yields a random architecture, with statistically shorter swof pure sPS units between sulfonated
units, which completely inhibits crystallization. Moreover, after isothermal crystatizaat
200°C for 2 hours, the degree of crystallinity for the SsPS1BIbeky copolymer is measured to
be X = 23%. Surprisgly, this high degree of crystallinity for the blocky SsPS copolymer

containing 10.5 mol% sulfonate groups is 66% of that for the pure sPS saxapie36%)
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crystallized under the same conditions. Again, this remarkably enhanced crystallizability of the
S$S10.5KBlocky strong evidence for the blocky architecture stemming from thestgéd
functionalization process, which preserves a significant quantity of long runs of crystallizable sPS

units dong the functionalized chains.

Differential scanning calorietry has revealed key differences in the role of
functionalization in gestate on the architecture. The relative peak heights of each crystallization
SE20KSNXYZ 6KAOK A& Ay RB dystalite ®Spuladichs ini tKkeSsamyp.t | (G A &
Additionally, 1 is important to note the increase melting temperature in blocky functionalized
systems when compared to the randomly functionalized analogue even at low ion contents,
which is indicative of the increased thermal stability of blocky functionalized mégetiais
evident from this data that there may be multiple populations of crystals both in size and in
polymorphic composition. However, some of the lower temperature peaks may be artifacts of

the experiment during the heat or are the melting and recrilsgation of smaller crystallites.
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FigurelV-5: DSC thermograms for sample preparation procedure used in scattering experiments.
Heat flow versus temperature of sPS (H), SsP3B.8B), and SsPS3!EH(R) pst-isothermal
crystallization at 220°C , 225°C , 230°C , and 235°C for 1 hour using a heating rate of 10°C/min.

Crystallization Kinetics
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The effect of ionomer architecture (random versus blocky) on the crystallization behavior of
the SsPS materials was/aduated using DSC isothermal crystallization experiments. The
development of crystallinity witii a matched set of SsPSE'Random and SsPS3:!Btbcky

copolymers was monitored by applying the following relationship:

%;2 :

Q

The expression given in equation 2 represents the bulk fractional crystallinity of the
functionalzed copolymer system$Q 0 and is equal to the heat evolved during isothermal
crystallization at a specific tintelivided by the total exothermic heat generated during the entire
crystallization process. Figure V6 displays plots ofO 0 versus In time for isothermal
crystallization temperatures of 220, 225, 230, and 235 °C for the SsPR&rldm and
SsPS3.21Blocky copolymers. Comparing the isotherms of the SsPS3a2dom and
SsPS3.21Blocky copolymers, it is evident that both copolymare crystallizing on a comparable
time scale for the lower crystallization temperatures. For higher crystallization temperatures,
however, the two systems diverge where the SsPSRBRIdky copolymer is observed to

crystallize significantly faster thahé random analog.
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FigurelV-6: R(t) versus In time at 220, 225, 230, and 235 *GRYEsPS3.21R andB)SsPS3.218
copolymers. Polarized light micrographs {&) SsPS3.21R and(B) SsPS3.21B copolyners
captured at 30 min during isothermal crystallization at 285

Polarized light microscopy of spherulites growing at an isothermal crystallization
temperature of 235°C show (irFigure 1¥6) that the SPS3.2Blocky copolymer yields a lower
nucleationdensity relative to the SsPS3R&andom copolymer. This behavior may also be
attributed to the blocky vs random architecture. The long runs of crystallizable sPS segments in
the SPS3.21Blocky copolymer, that are well removed from the sulfonated uaits,expected to

have a relatively high mobility. In this nucleation controlled regime, high segment mobility
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reduces the rate of primary nucleation. For the SsPSB&iktlom copolymer, however, the
shorter runs of crystallizable sPS segments, that arelase proximity to the interacting
sulfonated units, are relatively restricted in their mobility. Consequently, the rate of primary

nucleation is enhanced in the SsPS3R&hdom copolymer.
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FigureIV-7: Crystallization hakltime versus crystallization temperature for SsPS3dom
and SsPS3.2Blocky copolymers.

To quantify the differences in the rates of crystallization between the SsP&ag#bm
and SPS3.2Blocky copolymers, crystallization htithes, tv, were extracted from each of the
crystallization isotherms. In addition, a complete Avrami analysis of the crystallization isotherms
is provided in the Supplemental Information, includedrigures IV8R, 1¥8B and TablelV-1. It
is clear from the d& in Figure I\V¥7 that the crystallization halfimes for the SPS3.2Blocky
copolymer are significantly shorter (i.e., a faster rate of overall crystallization) than that for the
SsPS3.21Random copolymer, especially at higher crystallization temperatufd® faster rates
of bulk crystallization for the SPS3 Btbcky copolymer may be attributed to a higher population

of long sequences of unsulfonated sPS runs between sulfonated units that more readily associate

93



into crystallites compared to the randommalog containing a statistically lower population of
long sPS sequences. Upon cooling from the melt, as the polymer chains attempt to pack into
crystalline structures, sulfonic acid groups act as defects in the polymer chain and are rejected
from the growng crystalline interface. With a homogeneous distribution of defects (as expected
for the SsPS3.ZRandom copolymer), it is reasonable to suspect that the probability of
SyO2dzy i SNAY3 I AGaRSFSOGADS aidSYé¢ RA Fcompared/ 3 (2
to a blocky distribution of defects. Rejection of these encountered defects increases the time
required for crystallization to occur and leads to longer crystallizationtima#fs, as observed for

the SsPS3.2Random copolymer. Given the polymbic nature of sPS, it is also of interest to
note that the faster crystallization kinetics for the blocky copolymer occurs despite a greater
population of the slower crystallizirmform®©relative to the kinetically favored-form, which is
discussed in deptin Chapter V.

TablelV-1: Kinetic parameters at 220, 225, 230 and 235 °C for SsP83a2id SsPS3.2B

SsPS Kinetic 220 °C 225 °C 230 °C 235 °C
Parameter

SsPS3.2HR

t% (min) 4.64 9.56 32.51 65.99
n 2.53 2.41 1.74 1.69
K (mint) 7.9x10° 2.1x 10° 1.4 x 10° 54x10°
SsPS3.2HB

t%2 (min) 2.89 4.57 7.16 36.45
n 2.65 2.48 2.08 1.78
K (min™h) 3.2 x 10 2.2 x 107 1.3 x 107 3.1x10°
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FigurelV-8: In [-In (1-Xc(t))] versus In t at 220, 225, 230, and 235 °C for (R) SsHSau2iH(B)
SsPS3.518. Fit lines are shown in black in the graph used to determine the Avrami parameters

shown inTable 1\/1.

Glasdransition temperature analysis

As mentoned in the introduction, Weiss and coworkers found that changes in the glass
transition temperature with increasing sulfonate content could be used to distinguish between
random and blocky architectures of sulfonata@cticpolystyrene produced by the coentional

post-polymerization route and an emulsion polymerization route, respectively. In their study,
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the random SaPS system showed a linear increase in glass transition tempeigjunett{
sulfonate content over all compositions, while tfigof the blocky SaPS system was found to
become independent of sulfonate content at high degrees of functionalizdtigkssuming that
the intermolecular interactions that affect the glass transition (i.e., the aggregation of polar
sufonate groups yielding physical cragsks that restrict chain mobilityj are operative in both
atactic SaPS and thgyndiotacticSsPS systems, it is of interest to see if a giaialysis would
provide evidence of blockiness with the gthte sulfonated SsPS.

Figure 1¥9 shows a plot of the glass transition temperature versus mol% sulfonation for
both the random and blocky SsPS systems. Up to about 4 mol% sulfonation, ethssgsow
a linear increase in the glass transition temperature with increasing degree of sulfonation.
Beyond 4 mol% sulfonation, the random system continues to display the expected linear trend,
while the blocky SsPS deviates significantly. In contwaketrandom system, the glass transition
temperature for blocky SsPS reaches at maximum at 104 °C at 4 mol% sulfonation and then
becomes independent of the degree of sulfonation at higher contents. Since quench rescans
were used to obtain thdy values m Figure IO, the observed behavior is a purely amorphous
response, without influence from a crystalline contribution. As such, the long runs of
unsulfonated sPS units along the chains of the blocky SsPS are expected to possess dynamics
more comparabled that of amorphous chains in the parent sPS homopolymer (haviggear
100°C). Therefore, in perfect agreement with the earlier results for SaPS, this comparison of the
influence of sulfonate content oy between the random and blocky SsPS systemddestrong

support for the blocky architecture of SsPS produced via thetgé# sulfonation process.
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Hgure IV-9: Glass transition temperature versus mole % sulfonation of SSPS Random and SsPS
Blocky polyners. Linear fit lines have been added as a visual guide.

Conclusion

We have demonstrated a very simple pgstlymerization method to produce a blocky
sulfonated sPS that preserves crystallizability in highly functionalized copolymers. By performing
the sulfonation reaction in the gedtate, long sequences of pure sPS units within the crystallites
are effectively shielded from the reactive reagents. The longer sequences of unsulfonated
material of the blocky SsPS facilitates the ability of these crigsthle stems to pack efficiently
into crystalline structures relative to that of the randomly sulfonated sPS analog. At relatively
low degrees of sulfonation (3 mol%), the blocky copolymer crystallizes significantly faster than
that of the random copolyme At high ion contents of 9.2 mol%, the randomly sulfonated
ionomer is rendered totally amorphous due to the presence of homogeneously distributed
defects along the polymer backbone. In contrast, however, the highly sulfonated SsP810.5H

copolymer is ble to achieve a high degree of crystallinity during isothermal annealing.
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Additionally, further evidence has been presented showing that forsgge functionalized
copolymers the glass transition temperature becomes independent of the degree of didiona
above 4% sulfonation, which is consistent with previous studies conducted by Weiss and
coworkers on sodium styrene sulfonate block copolymer systems. Enhanced lamellar SAXS
scattering contrast of the crystallized blocky copolymer suggests that tlae polfonate groups

are distributed within the amorphous, intdamellar domains.

It is important to note that the gestate functionalization approach described here is not
expected to be limited to sulfonation. Other chemistries, such as halogenatrenguite
possible, provided the reaction is not inhibited by the solvent chosen to sustain the gel state.
Halogentated copolymers produced from this facile approach will greatly broaden the scope of
this methodology in creating precursory blocky architees that could be further modified with
a wide mnge of useful functionalityln proton exchange membrane fuel cells (PEMFC)
applications, the crystalline component within the membrane can enhance mechanical durability
and limit water solubility. Howeveconventional pospolymerization sulfonation used to create
efficient membranes, such as sulfonated poly(eth#rer-ketone) (SPEEK), yields a random
copolymer that profoundly prohibits crystallizability. To effectively decouple crystallization from
functional group aggregation, blocky architectures created through controlled copolymerization
methods are becoming statef-the-art. With the facile approach described in this report, the
process of crystallization within the blocky architecture also inhdyencreases the functional
group concentration in the amorphous phase. This crystallizatidnced concentration of the
functional groups may then lead to enhanced aggregation, and thus improved transport

properties in applications such as PEMFC. mBcewe have discovered that this g&thte
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functionalization approach is applicable to new thermwersible gels of poly(ether ether
ketone)32 which extends this platform of facile lky copolymer synthesis to materials (i.e.,

blocky SPEEK) ideally suited to the harsh chemical environments encountered in PEMFC

operations.
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Chapter V-
Crystalline Morphology of Blocky and Random Sulfonated
Syndiotactic Polystyrene

Abstract

Small angle xay scattering measurements were used to illuminate effects
that using a random versus a blocky architecture has on the crystalline morphology in SsPS
copolymers.lt has been shown that at low percentages of sulfonation that these copolymer
systems appear to be quite similar to each other, although ther@ notable difference in the
contrast seen between phases, where the blocky functionalization appears to have a higher
contrast between phases. When compared to the homopolymer both random and blocky
functionalized samples have much greater contrasplying that there must be ions intercalated
between lamellae within the crystalline structureig is additionally confirmedhen higher
sulfonation percentages are used and the blocky system still retains the high contrast observed
at lower percentagesin fact, the effect of measurement temperature is actually inverted
compared to the homopolymer, where the peak becomes unobservable when the temperature
is elevated. The edftts of annealing temperature weedso characterized, which appears to have
little effect on the lamellar size observed in SAXS (according to peak poditaXpD analysis
shows that the crystalline morphology of random and blocky SsPS are quite different with respect
to polymorphic composition, wherehe blocky copolymer yields a gsificantly greater

composition of the beta polymorph. Enhanced lamellar SAXS scattering contrast of the
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crystallized blocky copolymer suggests that the polar sulfonate groups are distributed within the

amorphous, interlamellar domains.

Introduction

Small angle xay scattering (SAXS) experiments have been performed on these random
YR aof 2O syhdiotadifpdlygtyfdneisgsiems in order to compare the morphology
of both the ionic and crystalline components in these materigsdescribed ihapter 1l) SAXS
can provide both qualitative and quantitative comparisons of the shape, size, and distribution of
phases in phase separated materials. In this chapter the acid form of the randomly sulfonated
andgelda i 1S aof 201 & ¢ mpaedih Gdenid dis®WRr aaytcftical A& enc@®
in the arrangement of the polar sulfonate groups and the 4pofar sPS homopolymer
crystallites. This has allowed for our research group to gain a more fundamental understanding
of the morphological arnagement of these phases. This morphological analysis will provide
greater context for how these two sulfonation procedures allow for different morphologies and
ultimately how these differing morphologies impact the large observed differences in the
thermal properties that have were described @hapter IV Additionally, this chapter provides a
brief description of how the sPS homopolymer, randomly functionalized SsPS, and blocky
functionalized SsPS can have an extensive impact on the polymorphic compasitioese
systems. This provides crucial information on how these structures can be used to manipulate a
variety of crystal forms, which can also be used to tune the thermal and mechanical properties
in these materials. Wide angleray diffraction was usé order to compare these differences in

melt crystallized samples, wheit has been observed that blocky functionalized copolymers tend
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to favor the thermodynamically stable crystal forms, compared to randomly functionalized

copolymers that tend to favahe kinetically favored crystal forms.

Experimental

Small angle sxtay scattering

SAXS experiments were performed using a Rigaka&3000 3 pinhole SAXS system,
equipped with a rotating anode emitting-tdys with a wavelength of 0.154 nm (Cu.Krhe
sampleto-detector distance was 1605 mm, and therange was calibrated using a silver
behenate standard. Twdimensional SAXS patterns were obtained using a fully integrated 2D
multiwire, proportional counting, gaslled detector with an exposuréme of 2 fours. All SAXS

data were analyzed using the SAXSGUI software package to obtain radially integrated SAXS
intensityversusscattering vectog, wheref, — i Q&>X ¢ Aa 2yS KI{tF 2F (K

I YR < -rayivavlen§th. -

Wide angle xray diffraction

WAXD experiments were performed using a Rigaku MiniFlexay xiffractometer
emitting Xrays with a wavelength of 0.154 nm (Cy.KSamples were scanned from 5 to 35
RSaINBSa wu‘ a0 I &aolky NI 0BSLI2AFY h dnipy RESHA NBTS an it i
a potential of 30 kV and current of 15 mAll WAXD data were analyzed using ®BXL 2
softwareLJ- O1 F3S G2 2060FAYy 2! .5 AyGSyaade OSNRERdza +

shifted to facilitate a comparison ofi¢ peak positions.
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Preparaton of Xray Scattering Samples

Films were prepared by thermally pressing each sample between Kapton sheets at 200 °C
and 3000 psi for 3 min using a Carver laboratory press. The SsPS films were allowed to cool to RT
under ambiet conditions after removal from the press. Samples from the thermally pressed
films were die cut and placed within aluminum DSC pans. The weight for each film was
maintained between & 8 mg. Samples were heated from 50 °C to 330 °C at 10 °C/min a&hd hel
at 330 °C for 5 min. Samples were then rapidly quenched to the desired isothermal crystallization
temperature, and isothermal crystallizations were carried out at 220, 225, 230, and 235 °C for 60
min for WAXD analysis and 200 °C for 2 hours for SAX@ianahfter isothermal crystallization
the films were quenched to room temperature at the maximum cooling rate. All samples for SAXS
analysis were prepared to have a degree of crystallinity of approximately 20%, DSC scans of heat

flow versus temperaturer@ shown inFigure IV5 in the previous chapter

Results and Discussion

Characterization of Phase Drgbutions in Sulfonded Syndiotactic Polystyrene using Small
Angle Xray Scattering

Smallangle Xray scattering (SAXS) has been used to develop anrstate of the
ordering of crystallites within the materiaFigure V1 contains onedimensional SAXS profiles of
SsPS3.21R, SsPS3.2Bl and the sPS homopolymer. From the SAXS data it is clear that there are
fundamental differences between the homopolymand the sulfonated samples in the high g
region. The observation of a diffuse peak at high q can be attributed to the presence of hydrogen
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bonded crosslinks being present in the system. The presence of a diffuse peak in the region of
1.5 ¢ 2.5 nm! is corsistent with the interference peak observed for sulfonated polystyrene
ionomers! although to our knowledge there are no reports on the acid form of SsPS published.
There are alsoignificant differences in the peak that appears at near 0.3'tinat is associated

with the morphology of crystallites in these systems. The incorporation of sulfonate groups
appears to increase the average separation of crystallites, indicated by afgshi#tpeak maxima

to lower q. Blocky sulfonation gives rise to an average intercrystallite spacing at some
intermediate crystallite separation compared to homopolymer and the randomly sulfonated
polymer. There is as expected a large difference in thpaegnt contrast of the peaks, where the
incorporation of the sulfonic acid functionality should enhance the electron density difference
0SU6SSyYy UK S-cristline ph&sy a@nd thedmatrix phase. The enhanced contrast in the
sulfonic acid form suggesthat the higher electron density styrene sulfonate groups are likely
isotropically distributed throughout the amorphous matrix and are intercalated between
crystallites Additionally, when comparing the blocky and random samples it is important to note
the change in the small angle upturn for scattering vectors of g < 0:2 mwhere the blocky
sample appear to have a pronounced upturn, which can be observed in the irsiguogé V1. It

has been proposed by Ding and coworkers that this small anglerupt due to a
nonhomogeneous distribution of ion long pairs existing in the matrix material surrounding the
ionic aggregated Tentatively, the more pronounced upturn in these blocky systems may be due
to a higher concentration of ion lone pairs in this matrix in the blocky samples, since the

distribution of ions will be more concéiated in blocky systems than in their randomly
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functionalized counterparts. However, a more in depth investigation, possibly with the aid of

theoretical models would be needed to confirm this hypothesis.
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Figure V-1: One dimensional SAXS profiles for SsPSB.ZB), SsPS3.5M (R), and the sPS
homopolymer (H). SAXS profiles have been vertically offset to facilitate comparison between

curves.

