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ABSTRACT

lon-containing polymers for fuel cell membranes have been studied to determine the
chemical structure and ion content relationship to membrane water uptake, conductivity, and
morphology. Random and block copolymer proton exchange membranes (PEMs) and anion
exchange membranes (AEMSs) with unique properties, such as diblock and triblock copolymers,
superacidic moieties, and charge-delocalized polymer-tethered Ru-complex based cations, were
investigated, and new metrics were developed to analyze fundamental ion transport behavior in
these polymers. The morphology of the polymer systems was examined using small angle x-ray
scattering (SAXS), small angle neutron scattering (SANS), and transmission electron microscopy
(TEM). By studying a number of different ion-conducting systems using multiple techniques and
deep analysis of structure-property relationships, a more complete picture of the property
landscape of these materials was developed.

Model diblock and unique triblock copolymer systems with center-functionalized blocks
based on poly(styrene), PS, and poly(hexyl methacrylate), PHMA, were synthesized via atom
transfer radical polymerization (ATRP). The PS block was functionalized for
backbone-independent comparisons of PEM and AEM water uptake and conductivity to provide
insight in how the properties of PEMs and AEMs compare and aid in further AEM development.
The ratio of the mobile ion diffusion coefficients and dilute solution ion diffusivity (D/D,) was
developed as a new metric, allowing for accurate comparison of polymer systems with different
ion moieties and contents. Subsequently, it was determined that block copolymer PEMs and
AEMs demonstrate the same barriers to ion transport if the mobility of the charge carrier is

considered.



iv

Solution and membrane morphology was correlated for the PS-PHMA membrane
systems using SAXS, SANS and TEM techniques. Two additional polymer systems
incorporating unique Ru-complex-based and superacid ionic groups were investigated, as well.
The effect of cross-link density on water uptake and conductivity was studied for bis(terpyridine)
ruthenium-based AEMs with the new metrics to compare the conductivity of various AEM
counterions. Finally, the conductivity, water uptake, and morphology of superacid random and
block copolymer PEMs were explored. The perfluorosulfonic acid groups in these polymers led
to enhanced conductivity over the alkyl and aryl sulfonic acid groups.

Through this research, new insight was gained into the fundamental associations between
water and ions in polymer membranes. These methods were applied to membranes with a wide
variety of ionic groups and random and block copolymer PEM and AEM systems, with the goal
to aid in the development and design of ion-conductive materials for a wide variety of

applications with enhanced performance.



TABLE OF CONTENTS

TADIE OF FIGUIES ...ttt viii
L= Lo 20 B = o] 1= PSS Xiv
List of SYmMbOoIS aNd ACIONYIMS .......ooiiiiiiiie ettt sreera e besreeseenre e XV
ACKNOWIEAGEIMENTS ... XXiii
Chapter 1 Introduction and Literature REVIEW ............ccociiiirininenicieesesesese e 1
1.1.  Background and MOUIVALION ..........cccccviiiiiieicies ettt sne s 1
1.2.  Important Membrane CharaCteristiCs ........c.ccoviviiieiiiicie s 4
1.3.  Current Status of Proton and Anion Exchange Membranes............ccccoovvviniinenencnennenn 7
1.3.1 Proton EXchange MEmMDIaNES .........ccciveveieiieii ettt te et sre st sre e sne e sre e 7
1.3.2  Anion EXchange MembBIaneS........ccccviiiiieeiiiiiee et sttt 10
S (o] o I I 10 KT o Lo o A PP U R PRSPPI 12
1.4.1 Non-Aqueous and AQUEOUS DYNAMICS.........ccueiririririnerieieieeee st 12
1.4.2 lon Transport Mechanisms in PUre Waater ..........ccccovvviveie i 14
1.4.3  Water-lon INteractions in POIYMEIS ........cooiiiiiiiiiie e 16
144 10N TranSPOrt METIICS ...c..oveiiiiiiisie ettt 17
1.5, BIOCK COPOIYMELS .....cviiiieiecie ettt ettt sttt s re et ae s be e s beetaenbesaeeneenre e 20
151 BIOCK COPOIYMEr OVEIVIEW .....ccuviiiiciiiieiieeicste sttt sttt sae st sreens 20
1.5.2 Block Copolymer PEMS and AEMS..........coiiiiiiiiieiisereeee s 23
1.5.3 Control of Block Copolymer Morphology .........cccccoviiiiiiieic e 25
1.5.4 Diblock and Triblock COPOIYMELS ......ccoiiieiiiiiiececece e 27
1.6. AEMs with AIternative CationS .........ccccviieieiieiiere et sttt see e 28
O R L 1= € 4ot PSS 29
Chapter 2 Experimental Methods .........cccooiiiiiiiiiic e 35
2 R 1011 o L1 Tox o] SRS 35
2.2. Synthesis and Functionalization of Poly(hexyl methacrylate)-Poly(styrene)-
Based BIOCK COPOIYMETS ......couiiiiieie ettt sttt ne 35
2.2.1  Atom Transfer Radical POlyMErization ...........ccccoeviiieiiie e 36
2.2.2  Functionalization fOr PEMS .........ccccoiiieiiiice e 37
2.2.3  Functionalization fOr AEMS ..........ccciieiiiice e 38
2.2.4  Membrane FabriCAtION .........ccoieieieiiice et 39
2.3, Additional MaterialS..........cceiiiiieiiiice st 39
2.3.1  Poly(vinyl benzyl chloride)-Poly(styrene)-Based Block Copolymers.............cc....... 40
2.3.2  Bis(terpyridine) Ruthenium-Based AEMS...........ccoooi i 41
2.3.3  SUPEIACIH PEMES.....cuiiiiiie ettt sttt s nne e 41
2.4.  Polymer CharaCterization ...........ccoiiiiireie et 41
2.4.1  Size Exclusion Chromatography .......ccooeoeoeirieeie et 42
2.4.2  Nuclear Magnetic Resonance SPECLrOSCOPY ......vevrrurreeurreieereesieeieseeeree e seeeeeneenns 42
2.4.3 Differential Scanning Calormetry.........ccocooiriierieiiiiise e 43

2.5, Membrane CharaCleriZatiON .........occueeeeeee ettt e e e e et e e ettt eeeeeseeereeeeeseenans 43



2.5.1  ConducCtiVity MEASUIEIMENTS .......cc.eiiireiieiteeie e eeesteste e ste s e sre e e e e sre e e sresneeaesee e 44
2.5.2  Water Uptake IMEASUIEIMENTS..........ccuiiiiriirieiieieeeee st 45
2.5.3 Small and Intermediate Angle X-ray SCattering.........c.ccocvrerererrereniinisese e 46
2.5.4  Small Angle Neutron SCAttering .........ccccviveiieiiesieie e 47
255  Transmission EICtron MICIOSCOPY .....civeireeieiieeieiiesieeiesiesee e steeiesresrae e e eae e 47
2.6, RETEIBICES ...oiiiiiie ettt ettt s te et e e ste s e tesre et e teeneenaeereetenne s 48
Chapter 3 lon Motion in Anion and Proton-Conducting Triblock Copolymers.............. 49
T R 1011 70T [¥Tox o ISP 49
3.2, EXPEriMENTAl........coiiiiiiee s 52
3.2.1  Polymer Synthesis and Membrane Preparation .............c.ccoeeerereisiesiesese e 52
3.2.2  CharaCteriZatiON .......cuoiiiiiiiiieiieie ettt ettt bbb 56
3.3, RESUILS QN DISCUSSION ....vvevviiiiiieiiesieesiesieeeesiesiaete e ssee e srae e steeseeseesseesaesteaneessesseensesneas 58
B S o o] 1313 (o] oSSR TRSS 71
3.5, RETEIBNCES ...ttt enes 72
Chapter 4  Solution Morphology of Triblock Copolymers.........cccocevviviieiieciicne e, 75
Ot I 1011 oo [0 o1 £ o o ST 75
4.2, EXPEIMENTAL ..ot 78
4.2.1  POIYMEr SYNNESIS ..cviiviiiiie ettt s re st eenre s 78
4.2.2  Solution and Membrane Preparation ............ccoceoeieiiineneneseseeesesese s 79
G T 101 {01 11T 0] LA T o SRS 80
4.4, ReSUILS NG DISCUSSION .....veivitiieiieiesieiese sttt sttt se s 80
T O3 Tod (113 o] 4SSO UR PP 93
I (=] T =1 T PSS 94
Chapter 5  Organization and Conductivity of Analogous Diblock and Triblock
o] o @0 oo [8Tex (o] ¢SSP 96
TS I 11 o [ 4T o USSR 96
5.2, EXPEIIMENTAL ..ottt 99
5.2.1 Polymer Synthesis and Membrane Preparation ..........c.ccccoceeveeveieeniesesiesese e, 99
5.2.2  CharaCteriZation ........ccuiiiiiie ettt te e s be e st rae e s be e sbeesreesrne s 101
5.3, RESUILS QN DISCUSSION ....uvevviiviiiieiiesiieiesie ettt ae et seesae e seesansseetesneeneenneens 103
5.4, CONCIUSIONS ...ttt sttt sttt ettt sb et e s e s e e s e ebesbeabeneeneeeeneas 109
5.5, REFEIBNCES ..ottt ettt n ettt 110
Chapter 6 Morphology and Conductivity of Poly(styrene)-Based Anion
EXChanNge MEMDIFANES. .......coiiiiie ettt sttt st s re et re e sreens 112
G TSI 11 o [ 4 o o OSSPSR 112
6.2.  EXPEIIMENTAL......ociiiiiiiieee s 114
6.3.  RESUILS AN0 DISCUSSION ....eecvviiiiieiiecie ettt sttt et ettt be e ere e ste e sbeesbaesaaesaaeearas 116
GRS o] o] 1D (] oL PSSR 129

8.5, RETOIEINCES ...ttt ettt e ettt e e e e e ———— et e e et e e a———————.n 129



vii

Chapter 7 Water Uptake and lon Mobility in Cross-Linked Bis(terpyridine)

Ruthenium-Based Anion Exchange Membranes ... 132
7% R 11 o [ 4 o o SRR 132
7.2, Experimental MEthOAS........c.coiiiiiiiic e e 138
7.2.1  Polymer Synthesis and Membrane Preparation ............ccccceeveveeiveneneevese e seenns 138
7.2.2  CharaCteriZatiON ..........coiveeeiiie ettt e e e esee e neeenes 139
7.3.  Results and Discussion 0f BTP-RL ........ccccuiiiiiiniiiieiee e 141
7.4.  Results and Discussion 0f BTP-R2 ... 148
8 T €0 o] 101 (o] oL SRR 158
B =] (= =] 0o PSP 159
Chapter 8  Scattering of Superacid Proton Exchange Membranes.............cccccoovevvevenie, 161
T8I 11 o L1 4 T o PSSR 161
8.2, EXPEIIMENTAL......cciiiieiiieee s 163
8.2.1 Random Copolymer PEMS .......c.ccciiiiiiiieiiee ettt st 163
8.2.2  Triblock COpOlYMEr PEMS.....ccociiiiiiiie ettt st 163
8.3. Results and Discussion of the Random Copolymer PEMS..........cccoceoiiiiinincnenennenns 164
8.4. Results and Discussion of the Superacid Triblock Copolymer PEMS............cccccovinenne. 172
8.5, CONCIUSIONS ...ttt ettt sttt b e bt et et st nee e neas 176
8.6, RETEIBICES ..eiieeiie ettt te e et et nreeneere e 176
Chapter 9  Summary and Future Research DireCtions ..........cccvcvevevvnievesinene e eienie s 179
9.1.  Summary and CONCIUSIONS .........ciiiieiii ettt sre et sae e re e 179
9.1.1 lon Motion in Anion and Proton-Conducting Triblock Copolymers............c......... 179
9.1.2 Solution Morphology of Triblock and Diblock Copolymers...........cccccevvvviiiernnnne. 181
9.1.3 Organization and Conductivity of Analogous Diblock and Triblock lon
L0730 (104 ] £ PP 182
9.14 Morphology and Conductivity of Poly(styrene)-Based Anion Exchange
Y T 0] o] T LTSRS 183
9.15 Water Uptake and lon Mobility in Cross-Linked Bis(terpyridine)
Ruthenium-Based Anion Exchange Membranes..........ccoovevevevenisincncncnee 184
9.1.6 Scattering of Superacid Proton Exchange Membranes.............ccoccevvvivevesverienennne 185
9.2. Directions for FULUre RESEAICN..........cooi i 185
0.3, REFEIBNCES ..ottt ettt sttt n ettt et eneas 188
Appendix A lon Motion in Anion and Proton-Conducting Triblock Copolymers........ 191
A.1 Determination of Triblock Copolymer Molecular Weight...........ccccooveviiiiiiiieciieiins 191
A.2  Polymer FUNCHIONAIZAION. ........coiiiie et 193
F N T O - T - Tod T 77 14 o] o OSSPSR 195
Appendix B Organization and Conductivity of Analogous Diblock and Triblock
o T @0 T [ Tod (0] PSPPSR 197
B.1  Polymer characterization by SEC and NMR .........cccooiiiiiiiiiiiiecee s 197

B.2  Sulfonation of the BIOCK COPOIYMENS .....c.oiuiiiiiiiiiieieiscse s 203



TABLE OF FIGURES

Figure 1.1 Schematic of a fuel cell with the polymer electrolyte membrane shown in blue,
the catalyst shown in gray, and the gas diffusion layers (GDLs) shown in black for
(a) proton exchange membrane (PEM) fuel cells and (b) anion exchange membrane
(AEM) TUBH CEIIS......oeeeeee e

Figure 1.2. Schematics depicting the hopping (Grotthuss) and vehicle mechanisms of
proton transport in pure water. Hydrogen atoms are blue, and oxygen atoms are
=10 PO

Figure 1.3. Schematic depicting polymer chains for a hompolymer, AB random
copolymer, AB diblock copolymer, ABA triblock copolymer, and AB graft
copolymer. Polymer A is represented by blue beads, and polymer B is represented
DY FEA DEAGS. ...

Figure 1.4. Phase diagram for an AB diblock copolymer (top) and cartoons of (a)

lamellar, (b) gyroid, (c) cylindrical, and (d) spherical morphologies.”™.............cc.cc.......

Figure 1.5. Transmission electron micrographs of (a) PS-g-PSSA and (b) PS-r-PSSA.
The greater phase separation of the graft copolymer contributes to the higher
cONAUCEIVILY SHOWN TN (C).% ..ottt

Figure 1.6. (@) Small angle x-ray scattering curves of poly(styrene-b-(4-vinyl pyridine))
in a mixed dioxane/tetrahydrofuran/N,N-dimethylfomamide solution, and (b) a
scanning electron microscope image of the top surface of the membrane cast from
the 15 Wt %6 SOIULION.Z ...t

Figure 1.7. Configurations of lamellar AB diblock and ABA triblock copolymers. The
diblock chains do not form bridges or loops, but the triblock chains are capable of
demonstrating both CoNfiGUrAtioNS.% ..........c..ouiieeeiieeeeeeeeee e

Figure 2.1. Generalized ATRP reaction showing the rates of activation (k,), deactivation
(Kgeacr), @nd propagation (k). P, and P,e are the propagating species and radical.™........