Smallangle Xray scattering (SAXS) is used here to probe thesramd and scattering
contrast of crystallites within the SsPS copolymeFsgure V-2 contains SAXS profiles of the

SsPS9.2iRandom and SsPS10'Bibcky copolymers in comparison to that of the sPS
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homopolymer. In order to provide a comparable volume o&gd separated structures in this
analysis, all samples were isothermally crystallized at@0@rior to analysis. The crystallization
time was controlled to yield an equivalent degree of crystallinity of approximately 20% for both
the sPS homopolymer drthe SsPS10.5Blocky copolymer. Note that the SsPS9R&hdom
copolymer remained completely amorphous as showirigureV-2. The SAXS profile for the
SsPS10.5Blocky copolymer shows a prominent scattering maximum at g = 0.39 winich is
attributed to an interlamellar long period of ca. 16 nm. As expected, the SAXS profile for the
completely amorphous SsPS9!Rdndom copolymer is featureless within thisramge,
consistent with the absence of stacked lamella. While the sPS homopolymer certaitdinso
crystalline lamella of a composition comparable to that of the SSPSEIddy copolymer, the
sPS SAXS profile also shows a featureless, monotonic decrease in intensity ovesirigis. gAs
demonstrated by Barnes and McKenna, this behavior ithated to a lack of scattering contrast
between the crystalline and amorphous components of 8HBe crystalline densities of the

andb forms are 1.033 g/cfand 1.067 g/cri respectively, while the density of amorphous sPS
is 1.04 g/cm.#* With an expected mixed composition of both and b polymorphs in the
isothermallycrystallized sPS sample, it follows that the electron density contrast in sPS is very
weak regardless of polymorphic composition. At elevated temperatures, howeddfegential
coefficient of thermal expansion between the amorphous and crystalline components yields
sufficient contrast to observe a scattering maximéifased on this fundamental principle of
scattering contrast, we propose that the prominent scattering maximum observed at room
temperature for the SPS10.5MHBlocky copolymer is attributed to the presence of relatively

electron dense sulfonate groups dispersed within the amorphous layers between the lamella.
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Upon crystallization, the sulfonate groups are concentrated within the amorphous domains,
intercalated between the lamella, thus yielding a relatively high electron density contrast
between the correlated amorphous and crystalline components of the SsPSBGbky
copolymer. If the sulfonate groups were somehow isolated to regions well removed the
crystalline domains, then the electron density contrast between the amorphous and crystalline
layers would be expected to be identical to that of the homopolymer.
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FigureV-2: One dimensional SAXSfites for sSPS homopolymer (H), SSPSIT®%H), SsSPS9. 2
(R) copolymers. All samples were isothermally crystallized at°@0frior to analysis. SAXS
profiles have been vertically offset to facilitate comparison between curves.

Differences can be seeim the morphology of theSsPS3.51B and theSsPS10t5B
samples in the contrast observed in the crystalline scattering. In this case this further confirms

the hypothesis that these sulfonate groups are arranged in between the crystalline structures. It
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can be seen irFigure V1 that the crystalline peak intensity is enhanced by incorporating more
ionic groups into these blocky systems. This enhanced crystalline peak intensity can only occur if
there is a large difference between electron density of thestaljites and the surrounding
amorphous matrix, this difference in the amorphous matrix electron density is proposed to arise
from the incorporation of highly electron dense sulfonate groups. These sulfonate groups are
intercalated between these crystabis, thus with increasing ion content the contrast between

the amorphous matrix and the crystallites themselves will be increased.

Temperature effects on the crystalline morphology have also been investigated in these
systems in order to compare the randgniunctionalized copolymer, the blocky copolymer, and
the sPS homopolymea demonstration of this can be seerFigure V3. In both the copolymers
and the sPS homopolymer it can be noted that the peak position and shape is fundamentally
similar in all 6 these systems, except in the sPS homopolymer where the crystalline peak (c.a.
0.3 nm') appears to be significantly lower in intensity compared to both the randomly
functionalized copolymer and the sPS homopolymer. However, the peak and shape andpositio
being similar between all of these indicate a fundamentally similar shape and distribution of
crystallites in these systems at low sulfonate group incorporation.

The differences in intensity in the between the sPS homopolymer and the SsPS
copolymers isndicative of a larger difference in the contrast between the amorphous matrix and
the crystallites. The crystallite density and the amorphous matrix density are extremely similar at
room temperature in the sPS homopolymer. When sulfonic acid groups eoepiorated the
contrast is significantly increased, where the sulfonic acid groups will raise the average electron

density in the amorphous matrix, and the density of crystallites will only be affected by changed
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in the polymorphic composition. This leatdsthe observed intensity increase in these systems.
A representation of the changes in the contrast between the amorphous matrix is shown in
Figurev-4® 1 & OF Yy 0S 2v8uss/thefshr¥ of th&®ntrast (which the intensity
scales linearly with) increases by almost an order of magnitude when comparing the
homopolymer to the sulfonated copolymers. Additionally, the randomly functionalized

copolymer and the blocky have nearly the same contrast.

113



(R)

235°C

230°C

225 °C

220 °C

(B)

235°C

=
§ =
—

Log Intensity (cm™)

(H)

235 °C
230 °C
225°C

220°C

q (nm?)

FigureV-3: 1D SAXS profiles of sPS (H), SsPEdaiHy (B), and SsPS3'RAndom (R) post
isothermal crystallization at 220°C, 225°C, 230°C , andC285°L hour.
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FigureV-4: Representation of the contrast between the amphorphous matrix and the crystallit
using the sPS homopolymé&sPS3.51R andSsPS3.21B.

A much more profound effect on the caastcan be seen when consideriSgPS5@sB
in Figure V5. In this sample it was observed that there is actually an inversion of the contrast
behavior compared to what would be expected for the sPS homopolymer. Barnes observed that
when syndiotactic pobtyrene is measured at room temperature the contrast between
crystallites and the surrounding matrix is extremely low, which does not allow for a clear
observation of the crystallite scatteringlowever when samples are measured above the glass
transition temperature scattering becomes readily apparenh this experiment Barnes
measured these samples at %D and observed almost no contribution to the scattering profile
from crystallites, in spite of evidence of crystallinity present in the wide anghy Hiffraction
profile based on the observation of crystalline reflections. Barnes hypothesized that the lack of
crystalline scattering in the SAXS profile was due to the fact that the density of crystallites and
the amorphous matrix are nearly identical.drder to get pronounced contrast in these samples
Barnes measured these samples at higher temperature in order to utilize the differences in the
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coefficient of thermal expansion between crystallites and the amorphous matrix and saw that

the crystalline nterference peak became visible when the sample is measured above the glass
transition temperature.
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FigureV-5: SAXS profiles SsPS5®8Gxky melted at 300C and then isothermally crystallized at
200 Cfor 2 hours. The measurements were taken at two different temperatures during the SAXS
measurement.

Figure V6 shows a pictorial description of the previously described effect for the
inversion of the contrast dependence on temperature. In the case shmwthe left for the
blocky SsPS copolymer, we can see that there is an additional ionic contribution included. This
ionic component is dispersed with the amorphous matrix, thus their individual contributions can
be averaged. In this case the amorphousichdave an overall lower electron density as the
amorphous chains expand due to thermal expansion at higher temperatures, but still possess the

contribution from the ionic components. The system in this case has a higher electron density in

116



the amorphougmatrix compared to the crystalline component at low temperatures and at high
temperatures the ionic and amorphous components combined have a similar electron density to
the crystalline component. When compared to the homopolymer, where at room temperature
the amorphous and crystalline component have similar electron densities, we can see the
difference in behavior. This description gives a clear picture into the physical rationale for the
differences in the contrast dependence on material temperature, drahs that the hypothesis

that makes the most sense is for the ions to be intercalated between crystallites.

SsPS5.1Cs*Blocky sPS Homopolymer
50 °C 200 °C
Pi Pi
50 °C 200 °C
Pc Pa Pc

Electron Density
Electron Density

Figure V-6: Pictorial diagram of the change in contrast due to the material temperature
comparirg SsPS5.1®ocky and the sPS homopolymggis the electron density of crystalline
lamellaey ais the electron density of the amorphous chains, and the electron density of ions.
Quantitative Analysis of Sulfonated Polystyrene Crystallites

A quantitatively analysis has also been performed in order to approximate the dimensions

of these crystallite arrangementk order to properly predict the dimensions of these systems a

script has been written in Mathematica that can fit the scattering curveshese systems.
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Crystallites in polymer systems possess an anisotropic structure, where the differences in the fold
surface and the lateral surface possess a different Gibbs free energy of interaction with
amorphous matrix and different kinetic procesges assembly. Typically, these crystal systems
will adopt a geometry with an elongated fold surface and a smaller lamellar thickness due to
kinetic processes. In these systems it is important to understand the geometry of these
crystallites because the ystallite shape and distribution will allow us to determine the overall
sequencing of the ion rich phase because they will overall not participate in the crystallographic
assembly.

To simulate a reasonable geometry for these systems a Hiweddistribuion of hard
spheres with an elliptical coteas been used for several reasons. The elliptical shape allows one
to determine a reasonable gauge on the aspect ratio of these crystallites in respect to lateral and
lamellar thickness. Additionally, this shapman properly reflect differences in thickness
throughout the lamellar thickness, where the edges of crystals may be thinner than the central
core of these crystals. Using a licilike ordering also reflects the fact that there should be some
minimum disance between crystallites due to the rigid amorphous fraction and the notion that
crystals physically cannot occupy the same space.

Table V1 andV-2 shows the dimensions that have been calculated from this model using
SAXS data collected from annealethpées at both 220C and 235C. It should be first noted that
these models almost certainly reflect the approximate dimensions of these materials, as there is
no polydispersity included in the crystallite size, whiglkelyto contribute significantly tahe
dimensions. In this modelaReflects to the lamellar thicknessy B the lateral thickness,cRs

the radiusof closest approach, and the 6 is the average volume occupied per partidierst

118



the comparison ofSsPS3.21R andSsPS3.518 is consi@red. It is quite apparent that this
calculation predicts larger crystals that are farther apart for the random copolymer compared to
the blocky copolymer. This clearly shows some of the short comings of this model, where it
appears to have little prediate power of the exact crystallite dimensions, clearly a more complex
model may be more appropriate. It should be noted that the thermal data predicts a higher
melting point in the blocky systems compared to random systems, which implies a higher lamellar
thickness. However, the local environments may be different in these two systems due to
differences in the distribution of sulfonate groups, which may change the enthalpy of melting at
the interface between the crystallites and the matrix material. In esseifthese numbers may
serve as useful approximations for the size and distribution in these systems, but may not
necessarily correspond exactly with the thermal differences seen in these samples, where the
blocky samples tend to melt at higher temperaturdhie sPS homopolymer was not able to be
used for any calculations of the crystallite distribution at an annealing temperature o€C20e
to a lack of contrast, but is considered for the calculations done for samples annealed @t 235
When these sampkehave been modeled at 235 the dimensions again show a disparity
between the melting points and the calculated lamellar thickness. However, it carebettsat
the difference in theSsPS3.51B and the sPS homopolymer actually correspond well with the
observed melting point depressiossPS3.51B shows a lamellar thickness of 9.4 nm and the sPS
homopolymer has a lamellar thickness of 11.1,drased on calculating the lamellar thickness
from the melting point Additionally the predicted volume fractions gear to accurately
describe the approximate crystallinity calculated from D&E 85% for SSPSBBandX. = 36%

for the sPS homopolymer). In contrast, the degree of crystallinity of the SsPR8djdlymer
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is significantly reduced¥ = 26%. It canbe seen again that the random copolymer is predicted

to have a larger crystallite size than either the blocky SsPS and the sPS homopolymer, which does
not account for the melting point depreiss observed in DSC daté can be seen in all of these
sampleghat similar centetto-center distances are calculated for theSBPS copolymer and the

sPS homopolymer.

This model however appears to be successful at predicting that the crystallite sizes
become smaller as #hsulfonic acid content, wheB8sPS5.01B has been modeled using this
anisotropic liquidike hardsphere model. While a comparable total crystallinity cannot be
obtained for this sample due to both thermal and kinetic considerations, the dimensions of the
crystallite are predicted to be notably sntelin all dimensions, as can be seeable V3. The
crystallite is predicted to be ~1 nm smaller on each dimensions, including the radius of closest
approach.

It is clear throughhese calculationshat while they may provide useful approximation
for the dimensions in crystallitedyut may only provide a relative comparison in order to
guditatively comparehe form factor for thecrystallite size and shape. There are several reasons
that are not able to be adequately built into this model that may lakpthese shortcomings,
most importantly would be the lack of inclusion of a polydispersity in the crystallite sizes and not
being able to account for the presence of multiple polymorphic structures. In order to be able to
include both of these factorsrew method for determining the size and shape of polymers with
multiple polydisperse crystalline polymorphs is described in the next section. This method using
the peak broadening in wide angleay diffraction to be able to separate the contribution from

each individual polymorph in order to provide a more accurate calculation of the crystallite
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dimensions, which would be useful in more accurately predicting the relationship between the
crystallite morphology and the thermal properties of these materiglss analysisalculates the

size and distribution of crystallites within the matrix can allow for an approximation of the block
structure of the polymer chains in terms of distribution of ionic blocks and homopolymer blocks.
This calculation is detailad Chapter VIl

Table V-1: Fit Parameters from sPS (H), SsPSBI2kky (B), and SsPS3'REndom (R) post

isothermal crystallization at 22Gfor 1 hour.

_ Aspect 5 | Volume
220C | Ra(nm) | R, (nm) ratio Rea(nm) | Vp (nm?3) fraction
RSsPS 6.0 95 1.6 9.1 8704 0.36
B-SsPS 4.5 6.6 15 8.7 6037 0.46

Table V-2: Fit Parameters from sPS (H), SsPSBI2kky (B), and SsPS3'REndom (R) post

isothermal crystallization at 23& for 1 hour.

Aspect 5 | Volume

235C | Ra(hm) | Ry (nm) ratio Rea(nm) | Vp (nmd) traction
sPS 5.6 7.2 1.3 8.4 6125 0.41
RSsPS 6.3 10.1 1.6 9.7 11416 0.34
B-SsPS 4.7 7.5 1.6 8.8 8174 0.35

TableV-3: Fit Paraméers for SsSPS5.TBlocky

Aspect 5 | Volume

235C | Ri(hm) | Ry, (nm) ratio Rea(nm) | Vp (nm?3) traction
B-SsPS 3.7 6.0 1.6 7.7 ‘ 6125 0.22

Consideration Sequence Lengths and Sequence Length inrst@l Functionalized Semi

Crystalline lonomers

Currently a set of miel dependent equations have been developed in order to describe

the average block length from these systems. The equations used are in analogy to the equations
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used by Eisenberg to compare the block length of copolymers studied by SANS and have
determinedthat the chain dimensions of polystyrene can be modeled effectively using a free
polystyrene chain. Here it is proposed that the average block length can be described using the
morphological parameters determined for crystallites to approximate the awetdgck length.

Space filling calculations are shown kigure V7 show that it is necessary for these ionic
aggregates to be intercalated in between crystallites in both random aneraedom systems

in order to be able to correctly account for the numlzérionic aggregates.

If the ions are isotropically distributed in between crystals, the average block length is
determined by the average path length of a chain that ties two crystallites together. While this
does not take into account very short chathat reenter the same crystallite or very long chain
that never enter crystals at all, these two effects are expected to be nearly equal in likelihood,
thus the average block length can be described using the average length between crystallites.
However, n order to establish a chairedgth between crystallitesthe average radius of
crystallite needs to be taken into account, since the ionic portion should not exist inside the
crystallite. Several approximations exist for approximating the average raflarsadlipsoid as a
ALIKSNE gA0GK Iy aSTFFSOUAOSE StftALWAOFE NFYRAdDzA D
ratio the quadratic elliptical radius can be used which gives a reasonable estimate for the average
radius. Thus the average surfattesurface distance@ ) between crystallites can be adjusted

by the twice the quadratic radiusy():

y B o (15)

122



O ¢vY Y (16)

o, 7 (16)

FigureV-7: Pictoral representation of the crystallite distribution. The purple translucent sphere
represents the average intarystallite distance derived from model fits.