Figure 2.2. Sulfonation scheme of the PHMA-b-PS-b-PHMA triblock copolymer,
depicting functionalization fOr PEMS. ..........cccoiiiiiicie e

Figure 2.3. Two-step scheme to produce QA-functionalized PHMA-b-PS-b-PHMA for
AEMs. A chloromethylation step® was followed by conversion to QA groups via
ErMETNYIAMING. ..ot ees

Figure 2.4. Schematic of the cell used for conductivity measurements of free-standing
membranes,** with (1) securing screws, (2) Teflon® blocks, (3), stainless steel
electrodes, (4) equilibration windows, and (5) the membrane. .........c..cccoovvevevevivnienennns

Figure 3.1. Sulfonation and quaternization routes of the PHMA-b-PS-b-PHMA triblock
COPOIYIMIE ...ttt bbbttt b bbbt b e

21

36

38

39

45

viii


file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418477
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418477
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418477
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418477
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418478
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418478
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418478
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418479
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418479
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418479
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418479
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418480
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418480
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418481
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418481
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418481
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418482
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418482
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418482
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418482
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418483
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418483
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418483
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418484
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418484
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418485
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418485
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418486
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418486
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418486
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418487
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418487
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418487
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418488
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418488

Figure 3.2. Reaction rates of chloromethylation using the method developed by Avram, et
al.2* The stoichiometric ratios published by Avram, et al.,** a 1:3:3 ratio of polymer
sites to be functionalized:paraformaldehyde:chlorotrimethylsilane and 0.2 mol% tin
(V) chloride are represented by ([1). Other stoichiometric ratios shown are 1:3:3
and 0.6 mol % catalyst (O), 1:9:9 and 0.6 mol % catalyst (A), 1:9:9 and 0.2 mol %
catalyst (<), and 1:60:3 and 0.2 mol % catalyst (V). The maximum degree of
functionalization of the poly(styrene) block attainable before degradation was
aPProXimately 53 MOI 9. ...cvecvieiiieecce e st nre s 60

Figure 3.3. Conductivity versus hydration number of P-1.2-H (H), P-1.6-H (@),
P-2.3-H (A), A-1.1-HCO; (V), A-1.2-Cl (1), A-1.7-Cl (O), and A-2.0-Cl (A)........... 62

Figure 3.4. The diffusion coefficient as a function of hydration number of P-1.2-H (H),
P-1.6-H (@), P-2.3-H (A), A-1.2-Cl (), A-1.7-Cl (O), and A-2.0-CI (A) at (a) all
hydration numbers, and (b) at low levels of hydration. ...........ccccoeeviiieniiiiin e 64

Figure 3.5. The ratio of the diffusion coefficient, D, to the dilute solution diffusivity, Dy
as a function of hydration number for P-1.2-H (), P-1.6-H (@), P-2.3-H (A),
A-1.2-Cl (00), A-1.7-CI (O), and A-2.0-Cl (A\). oo 66

Figure 3.6. Sensitivity of change in log o to RH of P-1.2-1.6-2.3-H (M) and
A-L1.2-1.7-2.0-Cl (L) oot 67

Figure 3.7. SAXS patterns of (a) PEMs and (b) AEMs. Arrows indicate primary and
SECONdAry SCALIErNG PEAKS. .....ecvieieerieiieieei sttt 68

Figure 3.8. Bright field TEM images of the microtomed cross-section of membranes
() P-1.6-H and (b) A-1.7-Cl. The spherical domains shown are on the order of 20
nm. The morphologies for the PEM and AEM are comparable, which supports the
similar D/Dg ratios for the MaterialS. ..........coeevuiiiiiii i 71

Figure 4.1. Chemical structures of the (a) PHMA-b-PS-b-PHMA triblock copolymers
with tethered sulfonate (PEM) or quaternary ammonium (AEM) moieties and
(b) PHMA-b-PS diblock copolymer with tethered sulfonate moieties (PEM). ............... 79

Figure 4.2. Transmission electron microscopy, TEM, images of (a) unfunctionalized
PHMA-b-PS-b-PHMA, (b) P-1.2-H, (c) P-1.6-H, and (d) P-2.3-H. .....ccvoovvrerrrrrreneeane. 83

Figure 4.3. Transmission electron microscopy, TEM, images of (a) A-1.2-Cl,
(D) A-1.7-Cl, and (C) A-2.0-Cl. .ot 84

Figure 4.4. Diagram of some of the parameters used in the polydisperse core-shell model,
left, and a cartoon of the PHMA-b-PS-b-PHMA TB-1 micelles, right...........cc.ccccerenee. 85

Figure 4.5. lllustration of the model fit (solid black line) to SANS data (dotted colored
line) of A-2.0-Cl for 1 wt % solution, 10 wt % solution, and dry membrane.................. 86

Figure 4.6. Schematic depicting the size (in nm) of the core (white, red, or green) and
shell (blue) for the particles in the 1 wt % solutions, 10 wt % solutions, and dry


file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418489
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418489
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418489
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418489
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418489
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418489
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418489
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418489
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418490
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418490
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418491
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418491
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418491
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418492
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418492
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418492
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418493
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418493
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418494
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418494
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418495
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418495
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418495
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418495
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418496
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418496
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418496
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418497
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418497
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418498
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418498
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418499
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418499
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418500
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418500
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418501
file:///C:/Users/Melanie%20Disabb/Dropbox/DisabbMiller_Melanie_PhD_Dissertation_MatSE.docx%23_Toc368418501

membrane according to the fit to the NIST polydisperse core-shell model with a hard
SPNErE SEFUCLUIE FACLOT. ...ttt 87

Figure 4.7. The core polydispersity is plotted as a function of weight percent polymer.
As the polymer concentration increases, the particle cores became less polydisperse. ...88

Figure 4.8. The proposed solution to membrane morphology transition is shown from left
to right, with snapshots of the 1 wt % solution, the 10 wt % solution, and of the final
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Figure 4.9. lllustration of the model fit (solid black line) to SANS data (dotted colored
line) of DB-1.1-H for 0.1, 1, 10, and 20 Wt % SOIULIONS. ........cccoovieriiiie e 91

Figure 4.10. Schematic depicting the size (in nm) of the core (white) and shell (blue or
green) for the particles in the 0.1, 1, 10, and 20 wt % according to the fit to the NIST
polydisperse core-shell model with a hard sphere structure factor. ............cccccvevvieienens 92

Figure 4.11. The core polydispersity of the diblock and triblock copolymers in solution is
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Figure 5.1. A diagram depicting the formation of bridges and loops within a lamellar
ABA triblock copolymer and the lack of such formation in an analogous AB diblock
copolymer, left;*® a cartoon depicting AB diblock copolymer chains created from
“cutting” an ABA triblock copolymer in half, right..........c.cccooniiiinnis 97

Figure 5.2. Chemical structures of the (a) PHMA-b-PS-b-PHMA triblock copolymer with
tethered sulfonate (PEM) moieties and (b) PHMA-b-PS diblock copolymer with
tethered sulfonate moieties (PEM). The cartoons depict the diblock copolymer was
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Figure 5.3. Comparison of the (a) water uptake and (b) hydration number of diblock (DB)
and triblock (TB) PEMs as a function of ion content. ...........cccoovevvvieiieinnceeie s 105

Figure 5.4. The conductivity of the membranes increased with RH and hydration number ...107

Figure 5.5. Small angle x-ray scattering (SAXS) patterns for (a) diblock and (b) triblock
copolymer PEMs. Primary peaks are indicated BY g*. ......cccoovvivevininiie i 108

Figure 6.1. Conductivity at 30 °C of block and random QA-functionalized multiblock
copoly(arylene ether) AEMs. The block copolymers exhibit higher conductivity than
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Figure 6.2. Chemical structures of (a) QA PVBC-ran-PS, and (b) QA PVBC-b-PS............... 116

Figure 6.3. For a given IEC, the () QA PVBC-b-PS copolymers were more hydrated
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Figure 6.4. The conductivity, o , of the (ll) QA PVBC-b-PS and (O) QA PVBC-ran-PS
copolymers at 95% RH, shown as a function of (a) IEC, and (b) hydration number,

Figure 6.5. Mobile ion diffusivity, D, at 95% RH of the (ll) QA PVBC-b-PS and
(O) QA PVBC-ran-PS COPOIYMELS. .....ooiviiiecieceeece sttt 122

Figure 6.6. The ratio of diffusivity, D, to dilute solution, Dy, at 95% RH is shown for the
() QA PVBC-b-PS and (O) QA PVBC-ran-PS copolymers. Both block and
random copolymer AEMs are well below the ideal value of unity for D/Dq................... 123

Figure 6.7. Small angle xray scattering (SAXS) patterns for (a) QA PVBC-b-PS
copolymers (==) B-1.06, (==) B-1.41, (==) B-1.59, (==) B-1.78, (==) B-2.09, and
(b) QA PVBC-ran-PS copolymers (==) R-1.43, (==) R-1.84, and (==) R-2.05. The
block copolymers AEMs showed primary scattering peaks, indicated with g, while
the random copolymer AEMs did not Show any Ordering. ........ccccceeeeveerineniesenenennennns 127

Figure 6.8. Relationship between D, the interdomain spacing calculated from SAXS and
(Noa vec)®®. The pseudo-linear relationship is in agreement with the Semenov
equation, except for the outlier Of B-1.78. ......c.ccco v iiieie i 128

Figure 7.1. Schematic of the argon-purged conductivity setup. Argon is bubbled through
water before and during the conductivity measurement. ........ccccoeveveiieeieveceenese e 140

Figure 7.2. First iteration of monomers polymerized by Grubbs’ second generation
catalyst into resulting chemical structure overlayed on optical image of a membrane,
BTP-RL. oottt ettt R et e et et e n e 142

Figure 7.3. Humidity dependence of conductivity and water uptake for the AEM with
MONOMETDCPD T 1:2. oottt sttt b et et sbe e e sreesnae e es 143

Figure 7.4. Decline in conductivity of the hydroxide form AEMs during conductivity
measurements; (top) kept under Ar blanket for up to 3 h, (bottom) left open to
atmosphere after 3 h. Conductivities were measured with samples exposed to liquid
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Figure 7.5. Change in hydroxide conductivity upon exposure of the samples to 1 M KOH
for 2 h. Conductivities were measured with samples exposed to liquid water at
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Figure 7.6. Impact of temperature on conductivity for the membranes (a) in the HCO5
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Figure 7.7. The difference in conductivity at 30 °C between membranes in the CI" form
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Figure 7.9. Conductivity of membranes as a function of hydration number in the
(a) chloride form and (b) bicarbonate form for (H) [DCPD]:[M+COD] = 1:1,
(@) [DCPD]:[M+COD] = 2:1, and (A) [DCPD]:[M+COD] = 5:1. The maximum
conductivity occurred at a hydration number of approximately 50 and 125 for
membranes in chloride form and bicarbonate form, respectively...........cccocovevviicienns

Figure 7.10. The role of ion concentration on membrane conductivity for membranes in
the chloride form with [DCPD]:[M+COD] ratios of (H) 1:1, (®) 2:1, and (A) 5:1.
The IEC and hydration number of the membranes are denoted next to the
COrrespoNding SYMDOIS. .......coviiiiiiiiii e

Figure 7.11. Hydration number decreased as ion concentration increases for membranes
in chloride form with [DCPD]:[M+CQOD] ratios of (H) 1:1, (@) 2:1, and (A) 5:1. .......

Figure 7.12. Ratio of the diffusion coefficient, D, to the dilute solution diffusivity, Dy, as
a function of hydration number for membranes in the (a) chloride form and
(b) bicarbonate form, with DCPD]:[M+COD] ratios of (H) 1:1, (®) 2:1, and (A)
5:1. The higher D/D, ratio for the bicarbonate ions signifies that the bicarbonate
diffusion coefficient in the samples was closer to the dilute solution diffusivity of
0T ToF: T T o U= Lo ] TSR USSSRS

Figure 7.13. lon transport properties of membranes in the bicarbonate form, for Ru (I1)
complex-based membranes with [DCPD]:[M+COD] ratios of (H) 1:1, (H) 2:1, and
(M) 5:1; BTMA-based tetramethyl bisphenol membranes with (@) 100, (@) 80, (®)
60, and (@) 40 mol % tetramethyl bisphenol;® (A) imidazolium-based
poly(fluorenyl ether ketone sulfone) membrane;® and phosphonium-based
bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide) membranes with (V)
20%, (W) 34%, (V) 57%, and () 90% degree of functionalization,® where (a)
depicts bicarbonate conductivity as a function of hydration number, and (b)
illustrates the ratio of the diffusion coefficient, D, to the dilute solution diffusivity,
Do, as a function of hydration NUMDET. ..o

Figure 8.1. Chemical structures of sulfonated poly(sulfone), PSU, and poly(styrene), PS.
The perfluorosulfonate, aryl sulfonate, and alkyl sulfonate groups are shown as S,
Sy, AN S3, FESPECTIVEIY. ...t nne s

Figure 8.2. Intermediate angle x-ray scattering (IAXS) patterns of dry 200-PSU (top)*
and 40-sPS (bottom) membranes. The sSPS membranes scatter more strongly than do
the PSU membranes. *Adapted from Chang, Y., et al. Polymer Chemistry 2013, 4,
272-281L... ettt bRt Rt Rt Ee ettt ne et e nrenenrn

Figure 8.3. Small angle neutron scattering (SANS) patterns of hydrated 135-PSU (top)
and 30-sPS (bottom) membranes. The primary scattering peak is denoted by g. The
overall scattering of the membranes iS SIMIAr. ...........ccocoiiiiiniiiic e

Figure 8.4. The swelling of the membranes calculated from (dsans-0iaxs)/diaxs increased
with the ion content of the MEMDBIANES. .....coovcveiiee et
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Chapter 1

Introduction and Literature Review

1.1. Background and Motivation

Current global energy demands are increasing along with fossil fuel costs, requiring new
sources of energy. Means of alternative energy production are being explored as an answer to this
problem, and new materials are being developed to attain the goal of moving beyond fossil fuels
as our predominant energy supply. lon-containing polymers have been of interest for use in
lithium batteries and as electrolytes for solar hydrogen generators, water electrolyzers, and fuel
cell membranes. The conductivity, stability, and cost of these polymer electrolytes are still below
the desired values for widespread industry use, and improving their performance commands deep
comprehension of the phenomena controlling the ion conductivity of polymeric materials,
including polymer and solvent dynamical processes and the concentration of charge carriers
within the material. The conductivity of polymer electrolytes such as poly(ethylene oxide) used in
lithium batteries depends on the long-range segmental motion of the polymer, which is
temperature dependent and described by the Vogel - Fulcher - Tammann (VFT) relaxation
dynamics of the polymer chain segments. Polymer fuel cell membranes, the focus of this
dissertation, also demonstrate increased ion conductivity with temperature, but the conductivity is
extremely dependent on the hydration of the membranes and the conductivity process is thermally
activated as described by Arrhenius kinetics, which signals that water dynamics controls the ion

conductivity of hydrated materials. *
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Fuel cell devices electrochemically convert the chemical energy of a fuel, such as
hydrogen or methanol, into electrical energy.* For polymer electrolyte membrane fuel cells
operated using hydrogen as the fuel, the only chemical byproduct is water, and applications
include providing energy for vehicles and for stationary and portable devices. Compared to other
fuel cells that operate at temperatures between 200-800 °C, polymer electrolyte membrane fuel
cells operate at relatively lower temperatures 60-120 °C, and typically have higher power density
and lower cost than fuel cells that operate at higher temperatures.>®> Schematics of proton
exchange membrane (PEM) and anion exchange membrane (AEM) fuel cells are shown below in
Figure 1.1. A polymer electrolyte membrane fuel cell device consists of an anode and a cathode,
responsible for oxidation and reduction reactions; gas diffusion layers (GDLS); catalyst layers;
and a polymer electrolyte membrane. The PEM or AEM acts as a separator for the reactants and

as an ion conductor between the electrodes.