In order to account for the random directionality of polymer chains traversine matrix
one can use a polystyrene free chain to estimate the number of monomer units it would take to
traverse a distance dD . In this case to estimate the distance a chain travels the root mean
square end to end distance can be used, and the chain number of monomer units (N) required

to travel a distancé® can be calculated using the following relation:

0 Y a0 0 (17)
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In order to convert from number of Kuhn segments to number of monomers a factor of
(/0.254 was added. The factor of 0.254 nm accounts for two cadashon bonds plaed along
the backone of polystyrene. If we use the numbers derived from the fits we find that the average
segment size of the ionic block in terms of themher of monomer units, N, is 225Bhe number
of chains participating in crystalline lamellae candssumed in this case to occupy the space
between structuresUsing theoriginalmolecular weight of our polymer 310,000nap! we find
that there are 1489monomer units in each polymer chain on averageis means that at most
four ionic block chains caexist within a chain according to this calculatidhit is assumed a
given chain starts with an ionic segment, this allows for three full ionic segments, three crystalline
segments, and a partial ionic segment. Of course combinatorically different ameergs can be
imagined, but since this is an approximation this assumption will be used to say that the block
structure could potentiallgonsist ofelevenblocks (alternating homopolymer and ion containing
blocks) A more complete version of this calcutat that would require significant modeling work
and would likely best be represented using some type of coarse grain molecular modeling would
be to include the thermodynamic and morphological differences between the different
polymorphic structures withithe matrix. A discussions of the polymorphic composition in these

materials is provided in the next section.

Characterization of Polymorphism in Sulfonated Syndiotactic Polystyrene
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WAXD was used to probe the polymorphic composition of the copolymesriparison
to the sPS homopolymer. Using WAXD, the polymorphic composition of each system can be
determined by comparing the relative peak areas of the diffraction peaks appearing athtl.6

12.2 using the following empirical relationship derived by Gage

5 8 8T 8
0 5 T . p Tt (3)

where RNBLINSaASyida GKS FNI Odfarthyind @ % ardREBgaalel thef A (0 S &

integrated areas of the diffraction peaks occurringat p @A T A& degrees respetively?>

_Melt/Cold [ SPS ] Solvent-induced
“crystallization L "~ Jerystallization  “

[ 8,8candY |

1 L Tk ’3

FigureV-8: Representations of therystal structures for melt crystallized and solvent crystallized
syndiotactic polystyreneReprinted with permission of the Elsevier. Copyright 2009 Elsevier

Syndiotactic polystyrene has many different crystal forms that can be adopted depending
on the processing conditiona pictoral representation is shownhkigure 8. These crystal forms
AyOft dzZRS (¢2 YSt i GNEdithréefsdlutidn Srigstaliz@dNdvhgs g andéd: vy R

Figure V9 shows the WAXD data for sPS and the SsPS3abidom and SsPS3Btbcky
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copolymers that were isothermally crystallized at temgteires ranging from 220C to 235 C.
FigureV-10 compares the polymorphic compositions of the polymers over the same range of
isothermal crystallization temperatures. For pure sPS, a decrease: iwitR increasing
crystallization temperature is commondpserved, and this trend is clearly observed for each of
the samples in this study. In agreement with our previous studies, the incorporation of sulfonic
acid functionalization is found to promote the formation of th@olymorph in both the random

and blocky SsPS copaigrs. This behavior was attributed to restricted segmental mobility in the
melt due to the interacting sulfonate groups, thus inhibiting the formation of the kinetically

T @2 KaBrRerystals®

126



(B)

(R)

——
M/\(sk 220 OC P

3
£
£
£
u
E

o - form B - form

20=11.6° 286=12.2° (H)

220°C
I
0 5 10 15 20 25 30 35 40

Scattering Angle (20)

Figure V-9: WAXD profiles of sPS, SsPSFHR), and SsPS3!BH(B) posisothermal
crystallization at 220°C, 225°C, 230°C , and 235°C for 1 hour.
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Figure V-10. t S NI Sy i lergstllite® TP versus isothermal crystallization temperature;
samples were crystallized for 1 hr. Polynomial fit lines have been added as visual guide.

In comparing the polymorphic composition of the sulfonated copolymers, it is sungris
to note that the SsPS3.2Blocky sample displays a much stronger tendency to promote the
formation of theb polymorph, relative to the random analog at an equivalent sulfonate content.
Given the proposed blocky architecture for the-gidte sulfonatel copolymer, it is reasonable
to expect that the local mobility of the crystallizable segments (well separated from the
functionalized units) would be somewhat greater than that of the statistically shorter
crystallizable segments in the random analog (aoming a more homogeneous distribution of
sulfonate groups). Thus, the mobility argument (used to rationalize the inhibited formation of
G§KS 1 AYySi{A @nictystals ol edich NfBhR SSPS copolymers over that of pure sPS) is

not feasible to exfain the enhanced form composition observed for the SsPS3Rldcky
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b phase during isothermal crystallization provided that the crystal thickness is limited to below a
critical sizel® a 2 NB 2 @S NJIb trangfokndation wad groposed to occur through a lamellar
thickening process. If the blocky architecture of the SsP3Bl@tky opolymer limits the size of
0 K Sform lamella over that of pure sPS, then these small metastable crystallites could be
susceptible to soligolid transformation, leading to an increase in the composition of the
thermodynamically stableé phase.

Of coure, this size restriction is also likely to occur for the SsPSRatdom copolymer.
However, it is also reasonable to expect that lamellar thickening would be limited in the random
analog due to structural pinning from the local proximity of defects, (itee sulfonated units)
along the statistically shorter crystallizable chain segments. With limited lamellar thickening, the
h-form lamella in the SsPS3.Bandom would persist, and perhaps grow laterally, leading to
higher R composition, relative to théblocky analog. Clearly, this prospective argument will
require further analysis (beyond the scope of this initial study) in order to support the link

between the polymer architecture and polymorphic composition.

Conclusion

We have demonstrated a veryngple postpolymerization method to produce a blocky
sulfonated sPS that preserves crystallizability in highly functionalized copolymers. By performing
the sulfonation reaction in the geitate, long sequences of pure sPS units within the crystallites

are effectively shielded from the reactive reageniis change in the architecture of chain is
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evident in the scattering behavior of these systems where it can be seen that significant
differences are seen in the contrast observed for these systems, whersulfionated samples
show a significant increase in the amplitude of the scattering peak associated with the crystalline
component. This implies the existence of electron dense sulfonate groups intercalated between
crystalline lamellae. This is further qagoted by the observation of an inversion in the thermal
dependence of the amplitude of the crystalline scattering. Fitting of these data sets using the
ellipsoidal haresphere modelprovided some relative gauge of the size and shape of the
crystallites ithese samples. However, the sizes predicted do not have good agreement with the
results seen in the previous chapter where the thermal properties are analyzed. It should be
noted however that this does give preliminary evidence that the crystallites adeed
anisotropic in shape, but a more robust model magyide more quantitative predictions of
these dimensionsUsing these fits however we can approximate the block structure in terms of
the number of blocks, which predicts that these samples may agibeptablock copolymers in
the case of blocky sample8AXD analysibas shown additional differences exist between
random and blocky copolymensith respect topolymorphic composition, wher¢he blocky
copolymer yields a significantly greater compasitiof the beta polymorphwhich indicates a
large difference in the thermodynamics and kinetics of crystallization, further supporting the
stark differences imbibed by using these two different reaction procedures

It is important to note that the gestate functionalization approach described here is not
limited to sulfonation. Recently, we have discovered that other chemistries, such as
halogenation, are quite applicable. Halogentated copolymers produced from this facile approach

that will greatly braden the scope of this new methodology in creating blocky architectures with
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a wide range of useful functionality. With respect to the morphological consequence of this new
gelstate blocky functionalization approach, it is also of interest to considertéchnological
benefit of developing a highly sulfonated polymer with high crystallizability. In proton exchange
membrane fuel cells (PEMFC) applications, the crystalline component within the membrane can
enhance mechanical durability and limit water dality. However, conventional post
polymerization sulfonation used to create efficient membranes, such as sulfonated poly(ether
ether-ketone) (SPEEK), yields a random copolymer that profoundly prohibits crystallizability. To
effectively decouple crystiigation from functional group aggregation, blocky architectures
created through controlled copolymerization methods are becoming stédne-art. With the

facile approach described in this report, the process of crystallization within the blocky
architecture also inherently increases the functional group concentration in the amorphous
phase. This crystallizatianduced concentration of the functional groups may then lead to
enhanced aggregation, and thus improved transport properties in applicatiorsasI®EMFC.
Recently, we have discovered that this-gidte functionalization approach is applicable to new
thermo-reversible gels of poly(ether ether ketong)which extends this platform of facile blocky
copolymer synthesis to materials (i.e., bloc®PEEK) ideally suited to the harsh chemical

environments encountered in PEMFC operations.
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Chapter Vi
Introduction to USAXS andpplicationsof USAX$o LongRange
Phase Separation in lonomers

Abstract

Blocky sulfonated syndiotactic polystyrene (SsPS) copolymers were produced using a
post-polymerization functionalization procedure conducted in the-gfate. The Morphological
structure has been probed using a combination of small angés/ scattering (SAXS) and ultra
small angle xay scattering (USAXS) to provide a description of Ile¢hdifferences in ionic
aggregate structure and the higher order structure of clusters of these aggregates. It has been
found that at low degrees of sulfonation (circa 3%) that there are large differences in the size of
these clusters. At higher degreetsulfonation a more profound difference is observed, where
in randomly sulfonated samples higher order clustering still exists compared to in blocky
sulfonated polymers the appearance of a large cluster phase does not persist, indicating a
diminished preence of the cluster phase. This is additionally supported by a large decrease in
the contrast observed between these two sulfonation architectures, where for the same ceunter
ion there is a significant decrease in the contrast of this higher order pdalkdky sulfonated
polymers, indicating a lower number density of these collections of multiplet structures

compared to the randomly sulfonated counterpart.

Introduction
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Ultra small angle-xay scatering is fundamentally similar temall angle xay scéering
with the exception of the size scale that is probed. Typic8#WXS measures sizes that are within
the size range fol nm¢ 100 nm within typicalaboratory systems, such as the Rigakongx
system in the Moore research group. In orderdiotain nformation about scattered -xays at
smaller angles the Bragg condition must be satisfied with a high degree of precision. The common
techniques used to explore smaller angles using normal SAXS of adjusting the sample to detector
distance or by using a beawith a smaller volume fails to improve the resolution sufficiently to
observe these scattered-rays. The most crucial condition tobserving ultrasmall angles in
scattered xrays is how well one can align the incident beam to exactly satisfy the 8vaddion
of the (220) crystal reflection in highly silicon crystals with a very low degree of imperfections.
Here we have used the Bonstart cameraapparatus, which allows the user to study size scales
from 100 nm to several microns. Resolution ebyscorresponding to this size scale will allow
for us to study the behavior of collections of particles, in this case it has been used to study the
clustering of ions, which has been observedbéoin this research to occur betweer=0.003A 2

and0.03AL,

Previous work has been conducted by Li, Peiffer, ancc@hecerning the ultresmall angle
x-ray scattering behavior of sulfonated atactic polystyréne.their work they only observed a
characteristic upturn in the-rkay scattering as can be seenRigureVI-1, however there is no
distinct peak that arises from the clustering of multiplets. This could be due to the fact that in
this work they have used the divalentZiounter ion, which may not induce clusteg effects

or may possess insufficient contrast compared to therrounding matrix. In order to
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approximate a cluster size Chu and coworkers used a fitting approach to attempt to assign a
correlation length to hese clusters using the Debfieche model, which is defined as follotvs:

M

, WhereK defines the correlation length of inhomogenities, dif@d)is the interpolated scattering

at zercangle in order to normalize the function. In their study they present several correlation
lengths for each sam@ depending on which region of the curve was used for fitting. When using
0.004 nm'* to 0.045 nm! they have calculated a correlation length of 130 nm, however when
using 0.045 nmito 0.12 nm! they have obtained a correlation length of 40 nm. Clearlg th
approach does not produce consistent results and ubjext to significant user biast Is
suggested in the paper that using the former fitting range of 0.004 tox0.045 nm* produces

a more accurate interpretation of the correlation length, whereasg a range of-galues that

are at higher angles produces artificially low estimations. Chu and coworkers have also analyzed
this data using the relationship derived by Guinier, which describes particulate systems with a

negligible particleparticle irterferenceand can be used to obtain a spherical radius of gyration

via the following relationship:

S

(@3] Om Own 5
, WhereRy is the sphericalradius of gyration of the inhomogeneity, am() is the zereangle
scattering preiously described for the DebyBueche equation. Using thasalysisthey obtain
similar results, when fitting from 0.004 nhto 0.026 nmt, Ry is estimated to be 12060 nm.

However, if the fit is performed from 0.055 to 0.12 nhthen Rjis estimated tdoe 2528 nm. This
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clearly presents a problem with user bias again in these systems, where the range used for fitting
can dramatically affect the estimation of these clusters. In the current work that was done at the
Advanced Photon Source in Argonne NadilbLabs we have observed a clear peak that shows a
significant amount of coherence in these clusters. This has allowed for a more reliable analysis of

an appropriate size and distribution of these clusters.
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FigureVI-1: Raw USAXS profiles measured at room temperature. The SaPSsaxrple was
compressioAmolded at 200 OC and fast cooled to room temperatuBenfin). Reprinted from
the American Chemical Society. Copyright 1993 American Chemical Society.

It is additionally important to introduce an observation from their work concerning the
lack of temperature dependence of the ultsanall angle scattering behavi®@veall the authors
note that there was a small dependence on the intensity of the USAXS profiles depending on the
temperature that these samples were measured at. However, there was no apparent differences

in the slope of the upturn, which fundamentally ditts the correlation lengths that are
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calculated using the DebyRueche and Guinier models. Thus, it appears as if the cluster
morphology depends not on temperature, but rather on the chemical interactions in these
systems.The data from this paper is showin Figure VI2, shows these atatic polystyrene
ionomers measured at various temperaturdhe authors propose that the invariance of the
upturn with respect to temperature are due to the strong electrostatic crosslinks created by the
multiplets, which ae stable up to approximately 250. Even when these samples are measured
at temperatures above the iernich phaseglass transition temperature the scattering behavior
remains unchanged, possibly due to the high melt viscosity of these systems. This @puld h
explain the superior properties at high temperatures of these ionom&rsimilar experiment is
presented in this chapter, however, instead of comparing the samples measured at a given
temperature we have performed these experiments by annealing thepéas at various

temperatures then measuring the scattering behavior in the USAXS region.
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Figure VI-2: USAXS profiles of a SaPS7#Zample measured at different temperatures.
Reprinted from the America@hemical Society. Copyright 1993 American Chemical Séciety.

Experimental

Materials

Syndiotactic polystyrene (Questra 102) having a weight average molecular weight (M
of 310,000 g/mol was obtained from the Dow Chemical Company. Reagent grade 1,2,4
trichlorobenze (TCB), methanol, sulfuric acid, and potassium monopthalate were obtained from
Fisher Scientific. Hexanoic anhydride, benzyltrimethylammoniuim hydroxide, ambiceacid
were received from Sigma Aldrich.
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Preparation of Sulfonation Reagent

A mild sulfonation reagent (hexanoyl sulfate) was prepared according to previously
published proceduregsusing TCB as the solvent. TCB was added to a volumetric flask containing
0.03 moles of hexanoic anhydride per mL of sulfuric acid. The TCB/hexanoic anhydride solution
was cooled in an ice bath for 1 hour, and theld@ mL depending on the target degree of
sulfonation) of concentrated sulfuric acid was added to the chilled solution and shaken vigorously
to allow for complex formation. Additional TCB was then added to the fill the remaining space
in the volumetric flask.
Random Sulfonaton of Syndiotactic Polystyrene

sPS was dissolved in TCB under reflux for 1.5 h to yield a 10% w/v solution. After 1.5 h,
the solution was cooled to 70 °C and then additional TCB was added to yield a 1% w/v sPS
solution. The sPS solution wakwed to equilibrate at 70 °C under a nitrogen purge for 1.5 hr.
After equilibration, the appropriate amount of sulfonating reagent was added, and the reaction
was allowed to proceed for 1 hour at 70 °C under a nitrogen purge. After 1 h, 10 mL methanol
was added to the solution to terminate the reaction. The solution was poured into a large excess
of methanol €.a. 2 L) to precipitate the copolymer, followed by filtration and washing with
deionized water. For the random copolymers containing higher tharoB46 sulfonation, ethyl
ether was used to precipitate the polymer instead, and water was used for the entire washing
process in order to avoid dissolution of the polymer into methanol. The random SsPS precipitates
were filtered and washed with deionizedater repeatedly until all remaining traces of TCB,
sulfonating reagent, and methanol were removed. The resulting polymer was dried under

vacuum at 100 °C for 12 h.
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Blocky Sulfonabn of Syndiotactic Polystyrene

Syndiotactic polystyrene was dissolved in T@8er reflux for 1.5 h to yield a 10% wi/v
solution. After 1.5 h, the solution was cooled to room temperature. Upon cooling, the 10% w/v
sPS solution was allowed to remain at room temperature for 24 hours. During this cooling
process, the sPS solutiorystallizes and forms a physical gel. The solid gel was manually broken
in small, submillimetescale particles using a spatula. The sPS gel particles were diluted in
additional TCB to yield a 1% w/v sPS suspension. The spS8tgdt dispersion was alved to
equilibrate at 70 °C under a nitrogen purge for 1.5 hr. After equilibration, the appropriate amount
of sulfonating reagent was added and the reaction was allowed to proceed for 1 hour at 70 °C
under a nitrogen purge. No visible change in the sahgeispended gel particles was observed
during the course of the reaction. After 1 h, 10 mL methanol was added to the dispersion to
terminate the reaction. The dispersion was poured into a large excess of methanol in order to
precipitate the polymer. Th&sPS particles were filtered and washed with deionized water
repeatedly until all remaining traces of TCB, sulfonating reagent, and methanol were removed.
The resulting polymer was dried under vacuum at 100 °C for 12 h.
Determination of Degree of Sulfonatin