(a) (b)
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Figure 1.1 Schematic of a fuel cell with the polymer electrolyte membrane shown in
blue, the catalyst shown in gray, and the gas diffusion layers (GDLs) shown in black
for (a) proton exchange membrane (PEM) fuel cells and (b) anion exchange membrane
(AEM) fuel cells.

Polymer fuel cell membranes (shown in Figure 1.1) should be as thin as possible to allow

for efficient proton or anion transport, but thick enough to provide separation between the anode
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and cathode of the fuel cell. To be considered for widespread use, a fuel cell membrane must
possess high ionic conductivity, good thermal and hydrolytic stability, low fuel crossover,
adequate water uptake with minimal swelling, low cost, and easy incorporation into membrane
electrode assemblies (MEASs).*®" Increasing the thickness of the polymer electrolyte membrane
lengthens the lifetime of the fuel cell, but it also increases the cost of the device.” Currently,
proton exchange membranes (PEMSs) require precious metal catalysts, such as platinum, for fuel
cell operation; anion exchange membranes (AEMs) do not have this demand. However, the next
generation of AEMs will have to be more stable under alkaline conditions and demonstrate
improved conductivity."*®® Advances in this technology would have a significant impact on the
transportation industry if performance increased with cost reduction, but cost-performance
trade-offs must be considered. Most major automakers have active fuel cell projects, as fuel cell
efficiency is more than double the efficiency of internal combustion engines.’

In addition to the high cost of PEM fuel cells due to precious metal catalysts or expensive
membranes such as Nafion®, the lifetime of these fuel cells is too short. Exposure to fuel and air
impurities can inhibit electrode charge-transfer processes and alter water and gas transport of the
GDLs, reducing PEM fuel cell performance. To better gauge PEM fuel cell durability, load
cycling, start/stop cycling, and exposure to changing temperature and relative humidity
experiments are an active area of PEM fuel cell research.**® Although AEM fuel cells do not
require noble metal catalysts, the conductivity of AEMs is lower than PEMs due to the decreased
diffusion coefficient of the hydroxide ions associated with AEMs, compared to the protons
associated with PEMs. Further decrease in conductivity occurs if the hydroxide ions reaction with
carbon dioxide and convert to bicarbonate ions, which have an even lower diffusion coefficient.
Additionally, AEMs are not currently stable at the high pH required for fuel cell operation; the
stability of quaternary ammonium, phosphonium, and sulfonium groups in basic conditions needs

improvement and is under investigation.>®
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The interaction of water with PEMs and AEMs is critical to the performance of fuel cells;
proton and anion conductivity depend on water content. Reducing the relative humidity (RH)
dramatically decreases the membrane conductivity and can damage the membrane. Yet, liquid
water can flood the porous GDLs, which can lead to breakdown of the fuel cell. The amount of
water in a fuel cell must be carefully regulated, but fuel cell membranes must also maintain high
conductivity at low levels of hydration."*! There is a need for fundamental knowledge to allow
for gains in understanding fuel cell operation mechanisms, but it is extremely difficult to
simultaneously investigate in situ and operando water transport in fuel cells. Although
investigation of the MEA is important, it is also critical to understand the water sorption and
transport properties of the polymer electrolyte membrane.’ This work focuses on investigating
the connections between polymer hydration, morphology, and conductivity in polymer electrolyte

membranes.

1.2.  Important Membrane Characteristics

To properly research polymer electrolyte membranes and compare the performance of
one membrane against others, specific characteristics are commonly analyzed and need to be
considered as a set of information to gain insight into the different levels of membrane
performance. Instead of using degree of functionalization to account for the ion content in
membranes, which is difficult to use to evaluate different membrane systems on an equal basis, a
gravimetric ion exchange capacity (IEC) is calculated in units of milliequivalents of ion per gram
of dry polymer. The IEC serves as a consistent quantity to assess ion content independent of the
polymer system; a membrane with an IEC of 2.0 meq-g™, contains twice as many ions as a

membrane with an IEC of 1.0 meq-g™, regardless of the specific polymer or ion used. The water
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uptake (wu) of a polymer or membrane is typically reported as a weight percent, shown in

equation 1.1, but this does not account for the ion content of the polymer.

M, —Mm
wu (%) = (M}loo (1.1)
mO

where myyq is the hydrated sample mass and my is the mass of the dry sample.
From the IEC and water uptake, the conducting ion concentration can be computed from
equation 1.2, below.

p-IEC

c=0001——F—
1+0.01X, 1,0 (12)

where ¢ is the moles of ions per cm® of polymer, p is the polymer density, IEC is the
milliequivalents of ion per gram polymer, and X,.10 is the volume-based water uptake.?
The wu of a membrane is often converted to a hydration number (1), which is the number

of water molecules per mobile ion (see equation 1.3).

y— Mgy —Mg | 1000 (13)
m, M, - IEC

where mgy is the sample mass at a given relative humidity, RH; m, is the mass of the dry sample;
Muoo is 18.02 g, the molecular mass of water; and IEC is the ion exchange capacity with units of

milliequivalents of ions per gram of polymer.
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Finally, the ionic conductivity (o) is determined from a measurement of the membrane
resistance, illustrated by equation 1.4. The units of ¢ are Siemens per centimeter, S-cm™, or

milliSiemens per centimeter.

o=— (1.4)

where L is the length between electrodes, R is the resistance of the membrane, and A is the
cross-sectional area of the membrane. The conductivity can be used to determine the effective
proton mobility of the ion, which includes contributions from acid dissociation, tortuosity, and the

proximity of acid groups to one another.*® These terms are related by equation 1.5, below:

6,. = F[-SO H]u,,, (1.5)

where is the measured conductivity, F is Faraday’s constant, [-SO3sH] is the acid concentration,
and ., is the effective proton mobility.™ These symbols and parameters will be used frequently
to discuss the performance of PEMs and AEMs and compare and contrast different polymeric
systems.

There are a few other key membrane parameters such as water self-diffusion

Y18 dilute solution diffusivity,"” and interdomain spacing and ionic phase

coefficient,
morphology.®* These terms will be introduced throughout the thesis, where needed. It is
thought that the interplay of ionic group concentration, hydration number, and morphology

ultimately determine the conductivity of the material, and it is helpful to have measurements of

these key parameters in understanding membrane properties from a fundamental level.



1.3.  Current Status of Proton and Anion Exchange Membranes

1.3.1 Proton Exchange Membranes

In the past few decades, PEM development has been an active area of research, and the
membranes are being integrated into commercial fuel cells. To serve as a successful PEM, a
membrane must demonstrate thermal stability and high proton conductivity at low levels of
hydration, and it must also be robust to survive the cycling that occurs during fuel cell operation.
Improving the ion exchange capacity, IEC, the number of ions per gram of polymer, without
compromising the membrane toughness is necessary. To minimize PEM swelling, the number of
water molecules per ion, or hydration number A (equation 1.3), must also be a point of focus and
must be kept low enough to not plasticize the polymer greatly, yet some water is required for
effective ion conductivity. Finally, the overall durability and cost of perfluorinated PEMs is a
barrier to widespread use, especially since PEM fuel cells currently require precious metal
catalysts because of their acidic environment.3*

Random copolymer PEMs with sulfonate groups distributed statistically along the
polymer backbone have demonstrated potential for use in fuel cells, and poly(perfluorosulfonic
acid)-based membranes lead the field with trademarked Nafion®, Aquivion®, Flemion®, and 3M
ionomer polymers. Nafion®, in particular, developed by DuPont, has been extensively studied
and used as a benchmark for comparison for new polymer electrolytes. In an effort to design
polymers with similar performance, the morphology of Nafion® has been an active area of
research. The early Gierke model suggested that the main substructure of Nafion® was

water-filled nanochannels lined with functional groups, based on small angle and wide angle

x-ray scattering measurements. The model depicted clusters of inverted micelles on the order of
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4 nm, connected by channels that were approximately 1 nm in size.***®* However, the Gierke
model did not take into account the crystallinity of the perfluorocarbon backbone or the chemical
structure of the polymer on the phase-separated morphology, and this model has been considered
inadequate in light of more extensive scattering and hydration studies. Although there is not
agreement on the exact morphology of Nafion®, current accepted models include ionic clusters

26,27 and

that form rod-like micelles or form cylindrical or ribbon-like aggregates that bundle
inverted-micelle cylinders that also form bundles.”® The newer models relate the ionomer peak
from small angle x-ray scattering data to the distances between aggregates and use wide angle
X-ray scattering data to provide data on sub-aggregate structural details and account for the
ion-ion interactions, crystallinity, and long-aspect ratio structures observed in Nafion® 22723
Nafion® has been compared to other PEMs to determine the bases for the high
performance of Nafion®. In relationship to sulfonated poly(ether ether ketone ketone), SPEEKK,
Nafion® was found to have wider, more direct and separated channels that interconnected, with
ions in close proximity channels while the channels in SPEEKK were narrow, branched, with less
connectivity, further separation between ions, and dead ends. As hydration increased, the
conductivity increased for both membranes, but at low levels of hydration, the conductivity of
Nafion® was less reduced than the conductivity of SPEEKK. Further of note was the effect of
water on the mechanical and transport properties of the membranes; with excessive swelling, the
membranes lost mechanical integrity, and conductivity decreased due to ion dilution.”® The
morphology of Nafion® was imaged by transmission electron microscopy (TEM) and compared
to the morphology of sulfonated poly(phenylene), SDAPP. The images illustrated the larger ionic
domains of Nafion®, which led to higher water diffusion and ion transport. The smaller domains
and less-pronounced phase separation of SDAPP were believed to be the origin of the lower

1

conductivity in those membranes.®* However, the high conductivity of Nafion® is paired with
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undesirable high methanol crossover in fuel cell operation, as well as low stability at temperatures
above 80 °C.>*°
Polymers with aromatic backbones, such as poly(imides), poly(phenylenes),

poly(sulfones), and poly(ketones) have also shown promise.t3#"32734

Poly(imide) fuel cell
membranes from six-member rings have demonstrated long lifetimes and high performance, as
the stability is greater than poly(imide) backbones containing five-member rings.®® In contrast to
Nafion®, poly(imides) have stiff backbones and low methanol permeability. Nevertheless,
poly(imides) have lower conductivity than Nafion® and many other PEMs, but are making
advances in that area.***® Sulfonated poly(phenylenes), such as SDAPP, also have stiff
backbones, leading to high glass transition temperatures (T,4) and desirable mechanical properties.
Although the conductivity of SDAPP membranes is appreciable, it is less than Nafion® and
poly(sulfone) membranes for a given IEC and A.*** Poly(arylene ether sulfones) have been
studied extensively as fuel cell membranes due to their promising thermal stability, high
conductivity, and low methanol permeability. Of particular interest are poly(bisphenol sulfones),
BPSH, membranes, which have demonstrated conductivities higher than Nafion®; however, the
IEC values of the BPSH membranes were also higher. It is believed that BPSH membranes
possess less phase separation and fewer interconnected ionic domains, which lowers conductivity
and methanol permeability by greater confinement of water. The synthesis of these membranes
has improved to allow for design of hydrophilic or hydrophobic blocks, enhancing the durability
and conductivity of the membranes.*** Sulfonated poly(arylene ether ketone) membranes
exhibited similar conductivity as Nafion® and higher Young’s modulus than the benchmark
membrane.”® By blending sulfonated poly(arylene ether ketones) with poly(benzimidazole) to
ionically crosslink the poly(ketone) and by doping the polymer with heteropolyacids that are
strong Bronsted acids, the swelling and resistance of the membranes decreased.*” This suggests

that other PEMs comprised of a single homopolymer may also benefit from combination with
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other substituents. Also, ion-containing block copolymers have exhibited higher conductivity than

their random copolymer counterparts and will be discussed later for use as PEMs and AEMs. >4

1.3.2 Anion Exchange Membranes

The first alkaline fuel cells used an aqueous solution of potassium hydroxide as the
electrolyte, hydrogen gas as fuel, and operated at temperatures ranging from 50-200 °C.
However, the liquid electrolytes are susceptible to carbon dioxide poisoning, causing the
formation of precipitates and reduced performance. Instead, polymer membranes have been seen
as an alternative electrolyte for ion conduction, leading to increased interest in AEM fuel cells.
Unlike PEM fuel cells and their need for precious metal catalysts, fuel cells based on AEMs can
leverage cheaper catalyst metals due the alkaline environment during fuel cell operation.
However, AEMs are less stable and must demonstrate improved conductivity to be viewed as true
competition to PEMs in the fuel cell market."*>°
Developed by the Tokuyama Soda Company of Japan, the earliest AEMs were

poly(chloropropene) crosslinked by divinylbezene and functionalized with quaternary ammonium

groups using triethylamine.” Since then, many other random copolymers, such as

49,50 51-53

poly(sulfones), poly(phenylene oxides), poly(ketones),* poly(tetrafluororoethylene),”
and poly(styrene-b-ethylene-co-butylene-b-styrene) have been used to produce AEMs.
Quaternary ammonium, QA, functionalized poly(arylene ether sulfone) membranes with side
chain pendant functional groups demonstrated lower water uptake than Nafion® and a
conventional poly(arylene ether sulfone), but the hydroxide conductivity was also lower for the
majority of the membranes tested.” Bromination of a benzylmethyl poly(sulfone) with

subsequent amination before and after membrane casting led another series of QA poly(arylene
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ether sulfone) membranes. The membranes that were in QA form before being cast exhibited
higher conductivity for a given IEC than those converted after casting. The higher conductivity of
the first set of membranes was attributed to ionic interactions of the QA groups during the casting
process.*® Brominated poly(phenylene oxide) was reacted with dimethylethanolamine to produce
AEMs that had high ion exchange potential. By controlling the concentration of
dimethylethanolamine and the reaction temperature, AEMs with lower wu and higher
conductivity have been developed.® Comb-shaped, QA-functionalized poly(phenylene oxide)
membranes demonstrated comparable conductivity and lower wu than analogous,
non-comb-shaped poly(phenylene oxide) membranes. Membranes from the comb-shaped
polymer showed a morphology consisting of hydrophilic-hydrophobic domain phase separation
with interconnected hydrophilic domains, which accounted for the higher conductivity.*
Continued development of this class of polymers through variation of the length of the alkyl side
chain allowed for tunable properties; the polymer with the longest side chain showed lower wu
and higher conductivity.”® A quaternized cardo poly(ether ketone) membrane with minimal ion
content had low water and methanol uptake while exhibiting high conductivity for the IEC. In
fact, the overall water and methanol uptake of the AEM was similar to a membrane cast from the
unfunctionalized polymer.** To research Nafion®-based AEMs, membranes were cast from
poly(tetrafluororoethylene) backbones functionalized with different cationic moieties. The
membranes demonstrated reasonable conductivity values for their IEC and their overall thermal
and chemical stability was promising, but the AEMs had large wu and A values.*® Comparatively,
the hydrocarbon backbone poly(styrene-b-ethylene-co-butylene-b-styrene) was functionalized
with QA for use as an AEMs. Penetrating channels were observed in an image of the membrane
cross-section, and the overall morphology was uniform. Again, thermal stability was adequate,
but the membrane demonstrated low conductivity and high wu for the IEC.>® AEMSs continue to

improve, and block copolymer AEMs will be discussed in Section 1.4. At this point, it is not
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known what the key strategies are for improved AEM performance, but by studying the
relationships between fixed ion concentration, water diffusion, morphology, and ion conductivity,

promising directions in the field can be identified.

14. lon Transport

1.4.1 Non-Aqueous and Aqueous Dynamics

lon conduction in polymers can occur through either non-agueous mechanisms in dry
systems or aqueous dynamics in hydrated polymers. The important material contributions
governing the conduction vary with the mechanism. For non-aqueous conductors, such as
polymers for lithium ion batteries, the ion dynamics are dominated by the polymer segmental
properties, such as T, the glass transition temperature, and the dielectric constant of the system
which drives ion pair separation.

Conductivity values in these systems typically range from 10*'S-cm™ to 10° S-cm™.
Their temperature dependent conductivity behavior is described by the Vogel-Fulcher-Tammann

(VFT) equation, shown below:

Ino= ooexp(_l__ I?I)' j (1.6)
“lo

where ¢ is conductivity; og is the conductivity at infinite temperature; B is a constant; T is
temperature; and T, is the Vogel temperature, at which point the polymer has essentially no free

volume.™" VFT expressions for the temperature-dependent conductivity are directly linked to



13

VFT expressions of segmental dynamics and provide a justification for increasing the segmental
dynamics of the polymer to increase ion conductivity.

A proton-conducting system of imidazole-terminated ethylene oxide oligomers doped
with small amounts of strong acids was designed to function with no liquid solvent. The
significant imidazole content and the low T, of the systems translated into relatively high
conductivities. It was determined that 2-10 mol % of acidic groups provided the best structure,
which is critical because proton conductivity occurred primarily through structure diffusion,
which is intermolecular proton transfer.®® The effect of counterion was investigated for
poly(phosphazenes), where a doped system was compared to a pure ionomers system. Although
the polymer matrix controlled ion diffusion, the mobility of the ions in the doped system was an
order of magnitude larger than the ionomeric system, and the activation energy for transport was
lower for the doped system. It was concluded that ionomers must have lower glass transition
temperatures, create new transport pathways, or decrease the bonding energy between the bound
ion and the counterion in order for these systems to be viable.®’

Comparatively, aqueous conductors rely on water dynamics for conduction, rather than
the polymer segmental dynamics as governed by T,, and typical conductivity values range from
10 S-cm™ to 1 S-cm™. Water acts as both a proton donor and a proton acceptor and possesses
fast rotational dynamics, allowing for the higher conductivity of hydrated polymers compared to

non-aqueous conductors.
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The ionic conductivity of these systems is dominated by Arrhenius behavior, as described

by equation 1.8 below:

In 6 = c,exp (%} (1.7)

where o is conductivity; o IS the conductivity at infinite temperature; E, is the activation energy
to transport, R is the universal gas constant; and T is temperature.l’59 In this case, water motion is
thermally activated, so an Arrhenius expression describes the temperature-dependent conductivity
behavior of aqueous-conducting systems, and polymer dynamics do not play a role in ion
transport. Aside from temperature, the E, is influenced by the ion content, water uptake, and the
water-ion interactions in the polymer. The rest of this section will discuss the mechanisms of

aqueous conduction in greater detail.

1.4.2 lon Transport Mechanisms in Pure Water

Proton transport in pure water has been well-studied and is described as “structure
diffusion,” where hydrogen bonds form an Eigen-ion of HyO," and break to form a Zundel-ion of
HsO,". The energy barrier between the two complexes is minimal, so proton diffusion in water is
considered to be fast, especially compared to the diffusion of oxygen in water.”> There are two
methods by which protons move through water: hopping or structure diffusion (loosely termed
Grotthus) and vehicle mechanisms, as shown in Figure 1.2. For the hopping or structure diffusion
method, protons essentially change their associated oxygen nuclei and shuttle through the
hydrogen bonds being formed and broken by the water molecules. The atoms in the water

molecules themselves are considered to be stationary other than their rattling motion as the



15

covalent and hydrogen bonds switch in accordance with the motion of the free proton. On the
other hand, water molecules and protons move at the same rate during the vehicle mechanism; the

water molecules act as a “vehicle” by which the ions are transported.™**

Hopping (Grotthuss) Mechanism

X@.}\ — @ Vehicle Mechanism

Figure 1.2. Schematics depicting the hopping (Grotthuss) and vehicle mechanisms of
proton transport in pure water. Hydrogen atoms are blue, and oxygen atoms are red.***°

Hydrated hydroxide ions have been considered to be water molecules missing a proton,
so the transport of these ions has been regarded as the movement of a “proton hole,” similar to a
hole in electronic conduction. Recent studies have shown that hydroxide hydration complexes are
different from proton hydration complexes, and the transport mechanism of hydroxide ions is not
analogous or fully understood.®*** Protons have localized charges and the bonding of hydronium
is highly directional, but hydroxide ions have a more diffuse charge and thus the hydrogen

bonding events during hopping transport as not as constrained. This general comparison of the
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molecular features of hopping in each system is reflected through the lower diffusion coefficient
of hydroxide ions, 20.64 x 10° m*(s-V)™, compared to the diffusion coefficient of protons,
36.23 x 10 m?(s-V)?, both at 298 K. For a hydroxide ion to move, a hydrogen bond in the first
solvation shell of the hydroxide ion must be broken, and then a weak hydrogen bond must form
between the hydrogen atom of the hydroxide ion and a nearby water molecule. Instead of the
tricoordinate complexes formed during proton transport, there is a combination of intermediate
tricoordinate, OH(H,0);, and tetragonal, OH(H,O),, complexes associated with hydroxide
transport. However, the mechanism of hydroxide transport is still not completely clear in water or

in polymer membranes.®%

1.4.3 Water-lon Interactions in Polymers

Although ion transport in pure water is important to investigate, it is critical to study
water-ion interactions in polymers, as the water sorbed into ion conductors does not feature
properties that are analygous to bulk water. One aspect of this effort is comparison of proton
diffusion in hydrated Nafion®, calculated from conductivity values, to water self-diffusion
coefficients using pulsed field gradient 'H nuclear magnetic resonance (PFG-NMR)
spectroscopy. At low levels of hydration, the proton and water moved at the same rate, indicated
by their similar diffusion coefficients and suggesting transport through the vehicle mechanism.
However, at high levels of hydration, the diffusion coefficient of the proton in the membrane was
larger than the water diffusion coefficient, so the proton in Nafion® had faster transport than the
translational diffusion of water, which is a signature of proton hopping or Grotthus mechanism.®

The “pores” of fully hydrated Nafion® have been modeled to further probe the behavior of water
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in an ionic membrane. Towards the center of the model “pores,” the proton diffusion coefficient
increased because the friction between the tethered sulfonate groups and the proton decreased.®
Relative to other membranes, ion transport in Nafion® is more facile. The dielectric
constant in hydrated SPEEKK is lower than that of hydrated Nafion® because the cation and anion
are bound more tightly in SPEEKK and the water is more bound to the polymer (lowering its
effective permittivity), even for the same volume fraction of water in the polymer. The
observation of a lower effective dielectric constant in SPEEKK is linked to its lower self-diffusion
coefficient and greater water-polymer interactions.”> Another method of correlating differences
in ion transport is to compare the activation energy, E,, for each membrane.** The E, of Nafion®
was lower than the E, of SDAPP, another PEM, probably due to the smaller domains in SDAPP,
thus limiting transport and increasing the activation energy of SDAPP.*' These comparisons
reinforce the position of Nafion® as a benchmark membrane for ion transport, but the hydration of
the membrane must be monitored. In general, ionic conductivity is thermally activated process,
and it increases with water content because there is more mobile water available for ion transport.
At a critical point, however, there is sufficient water content such that ion dilution occurs. The

conductivity is reduced because of the overall decreased ion concentration.®>®

1.4.4 lon Transport Metrics

One of the issues hindering the development of PEMs and AEMs is the discrepancy in
the methods by which data is measured and reported. Other than the criteria described in Section
1.2, which are not always reported in every case of a new ion-conductive material, there is little

consistency in the numbers reported for various PEMs and AEMs. Comparison and evaluation of
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these membranes is compromised by this shortcoming, and efforts have been established to
improve this inadequacy.

Since the conductivity and hydration of PEMs and AEMSs generally increase with ion
content, it is difficult to separate these aspects from one another. To compare conductivity values
of membranes with different IECs, many researchers have used an IEC-normalized conductivity,

calculated as shown below:

Olec = E (18)

where ogc IS the IEC-normalized conductivity, o is the measured conductivity, and IEC is the
milliequivalents of ion per gram of polymer.®”

Although IEC-normalized conductivity provides one method to assess the properties of
different membranes, it does not account for differences in ion mobility. This is especially
important in comparing the conductivity values for PEMs and AEMs, since the mobility of
protons is 362.4 x 10®° cm?V*.s?, which is much greater than the mobility of hydroxide ions,
197.6 x 10° cm®V?'ss? bicarbonate ions, 46.4 x 10° cm?>V*s! and chloride ions,

76.3 x 10° cm®-V™-s™, the ions typically used in AEMs.” Mobility-normalized conductivity has

been used in this regard, as determined by the equation below:

5 =2 (1.9)

where o, is the normalized conductivity, ¢ is the measured conductivity, and ; is the mobility of
the conductive ion.
Mobility-normalized conductivity was calculated to investigate the transport properties of

SDAPP PEMs and an QA-poly(sulfone) AEMs. The AEMs demonstrated lower conductivity
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than the PEMs at similar IEC and wu. Difference in mobility accounted for some of the
conductivity discrepancies between the PEMs and AEMs, but it was not the only factor. The
number of mobile ions was believed to be lower for the AEMSs than the PEMs due to the greater
dissociation of the protons from the tethered sulfonate groups compared to the hydroxide ions and
the tethered quaternary ammonium groups.”

However, this approach is still limited and does not provide information about the actual
transport of the ions or account for ion concentration. To achieve this goal, the diffusion
coefficient, of PEMs and AEMs have been calculated from the measured conductivity of the
membranes, using the Nernst-Einstein equation and the number density of charge carriers
expressed earlier in equation 1.2." This value can be used to calculate the diffusion coefficients

of the mobile ions from a form of the Nernst—Einstein equation, below:

o-RT

p=2"""
cz’F?

(1.10)

where ¢ is the measured conductivity, R is the ideal gas constant, T is temperature, c is the
computed concentration of ions in the hydrated membrane as calculated by equation 1.2, z is
valance charge, and F is Faraday’s constant.”” This diffusion coefficient is the “effective
diffusion coefficient” of the ion because it includes tortuosity implicit in the conductive pathways
of the ions. However D is used throughout this work, as tortuosity was not measured or

calculated in these systems.
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The calculated diffusion constants were compared to the dilute solution diffusivities, Dy,

of the mobile ions, using the dilute solution mobility of each ion as follows:

D, =— (1.11)

where p is the dilute solution ion mobility, kg is the Boltzmann constant, T is temperature, and g
is the ion charge."’

The ratio of D/D, was compared for PEMs and AEMs derived from the same polymer
and was found to be similar as a function of A for both proton and chloride counterions. Although
the conductivity values of the PEMs were greater than the AEMs, it could be attributed to the
higher mobility of the protons. The fundamental ion transport in these two materials was

comparable, an intriguing result.”

1.5.  Block Copolymers

1.5.1 Block Copolymer Overview

Thus far, the majority of PEMs and AEMs described have been homopolymers or
random copolymers. However, block copolymer PEMs and AEMs are of particular interest.
Complex morphologies are attainable with block copolymers, which can be tuned based on the
fraction of each component in the block copolymer.*™® A schematic depicting hypothetical
chains of various polymers and copolymers is shown in Figure 1.3, with polymer A represented

by blue beads and polymer B represented by red beads.
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QPP Ry QPP

homopolymer random
copolymer
diblock triblock t I l
copolymer copolymer graft copolymer

Figure 1.3. Schematic depicting polymer chains for a hompolymer, AB random
copolymer, AB diblock copolymer, ABA triblock copolymer, and AB graft
copolymer. Polymer A is represented by blue beads, and polymer B is represented
by red beads.

The complex morphologies possible with diblock copolymer are controlled by the
fraction of each component, f, the interaction parameter, y, and the number of repeat units, N.
Using Flory-Huggins and self-consistent mean field theories, phase diagrams have been
calculated to predict the morphology of AB diblock copolymers as a function of the parameters
above, see Figure 1.4. The interaction parameter, y , is calculated from the Hildebrand solubility

parameters for polymers A and B, shown by the equation below:

Vv (5/_\ — 88)2
=—>t 57 1.12
X RT ( )

where V, is the reference volume, 5 and g are the solubility parameters for polymers A
and B respectively, R is the ideal gas constant, and T is the temperature.”