The randomly and blocky sulfonated SsPS copolymers were redissolved in 95/5 viv
TCB/methanol for 1.5 h to a yield 0.5% w/v solution. These 0.5% wi/v solutions were used to
determine the degree of sulfonation via n@gueous titration with methanolic
benzyltrimethylammonium hydroxide. The benzyltrimethylammonium hydrexidvas
standardized using benzoic acid. SsPS ionomers of low sulfonic acid content and high ion content

were prepared. Low sulfonic acid content SsPS containing 3.2 to 3.5 mol% suffanais are
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identified as SsPS3.8Random and SsPS3!Bitbcky, where the Hlenotes the copolymers are
in the acidform. The Random and Blocky nomenclature denotes homogeneous functionalization
of SsPS in solution and functionalization of SsPS in tkstage] respectively. High sulfonic acid
content SsPS random and blocky copolymers were also prepared for this study containing 9.2
and 10.5 mol% sulfonate groups, respectively. These copolymers are identified as
SsPS9.21Random and SsPS10Btbcky.
Neutralization of SSPS

The SsPS lonomers were neutralized using either NKOH, RbOtdy CsOH in order to
create the SsPS ionomers. Solutions that were 0.05 M in methanol were created using either the
NaOH pelletsKOH pellets, RbOH solutions in watara GOH in water solution to create the
Na', K, R or C$ neutralizing reagent, respectivel$sPS ionomers were dissolved in chloroform

and a 1:1 molar ratio of the neutralizing reagent was added

Morphological Characterizatioby Ultra Small Angle Xay Sattering
Ultra small angle-xay scattering (USAXS), small angtayxscattering (SAXS), and wide
angle xray diffraction data (WAXD) were collected at Argonne National Laboratory beamline 91D

C, using a photon energy of 24 keV [1]. Scattering profikeplatted as absolute intensity versus

g, wheref — i Q&X ¢ Aa 2yS KFIEF 27F (K SaywaélandgihS NA y 3
USAXS measurements were performed using a Bbiasecamera. Smaélingle xray scattering

(SAXS) measurements were taken using the Pilatus 100k carBaxta reduction has hen

performed using e Iren& and Nika’ data reduction software provided by Argonne National

Laboratory.
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Sample Prepation for USAXS samples

In order to probe this a series of samples were prepared by annealing these samples in a
DSC pan at a variety of temperatures. For the fiest of this discussion samples weheated
from room temperature at 200min and annealedat 190 C for 1 hour to allow the samples to
reach a kinetic equilibriunThe samples were then quenched at 8min to room temperature.
Samples have also been annealed at TY@05C, 220C, and 235C for 1 hourin order to study
the effects of anneatig temperature on the behavior of the ionic multiplets and the clustering

of these aggregates.

Results and Discussion

Comparison of Random and Blocky SsPS Functionalization Percentage

In the first part of this study the effect of concentration has beeaidstd. Of particular
interest in to compare the randomly functionalized ionomer to establish the morphology features
of both ionic multiplets and ionic clusters. Qualitatively frbrgure VA3 there are two prominent
features to note. There are two majorepks that appear in these systems at approximately
0.11Aand 0.005A, which correspond to the interference peaks for multiplets and what are

proposed to be here as the clusters respectively.

The multiplet peak in this case shows no obvious changéseirshape and position,
however there is a significant change in the intensity of this peak. The intensity of this peak can
either be related to the total number of ionic aggregates in these systems or the contrast in these
systems. It is apparent that ése two effects can not necessarily be distinguished in this case,

althoughthe most logicakxplanation ighat the major contributing factor would be an increase
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in the total number of aggregates formed, since there should be a higher number of aggregate
formed in these systems with increasing concentratiddditionally, this is supported by the fact
that if the number of multiplets remained the same in these systems, then it is necessary for
many of the ionic functionalities to exist as free ion pairthe amorphous matrix. If these ions

are present in higher concentrations in the amorphanatrix, then this should actually lower

the difference between the electron density multiplets and an-fat amorphous matrix. Thus,

the only reasonable conclusi is that we must be forming a higher number of multiplets. The
clustering peak shows an interesting trend, where with increasing concentration this peak
appears to shift to higher-galues, indicating a smaller calculated Bragg spacing with increasing
concentration. A more in depth quantitative analysis is shown in the next discussion to compare
this. Qualitatively this peak shows some amount of structure, however it does not have possess
any significant higher ordescattering reflections. This lack ofigher orderd . S & & § (S ¢
reflections does not allow for the calculation of any structure between these clusters, however
the use of a polydisperse form factor allofes the determination of an approximate size based

on the position and shape of this peak
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FigureVI-3: USAXS data &sPSCRat several different concentrations annealed at 180or 1
hour using the DSC conditions described in the experimental section.

For comparison blocky ionomers weres@lmeasured and show distinctly different
behavior with both the ionic multiplet peaks and the clustering behavior. If the multiplet peaks
are qualitatively described it can be seen that the peak increases in intensity, indicating again
that a higher numbe of multiplets are formed by the same logic used when discussing the
randomly functionalized counterpart. However, the appearance of these peaks is strikingly
different than the randomly functionalized counterpart when comparing the trends with peak
position, where in the blocky functionalized ionomers the peak position shifts to highahugs,
indicating larger multiplets thatra spaced closer togetheSsPS16CsB shows a different

multiplet peak scattering, further analysis of this is shown latat,tbe general conclusion from
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this peak is that the multiplets in blocky systems may adopagsymmetriggeometry, in contrast
to the all other analyzed samples at lower concentrations, which appears to be described

extremely well by liquidike hard sphees.

When considering the geometry of the ionic clusters that were extremely apparent in the
case of the random ionomer, there is a significant difference in the blocky functionalized
polymers. The cluster peak in fact appears to only be present fooiatets of 3 mol% of lower.

If the ion content is increased to higher levels the cluster peak is missing entirely. Even when
considering the 3 mol% functionalized blocky polymer the cluster peak appears at a larger q
value than even the highest concenti@ati randomly functionalized sample measured. This
indicates that even for low ion contents that the blocky ionomers form significantly smaller
clusters. This effect can be seen iRigure 14, where a peak came seen in the sample
SsPS3@sBat q = 0.03AL. In order to explore this further a distribution of dilute spheres has
been used to model these peaks in the next section in comparison to the randomly functionalized

counterpart.
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FigureVI-4: USAX8ataof SsSPSCBat several different concentrations.

The Cluster Size of Randomly Functionalized SsPS

In order to make quantitative comparisons between the randomly functionalized
ionomers a several models can be used, however in the absence of any sugpoitirmation
concerning the cluster shape it seems most appropriate to use a model with a high degree of
symmetry. In this case a set of dilute spheres has been used with a lognormal distribution in sizes.

While it is possible to model these curves usangumber of different asymmetric form factors,

147



such as cylinders, ellipsoids, finite lamellae, or any other form factor it may prove artificial to
attempt to distinguish between these shapes without corroborating data that shows that these
clusters adopt anon-spheri@al shape. Shown below iRigure VI-5 (a), is a highlight of the
concentration sries ofSsSPSCRionomers that has been shown previously. As was noted earlier
the scattering peak near 0.00®? shifts to higher g with increasing ion content. &uitatively

this can be seen iRigureVI-5 (b) where the size of tese clusters has been modeled according
to the distribution function There are two primary features that are incorporated into the size
distribution analysis, a mean size and the lognakistandard deviation. The mean size shows
where the most probable cluster size will be, and the standard deviation gives a relative gauge
on the polydispersity of these cluster sizes, however, this standard devativesponds to the
breadth of a logathmic distribution instead of the more commonly us&dussian distribution

that uses the fulwidth half max approach.

As can be seen ifableVI-1, the mean cluster radius decreases from 38 nm to 19.7 nm
when increasing the ion content from2mol% to 92 mol %, while the standard deviation only
appears to increasesignificantly for the 9.2nol% sample. No information about the structure
factor of these clusters can be obtained with high certainty, as this data can only be accurately
assessed in this metlwhen there is either sharper peaks or secondary reflections. However, the
fact that clusters become much smaller with increasing ionic content, while the contrast appears
to remain similar leads to the conclusion that these clusters are most likelynbegoboth
smaller and closer togetheA pictorial representation of the change in the cluster structure of
randomly functionalized ionomers is shownHigure Vi6 However, the conclusion cannot be

directly confirmed through this data without other suppimig evidence and the techniques for
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measuring this cluster size is previously not described in the literature with the exception of the
work done by Chu and coworkers using the DeByeche model, which does not provide a direct
comparison to the work shen here. This phenomenon could potentially be explored in future
work, however at this time orthogonahnalytical methods to describe these cluster sifes

compliment the data determined by light scattering must be developed
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FigureVI-5: (a) USAXS datd aconcentration series dbsPSCR (b) Size distribution analysis of
the cluster morphology using a lognormal distribution of dilute spheres.
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TableVI1l:/ | £ Odzf 6 SR LI N} YSGSNE dzaAy3 | L2t &RAa&LISNE
peak observed in randomly functionalized samples.
Conc_entratlonof 3.5% 6.5% 9.2%
lonic Groups
Xmean (A) 380.0 328.8 197.3
Std. Dev. (&) 0.40 0.38 0.62

TableVI-2: Calculated parameters using the Kinning and Thomas-Bpahére model to model
the multiplets.

R (nm) | Rea(nm) Vp (nmd)
SsPS36GsR 0.81 1.43 93.9
SsPB6.5CsR 1.03 1.70 97.9
SsPS9CsR 1.05 1.62 64.6
SsPS.2CGs'B 1.01 1.63 108.6
SsP6.3CsB 1.48 2.4 1128.7
Low Ion Content High Ion Content
L . & . @ ;
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FigureVI-6: Pictorial representation of the cluster morphology with changing ion content.

When considering the multiplet size§the randomlyfunctionaized ionomerghe size of
the spherical aggregate appears to increase slightly from 3 mol% to 6 mol% and then remains
constant, additionally the shell size of these aggregates increases as well, maintaining a shell that

is approximately 0.6 nm largéhanthe corresponding cordt is also important to note that the
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aggregates appear to become closer together when the ionomer goes from an ion conteft of 6
mol% to 105 mol%, which indicates that while the aggregates remain a similar size, they begin
to get closer together with increasing ion content. The blocky ionomers however have a much
more profoundeffect on the ionomer architecture in terms of the size and shap these
mutiplets. For theSsPS2CsB sample it is apparent that there is most likelyery low intensity
reflection present, which gives an aggregate size similar to that seen in the randomly
functionalized samples. However, it is important to note that with increasing ion content from
3.2 mol% to 63 mol% causes this multiplet scatteringak appears to shift to lower-galues,
which arises due to multiplets that are larger in size, yet are farther apaihteresting feature

to note in this case is the drastically different peak shape present in tfeni@l% ionomer. The
shape of this annot be modeled satisfactorily using the same ligiike hard sphere model used

for all other ionomers. A discussion of the possible geometry of these multiplets is provided next.

Scattering ofSsPS168CsB

Several different models were attempted in ordéo describe the morphological
arrangement of ionic multiplets in high ion content blocky ionomérsorder to make a proper
comparison to the previous fits that were performed that first model that was attempted was
again the liquidike hard sphere moel. As can be seen belowkiigure V7, this model fails to
address most of the important featuras this curve. Firstlyt does not match the data at low-q
values. It also fails to properly describe the position of the first and second peak in thevtidta
it tends to provide far too many second order reflections. Clearly this model is not adequate to

describe these morphological features and an anisotropic model must be attempted.
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FigureVI-7: Fit ofthe multiplet feature inSsPS16CsB using the Kinning and Thomas liquiike
hard sphere model (kihodel).

TableVI-3: Fit parameters extracted using the-¥ibdel fromFigure \A7.

Spherical Model ParameterSize
R 2.74nm
Rea 2.0l nm
Vp 3358.4 nm

The next model and arguably the model that describesdlsstems the most accurately
according to how well to the fit matches the datawhere we use a cylinder as the form factor
with a hardsphere struture factor. This model describes a morphology where we have cylinders
with a spherical shell surrounding it, with ligdide ordering. While it is mosikily that the ions
do not adoptcylindrical shape, this may provide a very close approximation &o tyipe

anisotropy and aspect ratio of these multiplets. Although it is obvious the shell is slightly smaller
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than the width of the cylinder, this is most likely an artifact of the fact that the shalild not

be spherical. However, it is quite difficulb forovide a shell with fixed orientations, as would be
needed to provide a cylindrical shell or even an elliptical shell. However, the shell in this case is
not meant to provide much physical interpretation like it gives for the Kinning and Thomas model,
but rather to provide a reasonable restriction on the proximity of adjacent multiplEt& most
important insight that this model appears to provide is the fact that anisotropic models describe
this system wellespeciallythose that have a larger dimensigoerpendicular to the axis of
rotation as will be seen later with the comparison between the oblate spheroid and prolate
spheroid. Additionally, it gives an approximate value of the avevagiene per particle for these

multiplets.
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FigureVI-8: Fit of the multiplet feature ifSSPS18CsB using a cylindrical form factor with a
liquid-like hardsphere structure factor.

153



TableVI-4: Fit parameters extracted usinige model fromFigure \A8.

Cylinder Model Parameter Size
Radius 2.52nm
Length 0.90nm

Rea 2.45nm
Ve 771.3 nnd

The Oblate spheroid fit provides similar insight to the cylindrical model, it shows that we
have one axis that is approximate 3.1 nnddhe axis of rotation is 0.5 nm. While the aspect
ratio here is significantly different compared to the cylindrical model, it does show that in order
to properly model this curve usingn@llipsoidal morphology that the data is best described
when the sie in the direction perpendicular to the axis of rotatisnlarger The length in the
direction of the axis of rotation is significantly smaller, much like was seen in the cylindrical
model. Again, the radius of closest approach in this model is not @hybid provides a useful
boundary for a minimum distance thatgcent multiplets must be separated hyastly, the
volume per multiplet is 588.@m?3 is very close to the prediction provided using the liglike

cylinders.
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FigureVI-9: Fit of the multiplet feature il8sPS16CsB using a oblate spheroid form factor with
a liquidlike hardsphere structure factor.

TableVI-5: Fit paameters extracted using theodel fromFigure VA9.

Oblate Spheroid Fit Parameter Value
R 3.10nm
Aspect Ratio 0.15
Rea 2.51nm
Vp 571.9 nni

A final example is provided where the axis of rotation is much larger than the axis
perpendicular to this axis. Shown below is an exkngd this fit. Much like the liquidike hard
sphere model it can be seen thie fit clearly inadequately describes nearly every feature in the
data. Additionally, it can be seen that almost every value provided by this fit must be considered

to be nonphysical, since the radius of closest approach is significantly smaller than both axes,
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and the centeito-center distance is far too small to allow for any separation between these

ellipsoids. Clearly this model provides unrealistic results.
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FigureVI-10: Fit of the multiplet feature irSsPS18CsB using a prolate spheroid form factor
with a liquidlike hardsphere structure factor.

TableVI-6: Fit parameters &tracted using thenodel fromFigure VA10.

Prolate Spheroid Parameter Size
R 1.86nm
Aspect Ratio 3.17
Rea 1.36nm
Vp 33.0nm?3

The models used here provide a great deal of important information regarding the
morphology of these aggregates in blgckystems when the ion contentiiscreased to a high

functionalizion leve(10 mol%. These aggregates are most likely anisotropic, where they adopt
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a shape with smaller axis of rotation than the perpendicular,axipictorial representation of
this shag is shown below inFigure Vi11. Additionally, the centeto-center distance is
approximately 5 nnfbased on the volume occupied per particléJhile these models may only
describe the approximate shape and dimensions of these multiplets, it is impddantte that

the cylinder model and oblatellipsoidal model providenformation that is reasonable

Multiplet

FigureVI-11: Representation of the anisotropic multiplet, specifically the oblate spheroid
model.