However, it is important to note that these calculations and diagrams do not take into
account the effect of ions on solubility parameters and the interaction parameter. Therefore, it is

more challenging to design a specific morphology for ion-containing polymers. Microstructures
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observed experimentally by these systems are not predicted by Flory-Huggins parameters, and

ion-ion interactions matter.”” The next sections will discuss block copolymer PEMs and AEMs

and will touch on the unique morphologies demonstrated by these polymers.
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Figure 1.4. Phase diagram for an AB diblock copolymer (top) and cartoons of (a)
lamellar, (b) gyroid, (c) cylindrical, and (d) spherical morphologies.’*"
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1.5.2 Block Copolymer PEMs and AEMs

Sulfonated block copolymer PEMs have demonstrated higher conductivity than their
random copolymer counterparts, partly attributed to morphology differences between the block
and random copolymers.*?* poly(styrene)-poly(styrene sulfonate), PS-PSSA, graft and random
copolymers were designed by Holdcroft and co-workers to control the morphology and content of
the PEMs. The graft copolymer (PS-g-PSSA) exhibited higher conductivity and more
phase-separated domains than the random copolymer, (PS-r-PSSA), as shown in Figure 1.5.*
Sulfonated poly([vinylidene difluoride-co-hexafluoropropylene]-b-styrene) block copolymers
were synthesized in an effort to produce strongly phase-separated membranes since the two
blocks were incompatible. By increasing the ion content, the conductivity and the phase
segregation between blocks increased. The conductivity of these polymers was higher than
analogous random copolymers, believed to be due to the increased phase segregation of the block
copolymers. ¢

Morphological studies on ion-containing block copolymers have centered on those with
fluorinated or aromatic backbones and sulfonic acid pendant groups.”® Balsara and co-workers
have observed varied morphologies for poly(styrene sulfonate-b-methylbutylene), PSS-PMB. For
the systems studied, Flory-Huggins and self-consistent mean field theories predicted lamellar
morphology, but the ion content present in the polymer led to perforated lamellar, cylindrical, and
gyroid microstructures.  Elabd and co-workers studied poly(styrene-b-isobutylene-b-styrene)
and found that even without long-range order, local lamellar morphologies were present and led
to enhanced proton conductivity over randomly sulfonated poly(styrene).” Park and Balsara

have also studied the effect of humidity on the order of PSS-PMB, and found that changes in the

film morphology occurred more quickly than did changes in conductivity.”®
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Figure 1.5. Transmission electron micrographs of (a) PS-g-PSSA and (b) PS-r-PSSA.

The greater phase separation of the graft copolymer contributes to the higher
conductivity shown in (c).*

Block copolymer AEMs are less studied, and it is unclear if they will exhibit the same
morphology-conductivity relationships as PEMs. Quaternized block copolymers demonstrated
increased mechanical strength compared to randomly-functionalized copolymers, attributed to
control of swelling by the non-ionic block.” Hwang and Ohya synthesized QA block copolymers
with biphasic morphology that exhibited increased conductivity compared to random copolymers.
However, the block copolymers had higher IEC values than the random copolymers. 2% Miyatake
established that QA multiblock copoly(arylene ether) fluorene-containing polymers demonstrated

higher conductivity than analogous random copolymers.”® As the details on AEMs begin to
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emerge, it will be interesting to discover if their structure-property relationships will be

comparable to PEMs.

1.5.3 Control of Block Copolymer Morphology

The conductivity and hydration of block copolymer PEMs and AEMs are linked to the
morphology of the polymers, as described in the previous section. Selecting a particular
morphology or altering the morphology of the membranes should modify the properties of the
membrane, and subsequently, honing in on the ideal morphology would lead improved membrane
performance. Two methods by which block copolymer morphology can be controlled are design
of polymer and choice of solvent.

The design of the polymer is perhaps the most crucial of the parameters in that it is
necessary to select blocks or grafts that complement one another and also phase segregate.
Membranes must be durable, so a brittle polymer such as poly(styrene) has been combined with
lower-T, polymers, such as poly(methyl butylene)® and poly(hexyl methacrylate).** The phase
segregation of Nafion® has served as a target for block copolymer membranes, leading to
fluorinated graft and block copolymers with discrete domains.**® The decision to synthesize
graft or block copolymers is important since graft copolymer PEMs have smaller channels than
diblock copolymer PEMs, leading to reduced ion mobility and lower conductivity in the graft
copolymers.® The degree of polymerization is also a concern; as molecular weight increases, the
size of the hydrophilic domain increases, but there is a greater barrier to ordering of the block
copolymer during membrane casting.®*® Finally, the ion content in the polymer greatly
contributes to the morphology of the membrane, and order-to-disorder transitions in ion-

containing block copolymers has been well documented.? 8%
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The solvent used during membrane casting can determine the morphology of the final
PEM or AEM. A block copolymer exhibiting ordered lamellar morphology when cast from a
polar aprotic solvent can also exhibit disordered morphology when cast from a mixture of polar
aprotic and protic solvents, resulting in changes in conductivity.®* Co-continuous and continuous
microdomains in the direction of transport are the desired morphology for membranes, and they
are attainable with correct solvent choice and adequate ion content. Block copolymer membranes
that were disordered as cast from a polar solvent demonstrated ordered conductivity and
improved conductivity when cast from a polar aprotic solvent.”” Choosing to cast an
ion-containing block copolymer from a solvent that kinetically traps a random, phase-separated
morphology decreases the effective tortuosity of the membrane and facilitates ion transport. This
is achieved through careful examination of solubility parameters and subsequent mixing of
solvents as necessary.*®

Several researchers have taken the next step and observed the evolution of the membrane
morphology during the solvent evaporation process. The ordering kinetics of block copolymer
films can be monitored through in-situ small angle x-ray scattering experiments, where transitions
in morphology can be detected as a function of block copolymer concentration.?” In addition, the
observed morphology can be “set” by using non-solvent-induced phase separation. This process
involves monitoring the structural evolution of the membrane as solvent evaporates and then
immersing the film into a bath that precipitates the membrane. The resulting film typically
consists of uniform pores with an ordered morphology that is consistent with the solution
morphology detected in-situ, as shown in Figure 1.6.*® Through the use of solvent choice and

selective precipitation, obtaining the targeted morphology can be a reality.



27

all
=107 M
F 1
%
C ]
g
£ 0y \_\
3 | I
:,: |
1
E 10 I \ '\a-\_\\_:j"“"\_\%
] . T
h\\_\_\_u; H-""‘—w_\ BT A
16:. ‘m‘_.-l 1 : o ..’ m
005 0 045 02 0.25 D3 035 | Jeserssesutee.teeciefeslels

Figure 1.6. (a) Small angle x-ray scattering curves of poly(styrene-b-(4-vinyl
pyridine)) in a mixed dioxane/tetrahydrofuran/N,N-dimethylfomamide solution, and
(b) a scanning electron microscope image of the top surface of the membrane cast
from the 15 wt % solution.®

1.5.4 Diblock and Triblock Copolymers

Block copolymers provide advantages over random copolymers in that their chemical
structures are tunable, they demonstrate a wide range of targetable morphologies, and they exhibit
higher conductivity. ® Both diblock and triblock copolymers have been developed for use as fuel
cell membranes; diblock copolymers have expressed highly ordered microphase separated
morphologies, and triblock copolymers have showed high conductivity at reasonable levels of
hydration.?™ Self-consistent field theory has been used to model melts of AB diblock and ABA
triblock copolymers.?*® AB diblock copolymers are straightforward systems to research and
typically phase separate into A and B blocks, but multiblock copolymers possess additional
interactions that enhance material properties. These interactions, bridge and loop configurations,
are present in systems such as ABA triblock copolymers. In this example, bridges are formed
when the B block bridges two interfaces between the A block, increasing the mechanical strength
of the polymer. Likewise, B loops form when both ends of the B blocks are in the same interface,

with the A blocks in that same interface, illustrated in Figure 1.7.%
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Figure 1.7. Configurations of lamellar AB diblock and ABA triblock copolymers. The
diblock chains do not form bridges or loops, but the triblock chains are capable of
demonstrating both configurations.”

Due the lack of interpenetrating networks in diblock copolymers, they experience chain
pull-out under stress and are believed to swell more than triblock copolymers. The bridges and
loops formed by triblock copolymers increase the number of entanglements and the mechanical
strength, and bridges have been noted as a critical aspect of thermoplastic elastomers.*® One could
expect that diblock copolymers might demonstrate higher conductivity than triblock copolymers
due to better ordering, increased ion motility, and higher A. However, if the diblock copolymer
swells excessively, the membrane will lose its mechanical integrity. lon dilution could also occur
with high A, decreasing the conductivity of the membrane. Triblock copolymers may be the better

approach for developing viable fuel cell membranes.

1.6. AEMs with Alternative Cations

The AEMs discussed previously have focused on the use of polymers with

benzyltrimethylammonium (BTMA) moieties, but there are other cations currently being used in
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AEMs. New cations are being sought primarily to increase the stability of AEMs, but the
transport ramifications of these structures, must also be studied in depth. Benzyl quaternary
phosphonium functionalized poly(sulfone-methylene) AEMs have demonstrated comparable
conductivity to BTMA membranes.®**? Low IEC sulfonium-containing poly(sulfones) have also
been realized as AEMSs; diphenyl(3-methyl-4-methyoxyphenyl) tertiary sulfonium cations
exhibited more than double the conductivity of ordinary sulfonium-functionalized
poly(sulfone).® Although imidazolium cations have also been explored, N-linked 1-methyl
imidazolium show decreased conductivity compared to BTMA.%

Cross-linked AEMs have been successful in reducing water uptake and swelling of the
membranes while maintaining reasonable conductivity. The conductivity of cross-linked
guaternary phosphonium functionalized was consistent with non-cross-linked membranes in both
phosphonium and trimethyl ammonium forms.*® Ring-opening metathesis polymerization
(ROMP) of a phosphonium-functionalized poly(ethylene) produced a membrane with low IEC
and reasonable conductivity.” ROMP of a bis(terpyridine)Ru(ll) complex-functionalized
norborene with dicyclopentadiene (DCPD) led to the first metal-containing AEMs. The use of the
metal Ru(ll) complex allowed for two counterions to be involved in ion transport, and the
conductivity varied with the monomer to DCPD ratio. Future work in this area will focus on

reducing the wu of these membranes while maintaining competitive conductivity.®
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Chapter 2

Experimental Methods

2.1. Introduction

This chapter will introduce the polymers and membranes used for the research in this
dissertation and will briefly describe the characterization techniques and experimental methods.
Diblock and triblock poly(hexyl methacrylate)-poly(styrene)-based polymers were synthesized
and functionalized for PEMs and AEMs. Additional materials include poly(vinyl benzyl
chloride)-poly(styrene) block copolymers for AEMSs, bis(terypridine) ruthenium-based AEMs,
and superacid PEMs. Characterization methods of the synthesized and functionalized block
copolymers will be presented, as well as the techniques used to study the structure and properties

of the membranes.

2.2.  Synthesis and Functionalization of Poly(hexyl methacrylate)-Poly(styrene)-

Based Block Copolymers

This section will discuss the general experimental procedure for the synthesis and
functionalization of poly(hexyl methacrylate)-poly(styrene)-based block copolymers. Several
batches of poly(hexyl methacrylate)-b-poly(styrene)-b-poly(styrene), PHMA-b-PS-b-PHMA,
triblock copolymers were synthesized for use as PEMs and AEMSs. Using a similar method, a

poly(hexyl methacrylate)-b-poly(styrene), PHMA-b-PS, diblock copolymer was synthesized and
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functionalized for use as PEMs. Membranes derived from these polymers form the basis of

several in-depth studies.

2.2.1 Atom Transfer Radical Polymerization

Diblock and triblock poly(hexyl methacrylate)-poly(styrene)-based block copolymers
were synthesized via atom radical transfer polymerization (ATRP). ATRP relies on a transition
metal to act as a catalyst and carrier of a halogen atom in a redox process. The transition metal
abstracts a halogen atom, producing the oxidized metal halide and a radical. The radical reacts
with the monomer, producing an intermediate radical. The radical and intermediate radical
combine, and the reduced transition metal is regenerated for a new cycle.! A general ATRP

reaction depicting activation, deactivation and propagation rates are depicted in Figure 2.1.

kact

P—X+ Cu(l)/2L ~=— P.e + Cu(ll)X/2L

kdeact U

K

Figure 2.1. Generalized ATRP reaction showing the rates of activation (Kau),
deactivation (Kqact), and propagation (k). P, and P,e are the propagating species and
radical.”

For the poly(hexyl methacrylate)-poly(styrene) block copolymer systems described in
this work, the poly(styrene) block was grown first and became a macroinitiator for the growth of

the poly(hexyl methacrylate). Each monomer was purified through a column of activated alumina
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before use. The ligand and catalyst were combined, using a mortar and pestle when applicable,
and added to a round-bottom flask. The initiator and monomer were added to the flask, and the
vessel was purged with argon. Subsequently, five freeze-pump-thaw cycles were applied to the
reaction mixture to remove oxygen from the vessel. The reaction was placed in a heated oil bath
to start the reaction. After the appropriate reaction time, the heat to the oil bath was turned off,
and the vessel was allowed to cool overnight while stirring. The reaction contents were diluted
with tetrahyrdofuran (THF) and passed through a filter and an activated alumina column. The
polymer was precipitated into methanol (MeOH), washed, dissolved in THF, and precipitated a
second time into MeOH. The polymer was filtered, washed with MeOH, and dried in a vacuum
oven at 60 °C for two days before characterization. Additional specific reaction conditions will

be discussed in the individual chapters pertaining to the block copolymers.

2.2.2 Functionalization for PEMs

The PS block of the PHMA-PS-based diblock and triblock copolymers was
postfunctionalized via sulfonation for use as PEMs, shown in Figure 2.2. To produce 25 mL of
1M acetyl sulfate reagent, 1.3 mL of sulfuric acid and 3 mL of acetic anhydride were combined in
20.7 mL of 1,2-dichloroethane, DCE, at 0 °C. The acetyl sulfate reagent was allowed to warm to
room temperature and added to a 10% wi/w solution of PHMA-PS-based block copolymer in
1,2-dichloroethane, which adequately dissolved the polymer, since the solubility parameters (8)
of the polymers and solvent are close to each other. From literature,>* 8pce = 19 (J-cm®)¥2,
Sps = 18.6 (J-cm™)M2, and Sppma= 17.6 (3-cm®)¥2

The degree of functionalization (DF) varied based on the molar equivalents of acetyl

sulfate used with respect to the PS block of the polymer used in the reaction and on the reaction
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time. The reactions were conducted at 50 °C, under argon. Any addition specific information
about the reaction conditions will be discussed in the individual chapters pertaining to the block

copolymers.

b b A b r b
iz m Jt\o Sulfonation T‘ m no
g (0] H,S0y, acetic anhydride g 0 o

1,2-dichloroethane, 50°C

o:%:o
OH

Figure 2.2. Sulfonation scheme of the PHMA-b-PS-b-PHMA triblock copolymer,
depicting functionalization for PEMs.

2.2.3 Functionalization for AEMs

To produce AEMs, the PS block of the PHMA-b-PS-b-PHMA triblock copolymer was
functionalized in two steps, shown in Figure 2.3. The first step was chloromethylation with
paraformaldehyde, chlorotrimethylsilane, and a Lewis acid catalyst, SnCl,, in chloroform.> With
respect to PS, different DFs were achieved by varying the reaction time. To convert the
chloromethyl groups for quaternary ammonium, the polymer was reacted with three times molar

excess of 45 wt % aqueous trimethylamine at room temperature.
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Chloroform, 50°C room temperature

-
-

*N(Me)s

b b b r. b
n n m n
n m .
o O  Chloromethylation Amination 0 o
d ] (CH,0),, SnCl,, CISiMes, NMe;, DMF, o Q
C

Figure 2.3. Two-step scheme to produce QA-functionalized PHMA-b-PS-b-PHMA for
AEMs. A chloromethylation step® was followed by conversion to QA groups via
trimethylamine.

2.2.4 Membrane Fabrication

Films of functionalized PHMA-PS block copolymer were cast from approximately
10% w/w N,N-dimethylformamide (DMF) solutions in poly(tetrafluroroethylene) molds. The
molds were covered with a glass plate to allow the polymer solution to evaporate at ambient
conditions over a period of two-three 2-3 weeks. The films were subsequently dried in vacuo for
24 hours at 40 °C for the AEMs and at 50 °C for the PEMSs. The dried films were approximately

150-225 um thick, as measured by a Mitutoyo IP65 293-344 micrometer.

2.3. Additional Materials

In addition to the PHMA-PS block copolymers discussed in Section 2.2, several other
materials for AEMs and PEMs were provided for study. These included random and block

poly(vinyl benzyl chloride)-poly(styrene), PVBC-PS, copolymers for AEMSs; bis(terpyridine)
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ruthenium-based AEMSs; and superacid PEMs. The materials were either used as received or

modified as described in the following sections.

2.3.1  Poly(vinyl benzyl chloride)-Poly(styrene)-Based Block Copolymers

Random and block poly(vinyl benzyl chloride)-poly(styrene), PVBC-PS, copolymers
were synthesized and functionalized for use as AEMs by Kyle Bryson and Professor Michael
Hickner at the Pennsylvania State University.® PS-b-PVBC block copolymers were synthesized
using reversible addition-fragmentation chain-transfer (RAFT) polymerization, with cumyl
dithiobenzoate (CDTB) as the chain transfer agent. The PS-PVBC random copolymers were
synthesized by mixing styrene and vinyl benzyl chloride monomers in controlled feed ratios with
CDTB. 2,2'-Azobis(2-methylpropionitrile), AIBN, was used as the initiator in both systems. The
polymers were dissolved in THF, and trimethylamine was added to convert the benzyl chloride
moieties to benzyltrimethylammonium.

The QA PVC-PS polymers were too brittle to form free-standing films. Instead, films
were dropcast from solutions onto substrates, with the mixed solvent system of n-propanol and
toluene. For morphology characterization, the films were dropcast onto Kapton® substrates, and
pieces of these films were then used for water uptake measurements. To measure conductivity,
the polymers were dropcast onto electrodes fabricated by Brian Chaloux of the Pennsylvania
State University and of the US Naval Research Laboratory with the assistance of Holly
Ricks-Laskowski of the US Naval Research Laboratory. All dropcast films were allowed to dry

overnight in ambient conditions.



41
2.3.2 Bis(terpyridine) Ruthenium-Based AEMs

Bis(terpyridine) ruthenium-based AEMSs were synthesized by Yongping Zha, Madhura
Pawar, and Professor Greg Tew, of the University of Massachusetts Amherst.” The membranes
were synthesized using ring opening metathesis polymerization, ROMP,? and were provided in
chloride form. To exchange or verify the counterion associated with the ruthenium (1) complex,
membranes were soaked in 1M NaCl, NaHCOs, or KOH overnight. To rid the membranes of any
excess ions, the membranes were then rinsed and soaked in deionized water for at least three

hours three separate times.

2.3.3 Superacid PEMs

Random poly(sulfone) and poly(styrene) copolymers with aryl sulfonate, alkyl sulfonate,
and perfluorosulfonate groups for use as PEMs were synthesized by Ying Chang and Professor
Chulsung Bae of the Rensselaer Polytechnic Institute.>'® The membranes were used as received,
with no modification. In addition to the received membranes, two sets of PHMA-b-PS-b-PHMA
triblock copolymers synthesized as described in Section 2.2.1 were sent to Chang and Bae for

post-functionalization of the PS block to produce block copolymer superacid PEMs.

2.4.  Polymer Characterization

This section will discuss the methods by which the synthesized and functionalized
polymers were characterized. Size exclusion chromatography was used to determine the

molecular weight of each polymer, along with nuclear magnetic resonance spectroscopy, NMR.
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NMR was also used to ascertain the degree of functionalization of the polymers. Finally,
differential scanning calorimetry was used to measure the glass transition temperatures of one

polymer system.

2.4.1 Size Exclusion Chromatography

To determine the number average molecular weight, M,, and polydispersity index, PDI,
of the PHMA-PS block copolymers, size exclusion chromatography, SEC, was performed on the
samples using a Waters gel permeation chromatogram, GPC, which included Waters Breeze
software for analysis, a 1515 isocratic HPLC pump, styrogel, and a 2414 RI detector. The
unfunctionalized PS macroinitiator and PHMA-PS block copolymers were dissolved in THF for
this characterization. The instrument was calibrated with a narrow set of PS standards in THF,
which allowed for accurate analysis of the PS macroinitiator. SEC of the PHMA-PS block
copolymers did not provide accurate molecular weights, but the PDI could be reported. The M,, of
the block copolymers was calculated using nuclear magnetic resonance spectroscopy, discussed

in the next section.

2.4.2 Nuclear Magnetic Resonance Spectroscopy

'H nuclear magnetic resonance, NMR, spectroscopy with a Bruker DRX-400 MHz
spectroctrometer was used to determine the degree of functionalization of the PHMA-PS based
block copolymers. The polymers were dried in vacuo overnight at room temperature and
subsequently dissolved in d-chloroform, dg-dimethylsulfoxide, or d,-N,N-dimethylformamide for

NMR characterization.
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This technique was also used to calculate the M, of the PHMA-PS based block

copolymers. End group analysis of the '"H NMR spectra of the PS macroinitiator was compared to
the M, determined from SEC, and a scaling factor was calculated to account for non-uniformity
with the end groups. Once the PHMA-PS based block copolymer was synthesized, the previous
scaling factor and M, of the PS macroinitiator served as a reference by which to calculate the

number of PHMA repeat units, and thus the M, of the PHMA block(s).

2.4.3 Differential Scanning Calorimetry

Glass transition temperatures, T,, of the PHMA-b-PS-b-PHMA triblock copolymers were
determined using a TA instruments differential scanning calorimeter, DSC, Q200. Membranes
were dried in vacuo at 30-50 °C overnight twice and kept in a desiccator to remove water and
solvent and maintain the dry state of the membranes. The dry samples were heated under nitrogen
at rate of 10 °C-min™* from -80 °C to 210 °C for the sulfonated polymers and from -80 °C to
210 °C for the quaternary ammonium polymers. T, values were reported as the transition
midpoint during the second or third heating cycle. Residual effects of trapped water or solvent

were not observed.

2.5. Membrane Characterization

This section will discuss the methods by which membrane performance was evaluated;
techniques to measure conductivity and water uptake and determine membrane morphology will

be enumerated.
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2.5.1 Conductivity Measurements

Conductivity was measured using AC impedance spectroscopy with a Solartron 1260A
Impendance/Gain-Phase Analyzer. The conductivity of free-standing films was obtained using a
two-point, in-plane geometry (see Figure 2.4) at frequencies between 1 MHz and 100 Hz"* and
calculated from equation 1.3. The conductivity of membranes was measured in one of two
environments: controlled relative humidity, RH, and temperature or fully hydrated with
controlled temperature. For RH conductivity experiments, the humidity and temperature were
controlled using an Espec SH-241 environmental chamber. The temperature was held at 30 °C,
and the humidity steps typically used were 20%, 35%, 50%, 75%, and 95%. The real value of the
impedance, where the imaginary response was zero, was used as the membrane resistance.
Activation energies for ion conduction of samples immersed in liquid water were determined
using an Arrhenius activation relationship (equation 2.1) from conductivity measurements at
30 °C, 40 °C, 50 °C, 60 °C, and 70 °C. The logarithm of conductivity versus 1/T was linearly

regressed and Arrhenius activation energy was computed from the slope of the best-fit regression.

Ea
c= GOEXD(— RT) (2.1)

where o is the measured conductivity, o is the conductivity prefactor, E, is the activation energy,
R is the ideal gas constant, and T is the temperature in Kelvin. Error in conductivity

measurements is believed to be on the order of 1mS-cm™.
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Figure 2.4. Schematic of the cell used for conductivity measurements of free-standing
membranes,™ with (1) securing screws, (2) Teflon® blocks, (3), stainless steel electrodes,
(4) equilibration windows, and (5) the membrane.

2.5.2  Water Uptake Measurements

Water uptake measurements were performed using either relative humidity
themogravimetric analysis, RH-TGA, or immersing the membrane in deionized water to fully
hydrate it. Both methods required the use of equations 1.1 and 1.3 for determination of the water
uptake and hydration number from the raw data. Membranes were measured in the appropriate
counterion forms (proton form for PEMs, and chloride and bicarbonate forms for AEMs). Water
uptake in an RH environment was measured using a TA Instruments Q5000SA water vapor
sorption microbalance at 30 °C with typical RH steps of 20%, 35%, 50%, 75%, and 95%. For
hydrated water measurements, the membranes were fully immersed in deionized water to

equilibrate for at least 24 hours before use. Before weighing to determine the hydrated mass, each
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membrane was removed from water and lightly blotted with a Kimwipe® to remove surface
water. The sample was immersed in deionized water to rehydrate it, and the process was repeated
for a total of five times. To obtain the dry weight of the membrane, the membrane was dried in

vacuo at 80 °C for two days and then weighed again.

2.5.3 Small and Intermediate Angle X-ray Scattering

Small angle xray scattering, SAXS, and intermediate angle x-ray scattering (IAXS)
patterns were obtained on a Rigaku (formerly Molecular Metrology) instrument with a pinhole
camera with Osmic microfocus source and parallel beam optic. The instrument had a Cu target
with a 1.452 A wavelength and also a multiwire detector. Samples were dried in vacuo at ambient
conditions before being placed in the SAXS chamber. Spectra of the dried films were collected
under vacuum at ambient temperature, and typical collection times ranged from 20-60 minutes to
achieve a minimum of 300,000 photon counts. Scattering intensities were normalized for
background scattering and beam transmission. Interdomain spacings were calculated from

equation 2.2 below:

d=2" (2.2)

where d is the interdomain spacing and q is the scattering vector in inverse Angstroms. D-spacing

values are reported in nm.
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2.5.4 Small Angle Neutron Scattering

SANS experiments were performed at the National Institute of Standards and Technology
(NIST) Center for Neutron Research (NCNR) on the NG7 30 m SANS and at Oak Ridge National
Laboratory on the Spallation Neutron Source on beam line 6, the EQ-SANS diffractometer, or on
the High Flux Isotope Reactor on beam line CG2, the general purpose SANS diffactometer. Local
contacts were Boualem Hammouda (NIST NCNR), Chris Stanley (ORNL), and Lilin He
(ORNL). Lilin He (ORNL) also performed some SANS measurements in collaboration with this
work, but all three staff members helped with SANS data reduction and analysis.

For SANS studies, low wt % solutions of the triblock copolymers were made in
d;,-N,N-dimethylformamide. A few drops of d,-methanol and dg-tetrahydrofuran were added as
needed to aid solubility. Dropcast films on aluminum and free-standing membranes were put in
the SANS chamber dry or equilibrated in D,O or under a specific relative humidity for at least 8 h
before undergoing neutron scattering experiments. Scattering intensities were normalized for
background scattering and beam transmission. Data was fit to models using the NCNR software

toolbox add-on in Igor Pro. Interdomain spacings were calculated from equation 2.2.

255 Transmission Electron Microscopy

Transmission electron microscopy, TEM, images of membrane cross-sections were
acquired on a JEOL JEM 1200 EXII microscope equipped with a tungsten emitter operating at
80 kV and a CCD camera with TCL software. Cast membrane samples were cross-sectioned by
Missy Hazen of the Huck Institutes of the Life Sciences at the Pennsylvania State University.

Membranes were cross-sectioned at -120 °C using a LeicaUltracut UC6 ultromicrotome with
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EMFC6 cryo attachment, and the sections were collected on carbon/Formvar-coated grids. All

images were of unstained samples.
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Chapter 3

lon Motion in Anion and Proton-Conducting Triblock Copolymers

3.1. Introduction

lon-containing block copolymers are of interest for fuel cell membranes and other
electrochemical or water transport applications due to their high degree of phase separation that
promotes formation of a connected ionic nanophase and a hydrophobic mechanically reinforcing
phase. The size and connectivity of the highly functionalized ionic phase can be controlled to
achieve a range of properties by tuning the block copolymer composition and membrane
processing.™? The ability to control the ionic domain structure of fuel cell membranes is a critical
aspect of optimizing their properties and boosting their performance. Sulfonated block
copolymers have served as model systems to assess the effects of molecular structure and
morphological order on proton exchange membrane (PEM) performance, and work in this area
may lead to the discovery of novel membranes with better properties than the current state-of-the-
art poly(perfluorosulfonic acid)-based materials.®> Currently, sulfonated block copolymers have
shown higher proton conductivity than their sulfonated random copolymer counterparts.*® Now
that anion exchange membrane fuel cells (AEMFCs) are becoming viable alternatives to PEM
fuel cells (PEMFCs),>™ it is crucial to understand whether block copolymer motifs are able to
significantly improve anion exchange membrane (AEM) properties and fundamental
investigations are needed to reveal the similarities and differences between AEMs and their more

well-studied PEM counterparts.