Further study of this particular system would be necessary in order to elucidate the
structure of blocky ionomers with a high ion content (>10% sulfonation). It seems that using a
hard-shell structure may provide valuable insight into these systems, howevendamental
change to these models could be made. Instead of using an asymmetric shape with a spherical
shell, a model could be specifically developed that includes an asymmetrisshelld This hard
shell should be incorporated to rotate in tandem witketinner core. Significant work would need
to be done to develop and implement this model into the current analysis package that was

provided by Argonne National Labs that was used to process the data.
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Effect of Neutrdization on lonic Morphology

In orderto further ascertain the different parameters that can effect both the multiplet
structure of ionic aggregates and the clustering of these multiplets the effect of different counter
ions have been investigated. Two different ion contents are presentddeiiNa and C$ SsPS
salt to understand if these different count@wns have any effect on the morphology of the-on
rich phases in these copolymers. By using both &lad C$ monovalent countefions the
morphology is compared in environments that contatrong electrostatic interaction and weak

electrostatic interactions for Naand C3 respectively.

lonomers functionalized with 2 mol% seem to show very little difference in either the
blocky or randomly functionalized copolymers. If we consider theciomiltiplets themselves
there appears to be a difference in the intensity of these aggregates, where tloo@serion
provides a higher amount of contrast between the aggregates and the surrounding ion deficient
amorphous matrixIn fact in the SsPS2Na‘Rionomers the multiplet peak is nearly invisible due
to a low contrast with the amorphous matrix. This potentially provides a method to screen the
ability to resolve ionic aggregates in these systems, allowing for one to determine the effects of
the crystalline morphology independent of effects from ionic scattering. If the scattering due to
clusters is compared it is apparent that the randomly functionalized ionomers appear at different
g-values, where SsP3Rla'Rhas a smaller cluster radius, howevke physical rationale for the
smaller cluster radius is not proposed here and would require further study. The clusters for the
blocky SsPS appear to be fundamentally similar. While qualitatively the slope seems to be slightly
different, it is not clearfithese effects are an artifact of the data processing (background

subtraction and intensity calibration) or if these effects are due to a differantphology.
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However, it is seen in the scattering détat the interference peak is at alrsbthe same pagion
for both SsPS2Na'B and SsPS2CsB. In order to see if these countéon dependent

morphological changes are consistent highero@mtent ionomers have also been analyzed.
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FigureVI-12: Comparisorof the different scattering behavior of SsPS with differing counter
ions at low functionalization percent.

Qualitatively the high iomwontent appear to have almost the same morphological
features, regardless of whether the Nar C$ salt forms are condered, which are shown in
Figure VA12. If the multiplet structures are compared both the random and blocky functionalized
ionomers have the same peak position, shape, and intenBitgtype of counterion does not
appear to have as profound of an effem any feature of these curveshen considering high
ion-content SsPSespeciallyin respect to the intensity, compared to the low igontent

ionomers seen inFigure Vi12. Comparing the cluster morphology is only relevant when
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considering the randomly fictionalized polymers, as there does not appear to be any evidence
that large clusters exist in the blocky copolymers atfiol% sulfonate groups, however this
does appear to indicate that clusters do not appear to be resolved in scattering experiments
when the electron density contrast is changed in these systems. When comparing the randomly
functionalized ionomers, it can be seen kigure VA13 that SSPS9Na’R does not have an
interference peak corrgponding to clusters, whereaSsPS9@sRhas a vey clear peak that be
used to identify geometric features of these clusters such assthe. There are two possible
explanations for why there is a difference in the appearance of these peaks in*ther@sand

does not appear in the Ndorm. The first ad most plausible explanation is that the increase in
ionic strength may cause these clusters to decrease in sizehwhobserved in the SSPS3sR
samples, where the peak shifts to highewvajues, indicating a smalletuster domain for the
SsPS3NaR sample. If we conder this explanation for theSsSPS9Q2sR and SsPS9KaR
samples we may approach the same situation that was seen with the clugiendence for the
SsPSCBconcentration series, where the clusteppeargo become smaller and theeventually
creates anearlyhomogeneous distribution of ions at increasing concentration. If using tHe Na
counter ion decreases the cluster size of the athgsmall cluster seen in tli8sPS9.2@Rsample,

then it is plausible that the cluster becomessuall in this case that the distribution of ions has
become homogeneous. Another possible explanation forale& bf a cluster peak in thegh ion
content samples is that if these ions are distributed amongst this system, that the contrast may
be very lav for the N& counter ion compared to the Csounter ion, due to the fact that Nhas

a much lower charge density. However, this is less likely, due to the fact that the multiplet peaks

appear to have a very similar intensity. While there is obvioustyesthange in contrast effected
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by exchanging counter ions, it is not readily apparent that this would change drastically on large
size scales, thus it is most plausible that the use of thecNanter ion is actually shifting these
clusters to smaller dimesions and at very high ion contents the cluster is so small that it becomes

a homogeneous matrix.
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FigureVI-13: Comparison of the different scattering behavior of SsPS with differing counter
ions at highdinctionalization percent.
Effect of Annealing Temperature on lonic Structure

The last parameter that was analyzed at during these USAXS studies was the possibility
of temperature effects on the ionic morphology in these ionomer systems. In order to gempa
these annealing effects samples have been melted and then isothermally annealed at the
indicated temperature for 1 hour. Two temperature, 2@5and 235C, have been chosen to

compare any effect on the both the multiplet and cluster morphology. Additlgnany effect
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on the morphological features have been compared at a low ion content of 3 mol% and a high
ion content of 10 mol%. Qualitatively there aret any large differences between samples
prepared at different annealing temperature for both rand@md blocky samplesvhere the

peak positions, intensity, and shape are all fundamentally similar at both low and high ion
content. This leads to conclusion that annealing at a given temperature has almost no effect on
the arrangement of ions in these sgsts, and any small observed differences in these data sets
appear only when considering the crystalline reflections in the 3 mol% ionomers. This also
supports the facthe annealing temperaturappears to have very little influence on the
morphological oréring of the iorrich phase. This confirms the conclusions made previously by
Chu and coworkers, who also observed little effect on the morphology of clusters in their
USAXS studyhen considering randomly functionalized sulfonated polystyrene with Zitizeas

counterion.
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FigureVI-14: USAXS data on the effectarinealing temperatur@n the morphology of
SsB3.Na'R, SSPSITZR,SsPS3Ra'B, andSsPS3Q2sB.
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FigureVI-15: USAXS data on the effectarinealing temperatur@n the morphology of
SsPS9NaR, SSPSATZER,SsPS16NaB, andSsPS16CsB.
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Conclusion

Random and Blocky functionalized ionomers have been compared using SAXS and USAXS
to describe te morphology of the iorrich multiplet and cluster structuresSeveral different
parameters have been compared to assess their effect on both the morphology of ionic
multiplets and ionic clusters. When comparing the effects of concentration, it was fdwadint
randomly functionalized copolymers clusters are seen to become much smaller with increasing
ion content. In blocky copolymers it has been found that the clusters are much smaller than the
randomly functionalized counterpart and then appear to becdnoenogeneous when the ion
content is increased above 3 mol%. The effect of concentration on multiplets is also remarkably
different in the random and blocky functionalized ionomers, where the mulitplet size and
distribution is not effected by ion contertbut in blocky functionalized copolymers the mutliplets
change in size, shape, and averagikime occupied by a givenultiplets. In factin these blocky
systems the multiplets may likehdopt an asymmetric shape when the ion content is increased
to 10 md%. Counter ions have been determined to not significantly affect either the multiplet of
cluster morphology, however the type of counter ion used can significantly affect the contrast of
both multiplets and the cluster phase, where theManctionalizedionomers appear to have a
much lower contrast with the amorphous matrix compared to €sctionalized ionomers.
Lastly, the effects of annealing temperature have also been compared, which indicates that
annealing temperatures have virtually no effect dretionic morphology. This allows for the
crystalline morphology and polymorphic composition of these samples to be altered
independent of the ionic morphology. The lack of change in the ionic morph@pggars to

primarily be controlled by the architecterof these polymers and the total ion contellocky
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and random systems bear a vastly different ionic morphology, however these morphologies can
be tuned based on the ion content, type of ion used, a®huencing of ions, allowing for
customizable morphalgical features in these systems. Future studies could focus on the
blending of these systems in order to provide even more control over the ionic structure in these

systems for use in higberformance iortransport applications.
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Chapter Vi
Peak Broadening Analysis to Determine Crystallite Dimensions
Polymorphic Syndiotactic Polystyrene

Abstract

Peak broadening analysis was performed on several samples in order assess the
determination of crystallite sizes isamples withmixed pdymorphic compositions in the sPS
homopolymer, RSsPS, and-8sPS. This analysis was carried out using two different methods
including the Scherrer method and the Williamsddall method, which attempt to assess the size
in both cases and in the case of tiMlliamsonrHall method incorporates a strain component.
The Scherrer method in this case was found to produce more reliable results based on the
consistency of results determined by error analy3ike WilliamsorHall method based on
analysis of the fithig error produced unreliable results when considering both the size and strain.
Additionally, it was found that the low angle peaks provided inconsistent results when compared
to other reflections (even those in the same crystallographic plane). Thisdtalslished the
Scherrer method to be adequate in determining crystallite sizes in these systems, even in the
presence of multiple polymorphs with poorly resolved peaks. This analysis shows that these
systems depending on the conditions used to crystalliese samples have sizes in the range of
35 nm¢ 70 nm, this could potentially be used to study the effects of various different thermal
processing conditions in order to impart higher mechanical and thermal stability in these

systems.
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Introduction

In order to determine the parameters associated with the crystallite size, which includes
the average value and standard deioa of crystal sizethe width of peaks in widangle xray
scattering data can be analyzethere are two approachesahare presentd hereto determine
a crystalite size, which is likely in thismise to be the of several lamellae stacked linearly. The first
and most common approach is to use an analysis method called the Scherrer equation. This type
of analysis treats the broadenind jpeaks in the wide angleray scattering spectrum as an effect
that is created strictly bthe sizeof crystallites Thesecond approach that has been udeete is
called with WilliamsofHall method, which expands upon the Sherrer equation by including a
component from dislocations within the crystal structure, which will cause stacking defects and
ultimately cause a signal that is not as well refined. The theoretical badisefee two types of

analysis ar@resented below.

First the Scherrer equatios idescribed here as a basts both analyzes. The Scherrer

equation was defined by Paul Sherrer as folfblys

0L
Ly S @

, Where Lis the length of the crystallite, K is a dimensionless constdmth has a value that is
~0.9for spherical crystald(t depends on the shape of the crystal)ite-is the wavelength of-x
ray used, andb is the full width half max (FWHM) of a crystalline reflection, disthe scattering
angle that the reflections centered uponb in this case is defined in terms of radians for the
purposes of this calculatiomn order to correct for instrumental effects, the line broadening that

is associated with the measurement must be subtracted. This effect is caused hyalseve
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contributions including the shape of theray beam, broadening of the beam as it travels through
space, imperfections in pinholes used to columnate the beam, as well as any other potential
effectsfrom the detector The instrumental broadening can beeasured by using a material that
forms crystals of sufficient size (several microns), as well as, has been prepared in a way that the
sample with have very little strain introduced into the crystal structure (lattice dislocations). In
this case a line brening standargurchased from NISiE used. Once the instrumental line
broadening is measured it can fit using a Gaussian curve to determine the paramei@¥ent

In the case of using a Gaussian curve to fit both the peaks in the data to be anahd ¢uke
standard used to remove the convolved signal from the instrumental broadengugraof the

squaresof the two convolved signal components approximates the total peak width as féllows

b b b )

This equation can be rearranged to solve for the broadening due to the size of the crystal

giving the follow equation:

b b b ©)
The peak width with the instrumental signal removed can now be used to calculate the size of
the crystallite usingquation (1)

Further expanding upon this approach the Williamddall method introduces the
concept of broadening that is due to straintire lattice due to imperfections and distortions in

crystal structure. The simplest form for calculating the strain is defined as félfows
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, Whereeis stain within the crystalline structure.

Next it is assumed that the contributions from semed strain are independent of each
other and the observed line broadening can be treated as a summation of these two €eflieists.

gives rise to the equation:

0
= 5
b OAI_QTeOA—I— (5)

This equation can be recast to be provide a conveniemn for plotting and determining the
parameters L ané by multiplying both sides of the equation Byl -@jiving a new form to this

equation:

1eOE+ (6)

S3
Z
o)

c:|C

I

In order to extract parameters from this a plot can be construatdtkre the yaxis isb A 1-O

and the xaxis iSO E-+ An example of this plot is shown belowFilgure VH1. Fom this plot the

y-intercept equals— and the slope equalse.

Experimental

Preparation of WideAngle Xray Scattering Samples
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Samples have been prepared using a Carver melt press to make films that can be placed
into a differential scanning calorimetry paA.series of samples were prepared by annealing
these samples in a DSC pan at a variety of temperatures. For th@ditsbf this discussion
samples werdeated from room temperature at 2@min to above the melting temperaturtor
5 minutesandthen annealedat different annealing temperatureer 1 hour to allow the samples
to reach a kinetic equilibriumThe samples werdhen quenched at 8@C/min to room
temperature.The melting temperature used and crystallization temperature are indicated in the

results and discussion.

Wide-Angle Xray Diffraction Measurements

21 .5 SELISNAYSyGa 6SNB LISNF 2 NihSRSAdSsyssed, | wA
SldA LIISR 6AGK + NROGIFIGAY3 Fy2RS SYAGGAY3 EmnNI ¢
behenate standard. WAXD 2D diffraction patterngevebtained using an image plate with an
exposure time of 1 h. All WAXD data were analyzed using the SAXSGUI software package to obtain
radically integrated WAXD intensity versus the scattering vector g, wipére o<ising), dis
one half of the scatténg angle anckA & ( KS E m NF¥he instrim@r8al li§e/bBbadning
has been determined using a lediBe broadening standard purchased from NIST and using the

reflection nearest to the data being analyzed.

Data Processing and Fitting
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In order toprocess thedata,the most recent version of Origin Pro 2020 SR1 version 9.7
has been used. A prepackaged peak finding and fitting method has been used and has been used
with custom fitting options for both determining the background subtraction and the
identification of peaks. For the background subtraction two different functions have been used
based on which appropriately represents the background, in some cases a cubic spline
interpolation has been used to connect points that were marked to be pamefiackground
and in other cases these background points were fit usin§ arder polynomialPeak finding is
done manually based on the established positions of these crystallographic reflections. Further
details about the procedure are provided in tmesults and discussion sectioReaks were

identified based on several references that have analyzed both tedb polymorphs?14

Results and Discussion

Samples have been analyzed using both the Scherrer method and the Williddadon
method to calculate the size of crystallites and in the case of the WilliasAsdirmethod the
average strain is measured. The goals of this analysis was to see if the crystallite sizes could be
accurately determined when there are multiple crystal structures present, in this caseahd
b polymorphs of syndiotactic polystyrene. Ultini St & GKS &l OOdzN» Oeé¢ 27F
assessed here based on the standard deviation obtained from doing a basic error akalysis.
the Scherrer equation a standard deviation of sizes determined from each reflection, and in the
case ofthe Williamen-l I £ f YS(GK2R 9EOStf Qa [AySaid FdzyOliAizy

and intercept of the fit.
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Figure VII-1: Example of raw data input for fitting. Note the data has been reduced to just
consider sattering angles between Z4nd 15 in order reduce the background complexity.
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FigureVII-2: Example of the fit data using an interpolating function for the background and
Gaussian peaks for the peaks.

Hrst the fitting procedure used will be described here with examples to establish a
method to establish a method for correcting these data sets for the background of the spectrum

and ultimately determine the FWHM of the various reflections that are to me&yaed in this
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discussion. Figures from the program used are shown abdvigiimes VHL andVII-2, which is a
representative figure of the fits that have been done for all samples. In this case Gaussian peaks
have been used because they appear to givig af sufficient quality to represent the peak

breadth and position of the peak.

In the case of the Scherrer analysis, a simple average ofya&atsizes was taken, which
is usedbecause this version of the Scherrer equation assumes a sphesigaltgetric crystallite,
thus all directions in the crystallite can be treated similarly. A standard deviation of these
guantities was also computed, which helps show the variation between crystalline reflections.
For all of the samples analyzed here crystalitees that were 3Bm and 80nm were obtained
with varying degrees of relative error. Clearly these crystallite sizes determined here are far too
large to be a measurement of a single crystalline lamellae, which sheudhbser to 1E20nm in
length. Baed on thisit can be reasonably concluded that these numbers correspond to a stack
of connectedamellae that are arranged in thersa direction within the sample. For the samples
that are unfunctionalized syndiotactic polystyrene the goal was to creatéralosamples that
were representative of a sample that contained mo&tlgrystals, mostly-crystals, and a sample
that contained a mixture of the two polymorphs. The reason these samples were created was to
ensure that the method of determining the peak breadth is consistent in a model system that

does not include the presee of other phase separated structures.

Clearly in the case of this analysis the sizes appear to have a large relative standard
deviation, but could provide a relative gauge to compare between sampddises for these fits
have been tabulated iffable VI-1. To remedy this a higher resolution may be necessange

in this case the peaks are relativallgarp the peaks are only comprised of-2@ data points.
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Additionally, the resolution between peaks is certainly limited in this system, which makes the
variation in the fitting procedure less reliable. This can be seen especially in the determination of
the (020)b reflection, which in all cases appears to be much larger than the other peaks
associated with thé polymorph, even when compared to ti{@40)reflectionin the same plang
which should produce similar results. In fact if this reflection were to be removed from the
process the determination of a size for thgpolymorph would actually produce results with very
little variability. In the case oheh polymorph the standard deviation appears to have a similar
problem, where the (110) reflection appears to be much larger than the other two reflections
and can similarly be compared to the (220) reflection, which is in the same plane. This could also
be an artifact of poor resolution between peaks, since the (@2€lfection and the (110 -
reflection have significant overlap in the data sétowever, the fit actually appears to be quite
good for both of these peaks, and currently there is littlelakpwhy both of these peaks would

be artificially less broad unless this is an artifact of the measurement. Broadening at very low
anglesdue to the instrumentwas not able to be assessed at this point because the line
broadening standard does not contaamy peaks that are near these two peaklawever, it is
feasible to use samples that would produce sharp scattering peaks in this region that would be
suitable for analysis of these lesngle WAXD peaks. Ormossibility with this is that the
expectation $ that the instrumental broadening at low angles should actually become |arger
which should produce artificially large crystallite dimensions, however this has not been
confirmed with a different line broadening standai@learly for these peaks to be talile further

analysis should be done.
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TableVII-1: Tabulated results of crystallite sizes derived by using the Scherrer equation.

Melt Crystallization Average o
Sample Temperature | Temperature | Polymorph CWSt‘.”" (_:rystal Crystal u
Reflection | Size(hm) Size (nm)
() () (nm)
(110) 41.3
h (300) 34.9 41.1 6.0
sPS 270 190 (220) 47.0
(040) 354
b (130) 351 35.2 0.2
(020) 1128
(110) 64.5
sPS 350 235 b (040) 730 79.1 22.8
(130) 65.9
(110) 78.5
h (300) 51.3 61.4 14.9
(220) 54.4
sPS 280 190 (020) 78.2
(110) 46.6
b (040) 551 56.6 15.0
(130) 46.7
(110) 82.8
h (300) 46.0 59.1 20.6
(220) 48.4
SsPS3.21R 300 235 (020) 69.6
(110) 45.8
b (040) 185 51.9 12.0
(130) 43.5
(020) 107.2
(110) 49.8
SsPS3.218 300 235 b (040) 583 66.8 27.2
(130) 51.7

As can be seen ifable VH2 the standard deviation that is produced from determining
the average crystallite size is greatly reduced when the low angle {Ir&@ection and the (020)
b reflection. Although this removes some of the data, it can be seen that the consistency of these

reflections is much better than the original data set. It should be noted that the removal of these
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reflections should be further justified in order discover the source of error introduced into these
two peaks that have been removeld.is possible thathere is some amount of error introduced
in either the measurement itself, the fitting procedure used, or the choice of line broadening

standard.

TableVII-2: Tabulated results of crystallite sizes derived Bing the Scherrer equation with the
low angle reflections removed.

Melt | Crystallization Average
Sample | Temperature| Temperature | Polymorph CWS“T’" Cr;_/stal Crystal G (nm)
() (0) Reflection| Size Size
(nm)
o (300) 34.9
sPS 270 190 (220) 47.0 - i
b (040) 354 35.2 0.2
(130) 35.1
(110) 64.5
sPS 350 235 b (040) 73.0 67.8 4.5
(130) 65.9
(300) 51.3
h (220) c14 52.9 2.3
sPS 280 190 (110) 46.6
b (040) 55.1 49.5 4.9
(130) 46.7
h (300) 46.0 47.2 1.7
(220) 48.4
SsPS3.21R 300 235 (110) 45.8
b (040) 48.5 45.9 2.5
(130) 43.5
(110) 49.8
SsPS3.21B 300 235 b (040) 58.3 53.3 4.5
(130) 51.7

The WilliamsorHall method provedd provide results thahave high variatioand results
that appear to be unreasonable especially in the case of determining the size of the crystallites.

There are several reasons why this analysis may have provided inadequate results. The first
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reason could be that there are not enough crystalieflections that can isolated and accurately

fit in this particular polymer system. In the case of theolymorph only three data points are

able to be used for this analysis, one of which bears the same problem discussed in the previous
section on the Scherrer analysis where the first peak appears to be artificially narrow. In the case
of the b polymorphonly four separate reflections are able to be used, which also provides a poor
data set, even in the case of a linear fit. A second reason that the sizes determined using this
analysis are quite far away from thantercept of the graph are clustered toteer. An example

of this is shown belown Figure VH3 and VH4. This means that in order to determine the size

the data must be extrapolated far from the origin of thexs, which will also exacerbate the

error when determining this feature.

TableVII-3: Tabulated results using the Williamsétall analysis method.

Melt Crystallization Average
Sample | Temperature | Temperature | Polymorph| Crystal Size| 0 (nm) e Strain 0
(0O (© (nm)
h 50.6 5.7 0.0027 0.0008
P 27 1
sPS 0 %0 b 35.2 0.2 N.D. N.D.
sPS 350 235 b 213.1 172 0.0032 | 0.0014
h 192.1 159.3 | 0.0010 | 0.0004
PS 280 190
S b 1225 | 23.7 | 0.0033 | 0.0006
h 244.2 392.4 | 0.0051 | 0.0023
SsPS3.2R 300 235
S b 1349 | 521 | 0.0044 | 0.0013
SsPS3.218 300 235 b 368.8 839.5 | 0.0051 | 0.0022

In order to improve the analysis using the Williams#all method several improvements
could be made. Firstly, a higher resolutietasetcould be obtained with the availability of high
resolution powder diffraction instruments su@s those available deamline facilitiesIn fact

with higher resolution it may be the case that other crystalline reflections could be measured,
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which would improve the number of data points that can be included in the data set. Another
consideration wald be to improve the determination of the widths of the low angle peaks that
are present in the spectrum, which appears to be inconsistent with the higher angle peaks in the
terms of the width. An additional improvement could be made by trying to sepaitate
reflections by using strain to separate the peaks into different direction by aligning the crystal
structures into separate directions. This type of sample preparation however would not
necessarily representative of the unstrained sample, since toisgss of stretching the samples
could alter both the size and almost certainly the measured strain component within the crystals.
However, this could cainly be used to verify if the increased error is due to poor resolution
between peaks or if there arother problems that reduce the quality of the results obtained.
There alsoexist more sophisticated versions of the Williamsblall method that could more
accurately model the types of strain in the crystal structure, however, without orthogonal
techniques such as electron microscopy to verify the different typesrgétalline defects that

are presenthe choice of model becomes ambiguous.
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FigureVII3: Example for data used for fitting thepolymorph issPS.
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FigureVIl-4: Example for data used for fitting thepolymorph is sPS.

In both of the versions of the Scherr@nalysis it appears to show that the blocky form of
SsPS has larger crystalliteke results provided by using Scherrer analysis will be used to
tentatively draw conclusions about the difference between the randomly functionalized polymer
versus the blocky functionalized polymer. For the blocky functionalized polymer, only the
crystallie is observed, which is consistent with previous resulShapter IMvhere the relative
amounts of the two polymorphs were characterized. This crifgain the blocky system is
notably larger in size than either of the polymorphs measured for the ranlgdfunctionalized
system. The theory proposed based on previous results is that there are longer sections in the

polymer where unfunctionalized material could crystallize, which could potentially allow larger
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lamellar stacks to form uninterrupted. This uld support the idea that the ionic groups have
been segregated in the blocky system and are more homogeneowstipdied in the random
system.It should be noted that in order to make broader conclusions about the propensity of
blocky systems to form tger crystallites that a more robust experiment that includes several
percentages where both of the systems are able to crystallize well and could be prepared at a
similar degree of crystallization. Additionally, an experiment could potentially be desigmee

there is a mixture of the two different polymong present in the blocky system, where the

weight percentage of each polymorph would be similar.

Conclusion

An analysis was performed to find a suitable method to determine the crystallite size in
sPS, BSsPS, and-&sPS. Two different methods were used in this case. The simplest version being
the commonly used Scherrer method, whichridiutes the line broadening aa product of the
size of a crystallite. A slightly more sophisticated version caledwilliamsonHall method
considers an additional contribution from the strain within a crystal arising from dislocations
within the crystal structureBased on this analysis the Scherrer analysis provides a consistent
method to analyze both polymorphs afyndiotactic polystyrene. However, the lowest angle
reflections proved to provide a crystallite size that was inconsistent with the other reflections
that were present in the system. In facemoval of those reflections from the analysis greatly
improvedthe standard deviation obtained for the size data. The size of these crystallites ranged

from 35nm¢ 70 nm depending on the processing parameters used to prepare the samples. In
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the case of the sulfonated polymers, the blocky polymers were observed ttupedarger crystal

sizes than the randomly functionalized counterpart. However, further analysis could be done to
prove that if a similar composition of polymorphs was produced in these two systems that this
trend would still hold true. This method of agais provides a base for a method to obtain
consistent results in these systems that can be used for cross comparison. It should be noted that
Scherrer analysis should fundamentally underestimate the crystallite size if there is an

expectation that theras strain in the crystal structure.

The WilliamsorHall method in this case has proved to be inadequate to analyze crystal
sizesand the strain in these systems. Several changes could potentially be made to improve the
data that is used for analysis, inding obtaining higher resolution data, which could potentially
obtain a more accurate description of the peak widths and possibly elucidate previously unseen
crystal reflections in these systems. The method of fitting could potentially have a largeieffect
these systems, however in this current analysis it is not suspected that the main deficiency in this
analysis is due to the fitting procedure used. It is possible that this particular polymer system is
not suitable for this type of analysis due to theall amount of crystalline reflections able to be
resolved and the presence of peaks with significant overlap. Additiomliaibyanalysis could be
improved by using an orthogonal method such as electron microscopy that could help provide
information on he type of strain that exists in the system and to help validate the sizes obtained
from this analysis. Overall, Scherrer analysis using the sample preparation procedure and
instrumentation described here provides a much more reliable method to determystad sizes

that can be compared and help elucidate some of the properties of these materials.
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Chapter VIII
Conclusiorand Future Work

Conclusion

In this dissertation the effects of gstate functionalizion has lem assessed using
syndiotactic polystyrene as a model system to study both the effects of this synthetic procedure
on both the thermal behavior of these materials and the impact on the structuring of theabn
phase. In order to provide a protocol foreating advanced materials that are thermally and
mechanically robust, that is also able to efficiently transport ions across a membrane it is
desirable to create a material that contains both a high ion content, as well as, a high crystallinity.
The highion content will provide a dense network of charges, which will allow for the
transportation of ions from one side of the membrane to the other. The crystalline network can
impart both thermal stability when using these types of materials for applicattbas will
function at high temperatures. In addition to thermal stability, this crystalline network can
provide mechanical stability to materials, which is crucial to providing materials that can
withstand harsh conditions that are encountered when usingmmbranes, including the

necessary pressures that will be exerted on the material.

The first section of this dissertation detailed that using-gjate sulfonation that the
crystallization properties can be greatly improved by creating a blocky struethrehis created
using a semcrystallineorgancgel that will serve as a template for creating the blocky structure.

It was seen that very little crystallization can occur when the polymer backbone is functionalized

185



with as little as 3% by monomer of tiselfonic acid functionality. In contract to #)iwhen using

a blocky architectureit can be seen that the polymer can be crystallized when the polymer is
functionalized up to 10% sulfonic acid groups. In addition to the improved ability to crystallize,
the rate of crystallization and spherulitic growth is also greatly improved. Furthermore, the use
of a blocky architecture created in this manner also increases the melting point, providirg high
thermal stability even at higfunctionalization percentaged his leads to the conclusion that the
architecture has been significantly altered using this procedure and more importantly that this

architecture improves the crystallization behavior.

After establishing the that the desired thermmechanical propertie had been improved
by using the gestate functionalization procedure it was of interest to look at how this blocky
architecture effects the iomich phase morphology when comparing randomly functionalized
polymers versus the blocky counterpart. There gvéwvo main features that were analyzed in
order assess the critical differences. On the small scale, the ionic multiplets were analyzed using
several models, most importantly the liquiike hardsphere model. It was found that at low
levels of incorporaté ions that the morphology on this small scale was relatively similar for the
randomly functionalized polymers and the blocky functionalized polymers, regardless of the
counterion system used. However, when more ions were incorporated the multiplet streict
became markedly different when considering the blocky functionalized polymer. Tentatively, the
conclusions from this analysis was that the multiplets actually may become more crowded and
adopt a larger shape at intermediate functionalization conterd amost likely adopts a different
geometry when high ion content is considered (10% functionalization). The exact geometry that

has been adopted at high functionalization percentages is unclear at this point, however, several
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models have been used to atterfp approximate the shape of theseadels and it is likelthat

some type asymmetric multiplet is likely based on the goodness of fit when using these different
scattering models. In fact, the cylindrical model and oblate spheroid proved to be good
candichtes, and logically the shape should be confineddin3ensions so an ellipsoidal geometry

is likely a more physically relevant prediction.

On a larger scale to our research groups knowledge, this is the first instance that a
potential candidate for thecluster network has been identified in the ultsmall angle xay
scattering spectrum. Additionally, substantial differences were observed when considering
randomly functionalized polymers versus the blocky functionalized polymers. Even at low
functionalzation percentages the blocky functionalized polymer appeared to have a smaller
cluster network. When considering the random copolymer the cluster size appeared to decrease
in size with increasing functionalization percentage. This observation shows dttath®e ion
content has a profound impact on the morphology of clusters most likely due to a higher density
of ions, which is consistent with the hypothesis that blocky functionalization provides a higher
ion density, which could explain the smaller clustéze at low ion content. Another very
interesting observation that can be seen in the blocky functionalized polymer is that the peak
associated with the cluster network is absent at functionalization percentages above 6%
sulfonation. This would supporhat the clusters become smaller and closer together at higher
functionalization percentages and eventually can become a homogeneous network throughout
the material. This effect is observed again when considering the blocky copolymer at 10%

functionalization, where the scattering peak associated with the cluster network is absent and
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there appears the be an additional effect from creating such a high localized ion density that

forces the multiplet structure to adopt an anisotropic geometry.

Finally, in orde to deconvolute the crystallite size contributions from different mixed
polymorphic compositions in these systems an analysis was carried out using line broadening
analysis of WAXD data. This analysis showed that the simplest method of performing fieese si
estimates provided the most reliable characterization of the size of lamellar stacks. This method
has been compared to both the Williamsétall method and the WarreAverbach method (not
presented in this dissertation) and was shown to produce supesgults based on the statistical
error of the analysisBased on the Scherrer method crystallites were found to have a size
between 35 nm and 70 nm in the processing conditions explofad analysis has provided a
method to characterize the two mefirocessed polymorphs present in sPS and could potentially

be extended to any polymeric system that contains multiple crystal structures.

Future Work

Future studies could be done on these materials to assess a wealth of different
information. One of the mostobvious things that could be studied is functionalization
percentages that are even higher than 10%. This could be relevant both in the real world
applications of this material type if it is used in an industrial or commercial application and would
supportthe conclusions drawn here about the trends observed for the effects on the thermal

behavior, mechanical behavior, and morphological structure.
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Another future study could be done that could tie these observation and conclusions
made about the ion networktructure to the ion conductivity properties of these systems. This
would allow a systemic comparison between random and blocky functionalized polymers in a
well-studied system, that can be finely tuned in regards to molecular weight, crystallinity, ion
content, and architecture. These studies would require making membranes that are
representative of the conditions used for current ionic membrane technologies so that this could
be benchmarked against other materials, as well as benchmarked against thamasainter

part (at least in the case where the random counterpart can be formed into stable membranes).

Based on the gedtate functionalization procedure new polymer backbones could be used
if these polymers are able to form an orgagel or even a narorous aerogel. Currently, studies
have been performed by the Moore research group to investigate Poly (ether ether ketone)
sulfonated copolymers. This particular polymer could provide a material that is both mechanically
and thermally robust, while providg the added benefit of being chemically rearst to
degradation from the harsh conditions that these membranes would be subject to when being
used in fuel cell applications. Additional polymer backbones could also be used that could even
have differentchain architectures (branched, telechletitic, star, boftlsh, etc.). In fact, to
commercialize this type of material another material would almost certainly need to betased
0S O2YLISUGAGADS matdiids sicEas Nation®.40 | Yy R NR €

In additionto different polymer backbones, different functional groups that can attached
to provide ionic functionality could be looked into. Currently in the Moore research group a
bromination procedure has been developed that would allow for easier exchange diofuglc

group, which could be used to make any ionomer system have a much higher performance. This
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type of sidechain substitution has additionally been looked at using Nafion® derivatives and
could certainly applied to any systems that could be functiaedliin the gebtate if the

chemistry is compatible and allows these types of chemical transformations to occur.

Further characterization of the crystallite size and strain structure could certainly provide
new insight into the effect of the ionomer ar¢écture on the crystallization properties of these
materials. In this current study a method for analyzing different peaks has been established using
both Scherrer analysis and the Williamsddall method. An additional method that could provide
insight the WarrenAverbach method, which was attempted, but gave results that were not
satisfactory for presentation here. Future studies could use high resolution powder diffraction
techniques with samples that can be strained in various ways to give insighthmteffects of

ion incorporation on the growth of lamellar stacks.

Lastly, another future study could be performed to assess the mechanical properties of
these materials This could be characterized in a variety of, but mostly in terms of usingtDMA
rheology if the solution state is of concerihis would allow for the determination of the impact
of the architecture, iortype, functional group type, and the ion content. The mechanical
properties in these systems will be critical to implementing these niatemto both commercial
and industrial applications. Certainly there are many studies that can be branched off of both this
research directly and the class of materials that can be created using thesatgelsulfonation
procedure. In fact, there needs be much more work done on the fundamental research to help
understand the structurenorphologyproperty relationships, as well as, the development of

novel advanced materials and their applications.
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Chapter IX
CollaborativeStudies on Block Copolym&ystems

Imidazolecontaining triblock copolymers with a synergy of ether and

imidazolium sites

Authors: Chainika Jangu, JiHgn Helen Wang, Dong Wang, Gregory Fahs, James R. Heflin,

Robert B. Moore, Ralph H. Colby, and TimotHyoig
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FigurelX-1: lonomeric ABCA triblock copolymer poly[St-(MVBImT{2N-co-DEGMEMAl-
Sty].