This chapter is adapted from Disabb-Miller, M. L.; Johnson, Z. D.; Hickner, M. A.
Macromolecules 2013, 46, 949-956.
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Typical polymers used in ion-containing block copolymer morphological studies include
those with fluorinated or aromatic backbones with sulfonic acid pendant groups.® Rubatat and
co-workers discovered a sub-phase of ionic aggregates within the lamellar phase of a
17.9-24.3-b-8.1-1.9 kg-mol™ poly([vinylidene difluoride-co-hexafluoropropylene]-b-styrene)
block copolymer.® The proton conductivity of this block copolymer increased with the ion
exchange capacity (IEC) if the hydration number was less than 40-50. Above this value of
hydration number, however, additional water led to proton dilution, and the conductivity did not
show any significant change with additional hydration.” Elabd and co-workers observed enhanced
transport in 7.5-b-33.8-b-7.5 kg-mol™ poly(styrene-b-isobutylene-b-styrene) with increased ion
content, particularly in comparison to randomly-sulfonated poly(styrene). Small angle x-ray
scattering (SAXS) patterns showed anisotropic, lamellar morphologies and at IEC values greater
than one, this ordering was disrupted. Yet the high sulfonation of this material still led to
enhanced proton conductivity even in membranes lacking long-range order."*

The bulk morphologies of 31.2 kg-mol™ fluorinated poly(isoprene-b-styrene) and
fluorinated poly(isoprene-b-styrene sulfonate) were investigated by Goswami, et al. and found to
vary depending on the volume fraction of the sulfonated block and the casting solvent. Monte
Carlo simulations of the sulfonated block copolymer suggest that electrostatic interactions of the
charged moieties were responsible for the atypical morphologies.*® Similarly, the morphology of
sulfonated poly(styrene-b-methylbutylene) has been extensively studied by Balsara and
co-workers for copolymers with number-average molecular weights (M,) up to
22.3-b-21.3 kg-mol™. For the molecular weights studied and volume fractions of polystyrene
between 0.45 and 0.5, non-ionic (conventional) block copolymers are predicted to show lamellar
morphology according to Flory-Huggins and self-consistent mean field theories. Yet, Balsara and
co-workers observed gyroid, hexagonal, hexagonally-perforated lamellar, and lamellar

microstructures for poly(sulfonated styrene-b-methylbutylene), PSS-b-PMB, that were thermally
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reversible and depended on IEC and molecular weight.** They have determined that prediction of
the phase behavior of complex copolymer systems, such as PSS-b-PMB, should also consider the
placement of the sulfonated groups along the chain. Simulations of alternating PSS groups lead
to lamellar-like morphologies, while different sized runs of PSS groups intermixed with styrene
monomer residues in the sulfonated phase lead to perforated lamellar, cylindrical, and gyroid
morphologies.* In experimental systems, it is still an open question as to the connectivity of
sulfonated and unsulfonated repeat units in the sulfonated phase.  Humidity-induced
order-to-disorder transitions for the gyroid phase with a domain spacing of 5.2 nm were observed
for a PSS-b-PMB copolymer with M, 1.4-1.4 kg-mol™. This domain spacing was the smallest
observed for a block copolymer to date and is likely due to stabilization of the ionic phase
because of its high segregation strength.**%*’

Sulfonated block copolymers have displayed interesting morphological properties
compared to conventional, non-ionic block copolymers. However, there have not been many
comprehensive studies regarding the phase behavior of quaternary ammonium functionalized
block copolymers. Terada, et al. showed that quaternized block copolymers possessed improved
mechanical strength compared to randomly functionalized copolymers by controlling the swelling
of the membrane through the non-ionic block.’® Quaternized block copolymers synthesized by
Hwang and Ohya had biphasic morphology that showed increased conductivity compared to
random copolymers, but the block copolymers also had higher values of IEC. The conductivities
of the membranes ranged from 0.15-0.24 S-cm™, measured in a 2 M solution of KCI, so the salt
likely played a major role in the conductivity of these materials.’®* Finally, Miyatake
demonstrated that quaternized multiblock copoly(arylene ether) polymers containing fluorene
(54-90 kg-mol™) had higher conductivity than their random copolymer counterparts.”

By comparing the membrane performance of PEMs and AEMs functionalized from the

same polymer backbone, we seek to determine the critical factors that control membrane
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performance in these types of water-absorbing, single ion conducting membranes. In particular,
we aim to establish the key differences in conductivity properties between PEM and AEM block
copolymers. lonic conductivity is the product of the ion mobility, the number of charge carriers,
and the charge of the ion. The sulfonated block copolymers were investigated in the H* form,
while the quaternary ammonium containing block copolymers were probed in the CI" or HCO3
form. Compared to K* with a value of unity in dilute aqueous solution, the dilute solution relative
mobility of H" is 4.76, while the mobility of CI" is 1.04 and HCO5 is 0.61.”%% These differences
in the intrinsic mobility of the charge-carrying ion must be taken into account to understand the
conductivity in AEMs.

Evaluating the conductivity behavior of PEMs and AEMs with the same block copolymer
structure will provide new insights into developing more conductive AEMs and link themes in the
design of PEMs and AEMs. The goal of this work is to compare the membrane performance of
sulfonated and quaternized poly(hexyl methacrylate)-b-poly(styrene)-b-poly(hexyl methacrylate),
PHMA-b-PS-b-PHMA triblock copolymers to determine the commonalities between ion-
conducting block copolymers with mobile cations or anions. In particular, factors contributing to

PEM and AEM conductivity and the role of ion mobility are discussed.

3.2.  Experimental

3.2.1 Polymer Synthesis and Membrane Preparation

Styrene (Aldrich, 99%) and hexyl methacrylate (HMA, Aldrich, 98%) were passed
through an activated alumina column to remove inhibitors prior to use. Copper(l) bromide

(CuBr, Fluka, > 98.0%), 2,2’- bipyridyl (bpy, Alfa Aesar, 99%), a,a’-dibromo-p-xylene (Aldrich,
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97%), toluene (Mallinckrodt Chemicals, ACS), tetrahydrofuran (THF, Mallinckrodt Chemicals,

ACS), methanol (MeOH, Mallinckrodt Chemicals, ACS), dimethylformamide (DMF,
Mallinckrodt Chemicals, ACS), dichloroethane (EMD Chemicals, OmniSolv), acetic anhydride
(Alfa Aesar, 97+%), sulfuric acid (J.T. Baker, ACS), paraformaldehyde (Alfa Aesar, 97%),
chlorotrimethyl silane (Alfa Aesar, 98+%), tin(I\VV) chloride (SnCl4, Acros, 99%, anhydrous),
trimethylamine (Alfa Aesar, 45 wt % aqueous), and potassium bicarbonate (Alfa Aesar, 99%)
were used as received.

The triblock copolymers were synthesized using atom transfer radical polymerization
(ATRP) with the difunctional initiator, a,o -dibromo-p-xylene, as described by Saito, et al.®
Briefly, a difunctional poly(styrene) macroinitiator was synthesized in the bulk (72.7 g styrene) in
a Schlenk flask in the presence of 0.19 g of copper(I) bromide (CuBr), 0.91 g of 2,2’ bipyridyl
(bpy), and 0.42 g of a,a’-dibromo-p-xylene at 110 °C for 7 h (targeting 50% conversion). The
reaction mixture underwent five freeze-pump-thaw cycles under vacuum and Ar before being
placed in the oil bath to start the polymerization. After termination of the reaction, approximately
200 mL of THF was added the reaction mixture before the mixture was passed through an
activated alumina column and precipitated into methanol. The polymer was filtered and washed
with MeOH. The polymer was dissolved in THF before a second precipitation in MeOH. The
polymer was filtered and washed again and dried in a vacuum oven at 60 °C for 2 d. This
procedure resulted in 20 g of difunctional poly(styrene) ATRP macroinitiator with bromine end
groups (see Appendix A for NMR), Br-PS-Br, (approximately 30% conversion). Next, 5 g of the
Br-PS-Br was dissolved in 70 mL of toluene with 12 mL of hexylmethacrylate (HMA) in a
Schlenk flask. After the addition of 0.05 g of CuBr and 0.11 g of bpy, the flask underwent five
freeze-pump-thaw cycles under vacuum and Ar. The flask was placed in an oil bath at 105 °C to
start the polymerization of HMA, which proceeded for 24 h. The same post-reaction work-up was

used after termination of the reaction. This strategy facilitated synthesis of 9 g (40% conversion)
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of a symmetric ABA triblock copolymer with poly(styrene) as the middle block and poly(hexyl

methacrylate) as the end blocks. The poly(hexyl methacrylate)-b-poly(styrene)-b-poly(hexyl
methacrylate) (PHMA-b-PS-b-PHMA\) triblock copolymer had a molecular weight of 16.5-b-32-
b-16.5 kg-mol™?, as determined by size exclusion chromatography (SEC) and '‘H NMR
spectroscopy (see Appendix A). A single 7 g batch of this triblock copolymer was used for
further postmodification with sulfonate or quaternary ammonium groups.

The sulfonated samples were synthesized by post modification of the PHMA-b-PS-b-
PHMA triblock copolymer using acetyl sulfate to selectively functionalize the PS midblock.
Sulfuric acid (1.3 mL) and acetic anhydride (3 mL) were combined in 20.7 mL of
1,2-dichloroethane at 0 °C to produce 25 mL of 1M acetyl sulfate reagent. The acetyl sulfate was
warmed to room temperature and added to a 10 wt/wt % solution of PHMA-b-PS-b-PHMA in
1,2-dichloroethane. The degree of sulfonation (DS) depended on the reaction time and the molar
equivalents of acetyl sulfate (with respect to PS) present in the reaction. For high degrees of
sulfonation, the reagents were added in two batches (see Appendix A for details). All reactions
were conducted at 50 °C under argon. The chemical structure of the functionalized triblock
copolymer is shown in Figure 3.1 Refer to the Appendix A for *H NMR spectrum of sulfonated
triblock copolymer.

To obtain the quaternary ammonium functionalized PHMA-b-PS-b-PHMA, the PS
midblock was selectively chloromethylated with paraformaldyhyde and chlorotrimethylsilane in
the presence of a Lewis acid catalyst, SnCl,.* Different extents of functionalization (with respect
to PS) were obtained by varying the reaction time. Other routes involving in-situ formation of
chloromethyl methylether® led to no reaction, likely due to complexation of the zinc-based Lewis
acid catalyst with the methacrylate blocks. Additional details of the chloromethylation reactions
will be included in the Results and Discussion section. The chloromethylated polymer was

reacted with three times molar excess of 45 wt % aqueous trimethylamine to convert the
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chloromethyl groups into quaternary ammonium chloride ions. The chemical structures of the

functionalized triblock copolymers are shown in Figure 3.1.

@)
O O
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(CH,0),, SnCl,, CISiMe,,
Chloroform, 50°C
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NMeg, DMF,
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Figure 3.1. Sulfonation and quaternization routes of the PHMA-b-PS-b-PHMA triblock
copolymer.
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Films of the functionalized PHMA-b-PS-b-PHMA triblock copolymers were cast from

approximately 10 wt/wt %  N,N-dimethylformamide (DMF) solutions in a
poly(tetrafluroroethylene) mold at ambient temperature with a glass cover for a period of 2-3
weeks and then dried in vacuo for 24 h at 40 °C for the AEMs and at 50 °C for the PEMs. The
resulting film thicknesses were approximately 150-225 pm.

In addition to being examined in chloride form, the 1.2 IEC AEM sample was converted
to bicarbonate form by soaking in a 0.5 M potassium bicarbonate solution for 48 h. The
membrane was rinsed in deionized water for 24 h to remove excess salt and dried before

characterization.

3.2.2 Characterization

'"H NMR spectra of the polymers were obtained on a Bruker DRX-400 spectrometer
using d-chloroform, dg-tetrahydrofuran, or ds-dimethylsulfoxide (Cambridge Isotope) as a
solvent. SEC was performed using a Waters gel permeation chromatography system (GPC),
which included Waters Breeze software for analysis, a 1515 isocratic HPLC pump, styrogel
columns, and a 2414 RI detector. Tetrahydrofuran was used as the eluent at 35 °C, and the GPC
was calibrated to a set of narrow polydispersity index (PDI) poly(styrene) standards. Glass
transition temperatures (T,) were determined using a TA Instruments differential scanning
calorimeter (DSC) Q200 at a heating rate of 10 °C min™ under nitrogen from -80 °C to 210 °C for
the sulfonated polymers and from -80 °C to 150 °C for the quaternary ammonium polymers.
Glass transition temperatures are reported as the transition midpoint during the second or third

heating cycle.
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SAXS patterns were collected on a Rigaku (formerly Molecular Metrology) instrument
with a pinhole camera with Osmic microfocus source and parallel beam optic. The instrument
was equipped with a Cu target (A = 1.542 A) and a multiwire area detector. Measurements of the
dried films were obtained under vacuum at ambient temperature. Typical collection times ranged
from 20-40 min or 300,000 photon counts. Scattering intensities for similar thickness films were
normalized for background scattering and beam transmission.

For transmission electron microscopy (TEM) imaging, cast membrane samples were
cross-sectioned at -120 °C using a LeicaUltracut UC6 ultramicrotome with EMFC6 cryo
attachment. The sections were collected on Carbon/Formvar-coated grids. Imaging was
performed on a JEOL JEM 1200 EXII microscope equipped with a tungsten emitter operating at
80 kV. Images were recorded on a CCD camera using TCL software. All images were of
unstained samples.

Conductivity measurements were performed using AC impedance spectroscopy on a
Solartron 1260A Impedance/Gain-Phase Analyzer. The conductivity of free-standing films was
measured using a two-point, in-plane geometry at frequencies between 1 MHz and 100 Hz.? lon

conductivity (o) was calculated from:

C=—— (3.1)

where L is the length between electrodes, R is the resistance of the membrane, and A is the cross-
sectional area of the membrane. Error in conductivity measurements is believed to be on the order
of 1mS-cm™. During the measurements, humidity and temperature were controlled using an

Espec SH-241 environmental chamber. The relative humidity varied from 20% to 95%, while the
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temperature was held at 30 °C. The real value of the impedance, where the imaginary response is
zero, was used as the membrane resistance.

Water uptake (Wu = (mMasSpygraea-Mo)/Mo) Was measured using a TA Instruments
Q5000SA water vapor sorption microbalance at 30 °C between relative humidities of 20% and
95%. The hydration number (A), or the number of water molecules per ionic group, was

calculated from:

g | Mew =M | 1000 (32)
m, M, .- IEC

where mgy is the sample mass at a given RH, my is the mass of the dry sample, My,o is 18.02 g,
the molecular mass of water, and IEC is the ion exchange capacity with units of milliequivalents
of ions per gram of polymer.

The activation energy for ion conduction, E, was calculated from conductivity
measurements with the sample immersed in liquid water between 30 and 70 °C (in 10 °C steps).
The logarithm of conductivity versus 1/T was linearly regressed, and an Arrhenius activation

energy was computed from the slope of the best fit regression.

3.3.  Results and Discussion

Optimization of the chloromethylation procedure for functionalization of the
PHMA-b-PS-b-PHMA triblock copolymer proved to be challenging. Chloromethylation of
acrylates has resulted in low IEC polymer (0.12 mmol-g™) that is not useful as an ion-conductive
membrane.” Vinylbenzyl chloride and alkyl bromides could not be used in place of the styrene

block because benzyl halogens are an initiator for ATRP and therefore cannot be a component of



59

the monomer or polymer. Likewise, chloromethylation of the styrene block prior to block
copolymer synthesis® would also exclude ATRP as a viable block copolymer synthesis
technique. The PHMA-b-PS-b-PHMA triblock copolymer was chloromethylated via the Wright
method, a common chloromethylation method which generates chloromethylmethyl ether in situ
from dimethoxymethane, thionyl chloride and zinc(l1) chloride.?® The resulting polymer had a
degree of functionalization (DF) of 3-4 mol % with respect to the moles of PS, yielding an IEC of
approximately 0.2 meq-g™. We attribute the low degree of functionality to coordination of the
ZnCl, catalyst with the carbonyl groups of the poly(hexyl methacrylate), and adding additional
catalyst to compensate for this coordination degraded the polymer.