Reversible additiogfragmentation chain transfer (RAFT) polymerization enabled the
synthesis of weltlefined A.BQA triblock copolymers containing a synergy of pendant ether and
imidazolium sites. The soft central BC block comprises josw&thylene glycol) methyl ether
methacrylate (DEGMEMA) ang4vinylbenzyl) methyl imidazolium units. External polysiyre
blocks provide mechanical reinforcement within a nanoscale morphology. In order to
characterize the morphology of the triblock copolymers AFM and SAXS have been performed to

provide complimentary morphological data.
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SAXS experiments complemented AFM phaiogical findings and determined the
presence of blk microphaseseparation Figures IX-2 and IX-3). Xray scattering data plotted as
intensity, 1(q), vs. the momentum transfer vector, g, confirmed micropfseggration in the A
BCA triblock copolymerd-or all three triblock copolymers, scattering maxima were observed,
indicating the presence of microphaseparation in the ABG;A triblock copolymer films. The
triblock copolymers with 18 mol% ion content exhibited peak maxima at g*, 2g*, 3g* and 4q*,
indicating a welordered, lamellar morphology. The triblock copolymer with 26 mol% ion

content, second peak maxima was still observed, which diminishes at 36 mol% ion content,

indicating phase mixing.

FigurelX-2: Atomic force microscopy (AFM) of ionomergB&A triblock copolymer poly[Sty-
(MVBImTHEN-co-DEGMEMARD-Sty] going from (a) 18 mol% (b) 26 mol% (c) 36 mol% ion content.

With an increase in VBIm composition in the central block, we observed arts®d
system, since the styrenic comonomer was presumably more compatible to polystyrene external
blocks, inducing phase mixing. The SAXS results agreed well with AFM images and DMA analysis
of the triblock copolymer. Furthermore, there was no peak oledrfor ionic aggregation at q

of 1.0¢2.0 nm, indicating the @BQA triblock copolymer system behaving as single ion
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FigurelX-3: Small angle Xay scattering (SAXS) of ionomergB&:A triblock copolymer
poly[Styb-(MVBImTHLN-co-DEGMEMAD-Sty] with various ion contents 18, 26 and 36 mol%.

Nucleobasefunctionalized ABC triblock copolymers: selembly of

supramolecular architectures

Authors: Keren Zhang, Gregory B. Fahs, Motohiro Aiba, Robert B. Moore, and Timothy E. Long

RAFT polymerizatiorhas been used tosynthesizepoly(thymine acrylaté-n-butyl

acrylateb-adenine acrylate) poly(ThAb-nBAb-AdA) ABC triblock copolymers witlself
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complementarynucleobasefunctionalized external blocks amdow-Tgsoft central blockFigure
IX-4 shows a chemical structure of the ABC triblock copolym®BC triblock copolymers self
assembled into welldefined lamellar microphasseparated morphologies forpotential
applications as thermoplastic elastomers. Complementaygirogen bonding withirthe hard
phase facilitated selissemblyand enhanced mechanical performan@AXS has beeun on

these samples in order to determine the morphologyttese ABC triblock copolymers.
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FigurelX-4. Chemical structure gboly(ThAb-nBAb-AdA) ABC triblock copolymers.

Complementary hydrogen bondinwithin the hardphasecontributed to a remarkably
ordered microphase separated morphology of the ABC triblock copolymers. Small anagle X
scattering (SAXS) was used to elucidate the micropkeparated bulk morphology of dhliree

PTBA copolymers ifdgure IX5. The phaseseparated morphologies of asymmetric ABC
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copolymers are usually more complex than symmetric ABA triblock and AB diblock copdlymers.
However, all three PTBA triblock copolymers showed distinctive lamellar scattering profiles. SAXS
profiles of PTBA2 and PTBA3 both exhibit primary scatjgr@aks and four additional secondary
peaks, indicating webrganized lamellar morphologies with lomgnge order. The distinctive
scattering peaks for ABC triblock copolymers resulted from the complementary molecular
recognition, which combined two cheaailly different blocks into a single, preciselglered hard

phase. Consequently, setsembly of an ABC triblock copolymer with complementary external
blocks resembled the se#fssembly behavior of a symmetric ABA triblock copolymer. However,

in sharp catrast, PABA with 38 wt% nucleobase content (similar to PTBA2 with 35 wt%) showed
a lessordered cylindrical microphasseparated morphology with broader SAXS scattering peaks.
These analogous ABA triblock copolymers will be discussed in more detaibith@iming
publication on nucleobastnctionalized symmetric ABA triblock copolymers. The degree of
polymerization (N) difference provided one possible explanation for the morphological
difference according to the phase diagram, since the morphology sragea function of\.
However, the highly ordered phase separation of PTBA copolymers was still unique for an ABC or
ABA triblock copolymer, considering the presence of the complementary hydrogen bonding

between two dissimilar external blocks.
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FigurelX-5: SAXS profiles of poly(TH#anBAb-AdA) triblock copolymers.

The domain spacing of the lamellae were 25.9 nm, 25.0 nm, and 23.4 nm for PABT3, 2,
and 1, respectively. Increasing central block lengths reduliean increased spacing between
lamellae. The SAXS profile of PTBAGure 1X5) showed broader scattering peaks with fewer
highly ordered peaks compared to the other two compositions, suggesting a broader distribution
of lamellar thicknesses and/or mtlamellar dimensions, and thus less ordered domains. Two
hypotheses may account for the difference in ssdsembled morphologies for PTBA triblock
copolymers with various compositions. The less ordered phase separation of PTBA1 was possibly
a consequencef a shorter central block. The central block length was insufficient to induce well
defined microphase separation. Secondly, the highly ordered lamellar packing possilttlgdresu

from the fact that thymine adenine molar ratios of PTBA2 and 3 were ctos2. In the second
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hypothesis, each thyminéunctionalized block statistically paired with two adenine blocks,
facilitating the aligning of alternating soft phase and hard phase lamellae. In the latter case, the
phase separated morphology would not follawve general phase diagm of ABA triblock
copolymers’ Both interand intrachain hydrogen bonding were presumably present according
to the second hypothesis at a 2 : 1 thymine : adenine molar ratio. The-chen complexion

also provided an explanation for enhanced mechanicalquerénce corpared to PABA and
PTBT resulting from increased apparent chain lengths. However, elucidation of-amigdr
intrachain hydrogen bonding in the solid state is challenging due to the complexity of polymer
structure compared to low molar mass moléest Preliminary atomic force microscopic (AFM)
results did not reveal a wetlefined surface morphology for copolymer films, differing from the
observed lamellae bulk morphology in SAXS profiles. Tuning film casting conditions and applying
transmission alctron microscopy (TEM) will further elucidate the morphology of nuclecbase
functionalized ABC triblock copolymers. Further investigations are underway to validate two
hypotheses mentioned above and understand the details of-asdbmbly of ABC triblock

copolymers with complementary external blocks.

Nucleobasefunctionalized acrylic ABA triblock copolymers and supramolecular

blendg

Authors:Keren Zhang, Motohiro Aiba, Gregory B. Fahs, Amanda G. HMIghem D. Chiang,

RobertB. Moore Mitsuru Ueda, and Timothy E. Long
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An optimized, twestep, RAFT polymerization afforded ABAbtdck copolymers with
either adenine acrylic (AdA) or thymine acrylic (ThA) external blocks and a PnBA central block
the chemical structure is shawin Figure IX6. Poly(AdA-nBAb-AdA) and poly(ThA-nBA b-

ThA) were melt pressed at 120 °C for 1 h and amtkat 120 °C in vacuo for 24 h. Morphological
analysis of both the individual block copolymers and the blend have been performed using both

atomic force microscopy (AFM) and small angtaykscattering (SAXS).
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FigurelX-6: Adenine and thyminéunctionalized acrylic AB#iblock copolymers using RAFT
polymerization. *For visual guidance, atlenne copolymers are labeled red; thymine
copolymers are labeled blue.

SAXS results were used to probe the bulk morphology of sotlatishpoly(AdA-nBAb-
AdA), poly(ThA-nBAb-ThA), and blendg-{gure 1X7). The SAXS profile for each of the samples
contans relatively broad scattering maxima with periodic intensity oscillations, indicative of a
morphology with a distribution of characteristic dimensions (ineagnent with the AFM data in
Figure 1X8 a, b, and &. Poly(AdA-nBAb-AdA) and the blend showepiodic scattering maxima
that roughly match the expected djo q, VIt q, VX, g, andVip ¢q peak positions that are

characteristic of hexagonally packed cylinders, where q is the position of the first maximum. In
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contrast, forpoly(ThAb-nBAb-ThA),both Figure IX7 and Figure IX8b indicate a much less
ordered morphology. The wetissembled cylindrical phase separation morphology of poly{AdA
b-nBAb-AdA) and the blend was attributed to enhanced ordering originating fogmstacking

and complementaryhydrogen bonding, respectively. Purine rings of poly (RdBAb-AdA)
were shown to afford a stronggegp interaction than pyrimidinerings in poly(ThA-nBAb-
ThA)? Howeer, the WAXD profil®enly shows a broad diffraction peak characteristic of inter
chain correlations (amorphous halo) of the PnBéckP The absence of a signature diffraction
peak forpgp stacking is presumably due to the small, nanometeale size of the packed AdA
domains, as compared to much longer rangdes of packed AdA units in thHemopolymers?

The d spacings were 60.4 nm, 63.4 nm, and 58.7 nm for poly§Ad¥b-AdA), poly(ThA-nBA
bThA), and the blend, respectively. These d spacings were attributed to thepatigcle distance
between the phase separated domains, which also corresponded well with -pagicle
distances observed in AFM. All average spacings were close to 60 nm due to the similar volume
fractions of the external and internal blocks for all three samples. Overall, nalecdv
interactions within the hard phase facilitated the sasembly of block copolymers at the
equilibrium selfassembled morphology. The bulk morphology and surface morphology agreed
well, and both demonstrated the positive effect of noncovalent int¢i@ns on block copolymer

selfassembly.
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FigurelX-7: SAXS of solutieoast nucleobaséunctionalized triblock cgpolymers and their
blend. For clarity, data were vertically shifted dnpitrary factors.

FigurelX-8: Tapping mode AFM phase image of (a) solutiast poly(AdA-nBAb-AdA), (b)
solution-cast poly(ThA-nBADb-ThA), (c) melpressedpoly(AdA-nBADb-AdA), (d) mekpressed
poly(ThAb-nBAb-ThA), an (e) solutioncast supramolecular blend.

200



SAXS results also agreed with the trend in dynamic mechanical analysis of the solution
cast poly(AdA-nBAb-AdA), poly(ThA-nBAb-ThA), and the blend. Poly(THAnBADb-ThA)
exhibited the lowest ordeydisorder transition temperature due to the least orded microphase
separationFigure X9 depicts the selassembled morphology of the supramolecular blend. The
complementary hydrogen bonding facilitated safsembly of supramolecular block copolymer
blends and enanced the mechanical performance as a function of temperature. The thermal
dissociation of hydrogen bonding led to a disruption of the physically tirds=d network in the
hard phase, which resulted in a modulus drop. Overall, a synergy between the vabercb
interactions within the hard phase and the equilibrium, sses6embled morphology contributed
to enhanced supramolecular polymer properties. Better phase separation led to more physical
crosslinking within the hard phase and higher modulus when @ing solutioncast to melt
pressed samples. Stronger physical crosslinking within the hard phase facilitatedssatibly
and reinforced the microphasseparated morphology when comparing solutioast
supramolecular blend with poly(Ad&nBAb-AdA) and poly(ThAb-nBAbThA). However,

noncovalent interactions decreased the rate of sdsembly in the melt.
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FigurelX-9: Pictorial representation of supramolecular blend of adenine and thymine
functionalized tiblock copolymers

Doubly-Charged lonomers with Enhanced MicrophaSeparatiorf

Authors: Keren ZhangGregory B. Fah&evin J. DrummeyRobert B. Moore and Timothy E.

Long*

Two styrenicDABCO salt monomers allowed tegnthesis of DABCO salintaining
random copolymers with two quaternized nitrogen cations on each ionic pendant group. Triethyl
(4-vinylbenzyl)ammonium chloride (VBTEACI) containing random copolymers served as singly
charged controls. DABCO sadintainng copolymers with 20 mol % or lower ionic contents
exhibited microphaseseparated morphologies, agreeing with the multiptdtister model for
random ionomers. Morphological analysis of these copolymers has been performed using small

angle xray scatterirg.
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Figure IX-10: Poly(VBDgBrCico-nBA) to Poly(VBRBBF4co-nBA) or Poly(VBRTELN-co-nBA)
Using NaBfor LiTEN

Small angle Xay scattering (SAXS) elucidated the bulk morphology of DABCO salt
containing opolymers inFigurelX-10in conparison to the VBTEA analogu&\XS experiments
were conducted on the same solutiaast films for DMA experiments. SAXS profiles of DABCO
saltcontaining copolymers exhibited a relatively broad scattering maxima, indicativa
microphaseseparated morphology with a distribution of characteristic dimensions, correlated t
the interaggregate distancésTo further elucidate the morphological featured the ionic
domains, the SAXS curves were fit using a l#jkédhard sphere model according Kinning and
Thomas Table 1X1),° following a formulation for the SAXS modeling nféeence terms
(structure factors) defined by Winey et &.These fits provided quantitative insight concei
the centerto-center distance between ionic domains and the size of aggregates. Theliiguid
hard sphere model describes collections of aggregates with respect to three principle spatial
parameters: the radius of the spherical aggregatg,(fRe radus of closest approach {R and
the average centetocenter aggregate separation (@R The fitting data infable 1X1 provide
reasonable explanations for ¢hobservable trends ifigures IXL1laand 11b. In Figure 1X11a,

the grvalue of the scatteringnaximum for VBEBrClcontaining copolymers increases as the ionic
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content increases from 12 to 42 mol. %he fitting data for VBIBrClcontaining copolymers
suggested that both aggregate sizedRd average interparticle separations Recreased with
increasing ion content, consistent with the observed scattering peak shift to highexwe.
Overall, poly(VBQBrCico-nBA) copolymers tended to form a larger number of smaller

aggregates that were closer together with higher ion content.

Poly(VBD@GBrCico-nBA) exhibited a different trend with ingasing ion content. IRigure
IX-11b, the gvalue of the scattering maximum for VBBrCicontaining polymers remains near
1.9 nn¥!, independent of varying DABCO salt concentrations from 8 to 38 mol %, more commonly
observed for random ionomers with relative high ionic contéfts? The constant eyalue
pertained to a nearly constant intaggregate dimension with varying ion content. However, the
size of the aggregates ijRsignificantly increased, accommodating the increased ion content.
SAXS profiles of VBR2&alt-containing copolymers exhibited sharper scattering peaks compared
to VBDEsaltcontaining copolymers, reflecting the effect of alkyl chain length on the formation
of ionic aggregates. Longer alkyl chains likely enhanced mobility of ions and facilitated the
formation of aggregates, leading to a narrower distribution of interaggte spacing for

poly(VBDGBrCico-nBA) compared to poly(VBEBECico-nBA)L3: 14
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Figure IX-11: (a) SAXS of solutiezast poly(VBDBrCico-nBA), poly(VBQBR-co-nBA), and
poly(VBDET:N-co-nBA); (b) SAXS of solutioast poly(VBDGBrCico-nBA), poly(VBD@BFR-co-
nBA), and poly(VBRIELN-co-nBA). For clarity, data were shifted by arbitrary factors vertically.
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FigurelX-12: Pictorial representation for aggregation of DABCO salt units, multiplets, and ionic
domains of poly(VBQBrCico-nBA) with halide counterions.

TablelX-1: Fitting Parameters from the Kinning andohiias Model for SAXS Curves of DABCO
SaltContaining Copolymers with Various Counterfons

lonic monomer mol% R1 (nm) Rca (nm) Ris (nm)

12 mol% poly(VBDGBICIl-conBA) pd p m8tp p& @ Tip o @ 8t v
20 mol% poly(VBDGBrCl-conBA) m@x 18ttt p& p T8 Ip ¢& v 8o
42 mol% poly(VBDGBrCIl-conBA) 1@ p T™IT T T TWIX pPXC P X

20 mol% poly(VBDGBFs-conBA) T ¢ ™10 oY 18t¢ ¢P 1T 8t v

8 mol% poly(VBDG4BrCl-conBA) & p mdip p® o m8tp ¢c® UL 8 p
20 mol% poly(VBDG4BrCl-conBA) m@do¢ mTdip p® Y T8Ip CP w 8t p
38 md% poly(VBDC14BrCl-co-nBA) p8tmt mdip pp m mtp ¢c& m 8t p

20 mol% poly(VBDG4BFs-co-nBA) 18§ w m8tp p&8 T TIp CH 1 8 p

2R, represents the radiusf the spherical aggregatecRepresents the radius of closest

approach, and 2Rpertains to the average cger-to-center aggregate separation.

The gvalue at the scattering maximum for copolymer with 20 mol % DABCO salt
increased with anions varying front@P to BR>to TEN in both parts a and b dfigure IX11.
This was due to size increase and chargasity decrease of thesessociated counterion®.
Table 1X1 indicates that the VBQCcontaining copolymer with halide counterions contained
smaller aggregates with shorter interaggregate distance compared to the copolymeB&fith
consistent of the gvalue change. A similar change existed for ViBD@htaining copolymer,

where the bulkier anion contributed to smaller aggregates with less spacibgtiveen. This

LKSy2YSy2y tA18te NBadAg SR milshing withodkierahiads,  Sb R A
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which led to the formation of smaller aggregatésThe fitting for samples with TRP proved

inaccurate due to poor agreement between the Kinning and Thomas model and the data.

Figure 1X12 depicts the spatial arrangement of DABCO salt units in random copolymers
over a range of length scales, agreeing withidghionomer behavio®.Figure IX11 describes (a)
F33aINBIAFGA2Yy 2F A2ya RNAGSY 0@ RALRESLRALRES
multiplets, note some ion pairs not able to associate with acgme multiplet, (c) spatial
heterogeneity of ionic domains (hard phase) containing a high density of ions and multiplets
dispersed with neutral domains (soft phasé)ithin a typical aggregate, the number of DABCO
salt units ranges from 10 to 60, calculated based on space filling of DABCO salt unit (assuming a
volume per unit of 6.2 x 163 nm?3) into an aggregate volume af tp'Y 7o. The DABCO salt
unit was approximated as a sphere of diameter 0.559 nm, determined using the distance
between two carbons adjacent to the two quaternary ammonium cations of the DABCO salt unit

in the crystallography dat of a dialkylated DABCO sHlt.

Phosphonium containing diblocksopolymers from living anionic

polymerizationof 4-diphenylphosphino styrené®

Authors: Alison R. Schultz, Gregory B. Fahs, Chainika Jangu, Mingta@dLlizenB. More, and

Timothy E. Long

Living anionic polymerization of-diphenylphosphino styrene (DPPS) achieved -well

defined homopolymerspoly(DPP®-S) styrenic block copolymers, and poli{DPPS) diene
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based diblock copolymers. PolpDPPS) diblock copolymer provided a batanothard (DPPS,
high = 120 C) and soft (I, lowgE 50 C) block sequences to fabricate a mechanicalyso,
free-standing film. Posalkylation with bromohexane and bromododecane achieved
phosphonium based derivativeBigure 1X13), poly(toC6DPPS)+ Br and poly{C12DPPS)+ Br,
and small angle -Kay scattering analysis (SAXS) was employed to reveal tbephase

separated bulk morphologies of the neutral and charged sampigsie 1X14).

All SAXS measurements were performed at room temperature, and all films were slowly
cast fom toluene and annealed at 12@€ under reduced pressure (5 mmHg) to faatditphase
separation of the blocks. The neutral polp@PPS) block copolymer sample exhibited an ordered
scattering profile with peak maxima at g*, 2q*, 3g*, and 4qg*, indicating a lamellar morphology.

. N>} 33Qa 16 61 & dza SR i 2ront thalpivdri dcatteringSmatinhuii &tf £ | NJ
g*, revealing a Bragg distance of 28 nm. The scattering profile for both {peGPPPS)Br and
poly(kb-C2.DPPS)Br exhibit broader scattering maxima compared to the neutral copolymer,
presumably due to the incorpated ion associations that prohibit sufficient thermal annealing

in these samples. Scattering maxima are observed at q*, 2g*, 3g*, 4g* for #BEDPPS)Br

and g*, 2g* for poly@db-C2DPPS)Br, suggesting a less ordered lamellar morphology for both
samples compared to the neutral copolymer. The lamellar spacing for both {meGDPPPS)Br

and poly((bG2DPPS)Br is calculated to be 38 nm. Increasing the alkyl length also gave rise to a
broad scattering peak at approximately g = 2.1 hmorresponihg to the interdigitated packing

of dodecyl chains on the phosphonium cation. A similar phenomenon was observed in earlier

reports involving random copolymers containing trioctyl phosphonium styrenic ionic li¢fuids.
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R = hexyl or dodecyl

Figure 1X-13: phosphonium containing diblock copolymers, pol@GDPPSBr and poly(b-

C..DPPSBPr.
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FigurelX-14: Small Angle -Ray Scattering profiles reveal bulk mbgbogies for poly(b-DPPS),
poly(Fb-GDPPSRBP, and polydb-G2.DPPSB* diblock copolymers. Thepaearance of broad
peak in polyth-G.DPPSBr scattering profile corresponds to interdigitated bilayers.
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Living anionic polymerization of-dliphenylphosphino styrene for ABC triblock

copolymerg?©

Authors: Alison R Schultz, Mingtalbe@, Gregory B Fahs, Robert B Moore, and Timothy E Long

Living anionic polymerization of styrene, isoprene, andiphenylphosphino styrene
(DPPS) achieved unprecedented poly({sh-DPPS) ABC triblock copolymers with predictable
molecular weights and namw polydispersitiegchemical structure ifrigurelX-15. AFMand SAXS
were used agomplementary techniques for characterizing the surface and bulk morphological
features of the poly(®-I-b-DPPS) triblock copolymers. In a typical AFM phase image of a
microphaseseparated block copolymer, the hard domains appear as lighter regions and the soft
phase appears as darker regioksgure IX16 shows the AFMapping mode phase images for
GKS GNRXRoft201 O2LRfteYSNBR 6AGK wp o6& pn o6& |
tunable microphaseseparated morphologies for each composition. SAXS experiments revealed
the microphaseseparated bulk morphologee of the ABC triblock copolymer samples as a
complement to the AFMwsface morphology analysigigure 1X17). Poly(&sk-b-Isok-b-DPP&k)
exhibited an ordered scattering profile with peak maximagat2g*, 3g* and 4g*, which is
indicative of onedimensimal packing symmetry corresponding to a lamellar morphology.
Bragg's law was used to approximate lamellar spacing from the primary scattering maximum
atgf = NBGSFEAYy3 | . N33 RA&AGIF YOS 2 Fsokibbokhf YO ¢ KS
DPPZK) and poly(&k-b-l120k-b-DPP&K) revealed significantly less ordered bulk morphologies
with a lack of long range periodicity. Pols&h-Isok-b-DPP&K) exhibits peak maxima af*, 2g*
and 3y*, which could be indicative of a disordered lamellar morphology with a Bragg spacing of
Hp YY® . aSR 2y (GKS 6SFH{1= oNRBIR {!-{ alOFdadsSN
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poly(Sok-b-l120k-b-DPP&K) is less clear-or this sample, it is reasonable to consider the two

LISF 1 & LINBaBKVR I fYasntdyisymmeétry elementg | YR indioative of

either spherical domains or bicontinuous phase separation with close packedlikpimrdering
onthescale2 ¥ | LILINREAYLI St & wmT yY® -Bl)addd golgIDRPS)( S NI i «
block copolymers reveal a similar morphold§irhe observation of phase separation from AFM

and RXS correlated well with observations in DMA experiments, which indicated a micrephase

separated morphology for all compositions.

R = hexyl or dodecyl

Figure IX-15: Phosphonium containing diblock copolymers, peby@DPPSBrt and poly(ib-
Ci2DPPSBP.
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FigurelX-16: AFM images reveal surface morphologies for (A) pgytSsoc-b-DPP &), (B)
poly(So-b-lsa-b-DPP&x) and (C) poly6g-b-l12a-b-DPP &x).

/ —  Poly(Syp-b-11501-b-DPPS )
=06 — Poly(Ss5o-b-L5o-b-DPPS,5,)
= 5 = Poly(Sysy-b-150,-b-DPPSy5)
£
l; 4
=
23
]
o0 2
-

1

0 L L L L L DL L DL DL DL DL DL DL LI R I D D O D D RN D DL RO LR N DL I IO RN DL B LB B N |

0 02 04 06 08 1 12 14 16 18 2

q (nm)

Figure IX-17: SAXS profiles reveal oriented bulk morphologies for padyftSso-b-DPP &),
poly(So-b-lso-b-DPP &) and poly(&x-b-l12a-b-DPP %x).

ImidazoliumContaining ABA Triblock Copolymers as Electroachewices!
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Authors: Evan Margaretté@Gregry B. Fahs, David L. Inglefield, Jr., Chainika Jangu, Dong Wang,

James R. Heflin, Robert B. Moore, and Timothy E. Long

Twostep reversibe additiorgfragmentation chain transfer (RAFT) polymerization and
two subsequent postpolymerization modification steps afforded wlefined ABA triblock
copolymers featuring mechanically reinforcing polystyrene outer blocks andthylimidazole
neutralzed poly(acrylic acid)ased central blocks.The ionic liquid (IL) -&thyl-3-
methylimidazolium trifluoromethanesulfonate ([EMIm][OTf]) was incorporated at 30 wité6o
polymeric filmsFigure IX18 shows the chemical structure of both the ABA triblock dgpuer
and ABA triblock copolymer with the ionic liquid incorporated. Atomic force microscopy; small
angle Xray scattering (SAXS), and transmission electron microscopy (TEM) determined surface
and bulk morphologies, and poly(StiyAA(Melmb-Sty) exhibiteda change from packed

cylindrical to lamellar morphology in SAXS upon IL incorporation.

(a) \g (b) 7» P
2/

©
O, ,LOHO_ .0 s O 0 O 0 S
| |
n X y "2 n X y ‘2

Figure IX-18 Chemical Structure of (a) Poly(styrebng¢nBAco-AA}b-styrene) and (b)
Subsequent Neutralization with-®ethylimidazole

AFM Figure 1X19aandb) revealed the surface morphologies of poly(B#A(Melmjb-
Sty) and poly(Sti-[nBAwsco-AA(Melmyse-b-Sty) in the absence of IL and confirmed the phase
separated nature of the materials suggested with DSC.(8lg-AA(Melm)b-Sty) exhibits
hexagonally packed cylinders on the surface of the membrane, and peb{BBAwsCcO-
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AA(Melmyeod-b-Sty) displays wetllefined lamellar surface morphology. In particular, SAXS

(Figure 1X19 ¢, Table 1X2) indicated the presnce of an ordered morphology, consistent with

packed cylinders rather than spheres in poly{s#A(Melm)b-Sty), with broad scattering peaks
atg*YKoYo ¢KS {! . {-b[hBRRHAAMeIMIA-b-3t93 ilustratésihe presence

of reflections indicative of microphase separation, but in contrast with the AFM re&ugsré

IX-19 b) it does not conclusively reveal any lerange order in tie bulk. Because central block
molecular weights remained similar, nBA incorporation into the central block likely affected the

Flongl dz33Aya AYOGSNIOGA2Yy LI NFYSGSNI . adzZFFAOASYL
morphology. However, the present invegition did not include determination of this

parameter.

TablelX-2: Summary of form factors from SAXS analysis

sample scattering peaks morphology
poly(Sty-b-AA(Melm)-b-Sty) g*, 0a3g cylindrical
with 30wt % IL g*, 30, Xq lamellar
poly(Sty-b-[nBA%-co-AA(Melm)geo -b-Sty) q* ND
with 30wt % IL o*, oA 304 8 ND
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100 +

Poly(Sty-b-AA(Melm)-b-Sty)

--------- Poly(Sty-b-[nBA,, -co-AA(Melm), ., ]-b-Sty)

96%:

Intensity

e

0.01

005 0.15 025 035 045 055 065 075 0.85

FigurelX-19: AFM phase images of (a) poly(®tAA(Melm)b-Sty) and (b) poly(Sty-[nBA4%
co-AA(Melm)96%1-Sty) reveal differences in surface morphologies, and (c) SAXS profiles
indicate bulk morphologies similar to those observed in AFM.

SAXS also probed bulk morphology efdhtaining membranesH{gure 1X20), further
confirming the phase sepation indicated in DMA and DSC. Scattering peaks at rgtitds5
suggest lamellar morphology upon the incorporation of IL into polyS®A(Melm)b-Sty)
(Table 1X2). Microphase structure critically affects ionic conductivity of membranes, with films
possessing lamellar morphology exhibiting higher ionic conductivity than those having
hexagonally packed cylindetsWhen polymer samples approach 50:50 vol %, structure and
form factors in the scattering may overlay and reduce peak intensity at even integral
reflections?® 24 The primary scattering peak position at 0.125%morrelated tod-spacing of

pn®o yY®d ¢KS OKFy3aS FTNRY LI O1lSR Oeft AYRSNH
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and volume fraction of the central block. Meanwhile, the SAXS profile for poly(88Awsco-
AA(Melmgyeod-b-Sty) cast with 30 wt % IL indicates rojnaseseparated bulk morphology with
some degree of longange order; however, the broad secondary scattering peakg%f o Y Ky R 2

not directly correlate to geometries commonly observed for ABA triblock copolymers.

100 +
i —— Poly(Sty-AA(Melm)-Sty)
--------- Poly(Sty-[nBA-co-AA(Melm)]-Sty)
2 | +
g 01t
001
L e S
0 0.5 1 L5 :

d 2()9‘11115

q (nm!) ‘

FigurelX-20: SAXS profiles of poly(StyAA(Melm)b-Sty) (solid) and poly(Sty[nBA4%co-
AA(Melm)96%b-Sty) (dotted) reveal microphase separation when cast with 30 wt %

[EMIm][OT(] ionic liquidTransmission electron micrographs of Oss&ined poly(Styb-

AAMelmb-{ G&v G oF0 TpnnP YR 600 -doBAMmm P YI IYATF
AAMelm)96%b-{ G &0 | 0 dc nnnaP YIFAYAFAOLIGAZ2Yy® & aly
incorporated.

TEM clearly revealed the bulk morphologies of poly&S&A(Melmjb-Sty) and pol{Sty
b-[NBAwsco-AA(Melmysod-b-Sty), further confirming the SAXS dat&iglre 1X20). The
micrographs clearly showed the lamellar bulk morphology of poly§@bvA(Melmjb-Sty). The

images revealed interlamellar spacing of 51.15 + 4.79 nm, which correledwith the d-
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spacing as determined using SAKEBure IX20 a demonstrates the small grain size of the
lamellar domains, which explains the broad nature of the peaks in the SAXS profiles. Increasing
the magnification Figure 1X20 b) better reveals thavell-defined order of the lamellar domains.

The small grain size may provide some explanation for the conductivity of the film. Balsara
demonstrated the inverse correlation of lamellar domain grain size with ionic conductivity in

block copolymer electrotg samples®

High-Peiformance Segmented Liquid Crystalline Copolyesteérs

Authors: Ashley M. Nelson, Gregory B. Fahs, Robert B. Moor&;iaathy E. Long
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FigurelX-21: Chemicaktructure ofpoly(BBHD)-ran-poly(BBP10R%), (BBP10R5series).

All polymers were synthesid using a similar melt transesterification procedafeFor
the various compositions the charged weight percent SS ranged from 24% to 25%, 52% to 54%,
and 64% to 66% referred to as 25, 50, and 60 wt% through€mr example, in preparation of
poly(BBHD)}7-ran-poly(BBP10RX)s3, where the subscript corresponds to the weight percent of
each segment charged and is further referred to as the 50 wt%dSségmen} composition,
ndmc I Dipghenyldicarbaxyiate), 2.18 g of HRdthylene spacer for the hard segmegnt

and 5.01 g of P10R&PIluronic 10Rp The chemical structure is shownkigure 1X21.
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Small angle Xay scattering (SAXS) was used to gaiigirisnto the nanometer scal
morphologyof these polymers. Scattering maxima resulting frardered domains allows for an
estimation of chaacteristic dimensions using =0 H gwhered corresponds to the Bragg
spacing andyis the scattering vector at thpeak maximum. SAXS analysis was performed on
compression molded films of the B®mopolymer and B&10R5series at 25 °C. The scaitey
profiles, depicted irFigure IX22 exhibit a peak for each composition and diffuse scattering for
the segmented coplgesters at loweq values.Table IX-3 contains the maximung values for
each peak and corresponding Bragg spacing. The calculated Bragg spacing values correlated well
with previously reported BEhomopolymer lamellar spacing values of 2294 A29 30 The
consistent spacing between B&hd BB6P10RSeries suggested the scattering peak
corresponds to the hard segment and further confirmed the micropkseggarated morphology

of these segmented copolyesters.

WAXD prbes the crystalline structure of materials on a smaller scale than SAXS and is
capable of providing exact crystal lattices and polymer chain lerf§\WAXD utilizes the Bragg
equation,dI 0 oy Toldetermine crystal size and length scales. WAXD was performed on
compression molded films of the BBLORSseries and the overlaidurves, shifted vertically for
ease of comparison, are displayed kigure IX-23. The lack of an amorphous halo for the
BB homopolymer (100 wt% HS) indicated a highly crystalline material, congruent with previous
literature 32 32 An amorphous halo appeared upon incorporation of the soft segment and
increased with increasg flexible content. The segmented copolyesters maintained many peaks
similar or identical to B3 as visible ifrigurelx-23. Interestingly, increasing the soft segment also

introduced structure not observed in the homopolymer. These new peaks arew#dhbo soft
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segment induced polymorphs and show a distinct difference from WAXD profiles. Takahashi and

Nagat&?reported for BBPTMO segmented copolyesters with varying wt% soft segment.

TablelX-3: Scattering vector maxima and calculated Bragg spacing from the SAX& mbfiie
BBP10RSseries

HS [wt%)] g[nmb ¥ d[nm]
35 0.18 34
50 0.18 35
75 0.19 34
100 0.19 33
1000
35 wi. % HS
50 wt, 20 HS
10:00 —75 wi. % HS
_ — 100 wt. % HS
'LEG 100
2
t.
E
= 10
1
. ——r——r—r————— T —
0 0.3 1 1.5 3 2

q (nm-1})

FigurelX-22: SAXS profiles for BBLORSseries (vertically shifted) which coupled with DSC
further supports a microphasseparated morphology.
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FigurelX-23: WAXD profiles of the BB10R%series highlighting the highly crystalline hard
segment and appearance of polymorphs upon soft segment incorporation.

Synthesis and Characterization of Polysune-Containing Poly(butylene

terephthalate) Segmented Block Copolyméts

Authors: Joseph M. Dennj&regory B. FahRobert B. MooreS. Richard TurneandTimothy

E. Lony

FigurelX-24: Chemical structureof { | bt . ¢ { SIYSYGSR .t201 /2LRfeYyY

A segmented block copolymer has been synthesized using melt transesterification

polymerization(Figure 1X24). 1,4Butanediol and dimethyl terephthalate afforded poly(butylene
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