Instead, the Avram method was used to chloromethylate PHMA-b-PS-b-PHMA, in which
a precursor chloromethylating reagent was formed in chloroform from paraformaldehyde,
chlorotrimethyl silane, and SnCl,?* To generate the precursor, paraforamaldehyde and
chlorotrimethylsilane were added to chloroform in a 1:1 molar ratio with 0.2 mol % SnCl4, with
respect to the moles of PS repeat unit. The precursor was stirred overnight under argon at 45 °C
before it was cannulated into a 10 wt % solution of polymer in chloroform at 50 °C under argon.
The overall molar ratio of polymer to reagents was 1:3:3 (PS:paraformaldehyde:chlorotrimethyl
silane). The reaction proceeded at 50 °C until the desired DF was achieved. It is important to
note that the maximum DF attained without polymer degradation was approximately 53 mol % of

the styrene residues.



60

Conditions of reagent concentration and reaction time were varied in an effort to increase
the DF of the triblock copolymer, but increased reagent concentration and longer reaction times
led to polymer degradation. Figure 3.2 depicts the degree of functionalization as a function of
reaction time under different chloromethylation conditions. During the reaction, small aliquots of
the reaction mixture were removed at specific time intervals, precipitated in methanol rinsed and
'H NMR spectra were taken. These studies were used as a basis for large-scale
chloromethylation. Increasing the scale of the reaction decreased the degree of
chloromethylation. The most repeatable results were achieved using fresh catalyst and dry

chloroform.

100 T T T T T T T T T T T T T T

DF (mol %)

0 10 20 30 40 50 60 70 80
Reaction time (h)

Figure 3.2. Reaction rates of chloromethylation using the method developed by Avram, et
al.* The stoichiometric ratios published by Avram, et al.,** a 1:3:3 ratio of polymer sites to
be functionalized:paraformaldehyde:chlorotrimethylsilane and 0.2 mol% tin (1V) chloride
are represented by ([1). Other stoichiometric ratios shown are 1:3:3 and 0.6 mol %
catalyst (O), 1:9:9 and 0.6 mol % catalyst (A), 1:9:9 and 0.2 mol % catalyst (<), and
1:60:3 and 0.2 mol % catalyst (V). The maximum degree of functionalization of the
poly(styrene) block attainable before degradation was approximately 53 mol %.
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The sample identification of the quaternized and sulfonated polymers synthesized and
their membrane properties are shown in Table 3.1. Low, mid, and high-IEC polymers were
synthesized for both AEMs and PEMs. The water uptake, hydration number, and conductivity of
the sulfonated polymers were higher than those of the quaternized polymers. The counter ions
associated with the ionic tethers in PEMs and AEMs contribute to both the conductivity and the
water uptake of the membranes. Although water uptake increases with IEC, the sulfonate-H*
pairs associated with the PEMs have a stronger affinity for water than do the
benzyltrimethylammonium-CI" pairs associated with the AEMs,? illustrated by the equivalent
water uptake of A-2.0-Cl and the less functionalized sulfonated polymer, P-1.2-H. The
1.1 meq-g™ IEC AEM showed greater water uptake in the HCO; form compared to lower water
uptake in the CI" form underscoring the importance of the mobile species in determining the water

uptake of the sample.

Table 3.1. Polymer sample parameters and properties.

DF IEC T, wu' . o' Ea
Sample
(%)  (meg-g?) °C) (%) (mS-cm™) (kJ-mol™)
Pkgl\ﬂpﬁ&'is 0 0 98 21 nm nm nm
A-1.1-HCO; 28 11 nm 39 12 7.1 16
A-1.2-Cl 28 1.2 111 15 7 2.0 26
A-1.7-Cl 42 1.7 113 29 9 4.6 nm
A-2.0-Cl 53 2.0 112 29 8 5.0 nm
P-1.2-H 27 1.2 118 29 14 18.3 15
P-1.6-H 38 1.6 125 46 17 20.9 15
P-2.3-H 61 2.3 175 79 19 50.7 nm

A denotes quaternary ammonium functionalized PHMA-b-PS-b-PHMA. P denotes sulfonated
PHMA-b-PS-b-PHMA. The IEC is the number in the sample name, and the last letter(s) of the sample
name is the counter ion.

T Value for membrane at 95% RH for water uptake (wu), hydration number (1) and conductivity (o).
nm denotes measurements that were not obtained.
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To understand the role of water sorption on the ionic conductivity of the quaternized and
sulfonated PHMA-b-PS-b-PHMA triblock copolymers, the conductivity was analyzed as a
function of hydration number, Figure 3.3. The sulfonated membranes, solid symbols, exhibited
the highest conductivity values due to the higher mobility of protons compared to the anionic

species.
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Figure 3.3. Conductivity versus hydration number of P-1.2-H (H), P-1.6-H (@),
P-2.3-H (A), A-1.1-HCO; (V), A-1.2-CI (OJ), A-1.7-CI (O), and A-2.0-CI (A).

The comparison between the conductivity of the PEMs and the AEMs in Figure 3.3 is
biased due to the mobility of the conductive species. To gain insight into the mechanism of

conductivity for water-absorbing PEMs and AEMs, the ion diffusion coefficients as a function of

hydration were considered.
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The diffusion coefficients of the mobile ions for each sample were calculated from the
measured conductivity values using a form of the Nernst-Einstein equation and the number

density of charge carriers given by:

C=0.001x—ECXP (3.3)
1+0.01X,, g

where ¢ is the moles of ion per cm? of polymer, IEC is the milliequivalents of ion per gram of
polymer, p is the polymer density, and X,.10 is the volume-based water uptake, as opposed to
the mass-based water uptake (wu) presented in Table 3.1.*° The densities of the polymers were
calculated using the NIST NCNR SLD calculator and weighted linear combinations of pure
component densities.*

The diffusion coefficients of the mobile ions were calculated from:

B oRT
cz2F?

(3.4)
where ¢ is the measured conductivity, R is the ideal gas constant, T is temperature, c is the
computed concentration of ions in the hydrated membrane as above, z is valence charge, and F is
Faraday’s constant.*> Figure 3.4 shows that the PEMs displayed higher diffusion coefficients
than the AEMs, which is a reflection of the types of mobile species in each sample. The AEMs
had similar diffusivities, regardless of IEC, which could be due to a lack of ion clustering as has
been previously observed in quaternary ammonium-containing random copolymers.®3* P-2.3-H
had higher diffusivity at low lambda than the other PEMs, likely due to a higher ionic density in

the highly sulfonated PS phase.
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Figure 3.4. The diffusion coefficient as a function of hydration number of P-1.2-H (H),
P-1.6-H (@), P-2.3-H (A), A-1.2-Cl (1), A-1.7-Cl (O), and A-2.0-Cl (A) at (a) all
hydration numbers, and (b) at low levels of hydration.
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For a more thorough comparison of the factors contributing to the conductivity of the
membranes aside from mobile species mobility, the diffusivity ratio between the Nernst-Einstein
calculated diffusivities from conductivity measurements (D) and the dilute solution diffusivity of
the mobile ion (Dy) are shown in Figure 3.5. The dilute solution diffusivities (see Table 3.2) were

calculated from the dilute solution mobilities of the mobile ion using:

D, = (3.5)

where p is the dilute ion mobility, kg is the Boltzmann constant, T is temperature, and q is the ion
charge.®® The diffusivity ratio, D/Do, was similar for AEMs and PEMs as a function of hydration
number. This relationship indicates that the mobilities of protons and chloride ions scale
similarly with the hydration of the ionic group, which is an interesting result and shows that the
hydrophilic phase in each material is able to achieve similar levels of ion mobility. The maximum
computed diffusivities at high lambda were about an order of magnitude less than the dilute
solution diffusivities. It appears that the diffusion coefficients of both mobile, solvated anions
and cations were suppressed by the same amount in membranes compared to dilute solution. One
of the key goals for optimizing the performance of these materials will be to further decrease the

gap between the dilute solution ion diffusivity and the ion diffusivity in the membrane.
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Figure 3.5. The ratio of the diffusion coefficient, D, to the dilute solution diffusivity, D,
as a function of hydration number for P-1.2-H (W), P-1.6-H (@), P-2.3-H (A),
A-1.2-Cl (), A-1.7-CI (O), and A-2.0-Cl (A).

Table 3.2. Hydrated ion concentration and calculated diffusion coefficients from
conductivity measurements and dilute solution®

c? D° Do .
Sample s i i D"/Dy
(mol-cm™) (cm*®.s™) (cm*.s™)
A-1.2-Cl 1.0x 103 5.1x 107 2.1x10° 2.4 %107
A-1.7-Cl 1.4 %103 9.1x 107 2.1x10° 4.3 x 107
A-2.0-Cl 1.6 x 103 8.5 x 107 2.1x10° 4.1 x 107
P-1.2-H 09x10° 5.3 x10° 9.5 x 10° 5.6 x 10
P-1.6-H 1.1x10° 5.0x 10° 9.5 x 10° 5.3x 107
P-2.3-H 1.4 x10° 9.8 x10° 9.5 x 10° 1.0 x 10

®A denotes quaternary ammonium functionalized PHMA-b-PS-b-PHMA. P denotes sulfonated PHMA-b-
PS-b-PHMA. The IEC (see Table 3.1) is the number in the sample name. The last letter of the sample name
is the counter ion. "Value for membrane at 95% RH.
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The slope of the change in log conductivity as a function of RH was calculated for
various IEC samples to determine how the ion conductivity in AEMs and PEMs respond to
decreases in hydration, Figure 3.6. For both AEMs and PEMs, the slope of the log conductivity
versus RH curve decreased with an increase in sample IEC. This data demonstrates that as the
amount of functionalization of the hydrophilic domains was increased, the materials became less
sensitive to hydration. At low IEC, the ionic groups were dispersed within the PS block, and
higher hydration numbers are needed to bridge the ionic species. With higher IEC samples, the
ionic groups were closer together in the ionic domains and the conductive pathways were not as

dependent on high concentrations of water.

010 T T T T T

0.09 .

0.08 - [ ] i

0.07 .

AlogO'-ARH'l
O

0.06 4

0.05 T . T . T .
1.0 1.2 14 1.6 1.8 2.0 2.2 24

IEC (meq-g'l)

Figure 3.6. Sensitivity of change in log ¢ to RH of P-1.2-16-23-H (H) and
A-1.2-1.7-2.0-Cl (OJ).

To understand conductivity differences between the AEMs and PEMs in addition to the

ion mobility and ion clustering arguments above, the microphase morphologies of the block
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copolymer-based membranes must be considered. The morphology of the sulfonated and

quaternary ammonium functionalized PHMA-b-PS-b-PHMA triblock copolymers were

investigated by SAXS, Figure 3.7.
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Figure 3.7. SAXS patterns of (a) PEMs and (b) AEMs.
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The unfunctionalized polymer did not show any ordering, but peaks were present in the
SAXS patterns for the proton and chloride forms of the functionalized triblock copolymer. The
membranes do not have long-range order as indicated by the absence of higher order peaks in the
SAXS patterns. The AEMs showed a consistent decrease in interdomain spacing with increasing
DF, but the PEM series did not exhibit a trend. There could be significant kinetic trapping in the
case of AEMs, which would lower the interdomain spacing with increased functionalization due
to the formation of small phases. The 38% functionalized sample, P-1.6-H, showed a primary
scattering peak at a smaller g value than either of the other PEMs. The peaks in the SAXS pattern
were fit with Gaussian functions, and the interdomain spacings, listed in Table 3.3, were
calculated from the primary peak maxima using d = 2n-q™". The interdomain spacing did not
seem to depend on the type of functionalization; the sulfonated and quaternary ammonium
functionalized samples had similar d-spacings. However, the sulfonated membranes were more
ordered than the quaternized membranes, evident from the secondary scattering peaks for P-1.2-H
and P-1.6-H. The greater disorder in P-1.6-H may also occur in the AEMs, evident from the
magnitude of peaks. The shift to higher g for P-2.3-H may be due to ion-ion interactions or to the
larger volume fraction of sulfonate groups compared to styrene monomer residues. The scattering
peaks of the PEMs were more well-defined than the scattering peaks of the AEMs, most likely
due to the greater solubility parameter difference between hydrophilic and hydrophobic blocks in
sulfonate materials compared to polymers functionalized with quaternary ammonium cations.
Although no effective solubility parameter measurements exist for quaternary ammonium-
tethered moieties, the phase separation in these types of materials has been more difficult to
detect than in sulfonated materials. Therefore, there could be more phase mixing between the
ionic and hydrophilic domains in the AEMs compared to the distinct phase separation usually

noted for sulfonated PEMs.
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Table 3.3. Interdomain spacing for the PHMA-b-PS-b-PHMA samples as a function of ion
content.

Sample DF IEC Interdomain spacing
(mol%o) (meg-g™) (nm)
A-1.2-Cl 28 1.2 39
A-1.7-Cl 42 1.7 34
A-2.0-Cl 53 20 28
P-1.2-H 27 1.2 35
P-1.6-H 38 1.6 39
P-2.3-H 61 2.3 31

The phase separated morphology of the triblock copolymer membranes is shown in the
unstained transmission electron micrographs in Figure 3.8. Both the PEMs and the AEMSs
exhibited disordered spherical morphology, with ions located in the darker phase exterior to the
lighter-colored domains. The spherical domains were approximately 20 nm in size, which
corresponds to the secondary scattering peaks shown in Figure 3.7a. The membranes were not
annealed; previous work attempting thermal and solvent annealing of a similar system was not
successful, likely due to the high molecular weights of these triblock copolymers and the
presence of ions that impedes polymer motion and greatly increases the T of the ionic phase.

The similar morphology of the PEMs and AEMs shown by TEM and SAXS reveal why
the sulfonated and quaternary ammonium-functionalized triblock copolymers have comparable
D/D, values. As mentioned earlier, the diffusion coefficients of both mobile, solvated anions and
cations were suppressed by the same amount in membranes compared to dilute solution, which is

explained by the analogous morphologies of P-1.6-H and A-1.7-Cl.
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Figure 3.8. Bright field TEM images of the microtomed cross-section of membranes
(a) P-1.6-H and (b) A-1.7-Cl. The spherical domains shown are on the order of 20 nm.
The morphologies for the PEM and AEM are comparable, which supports the similar
D/Dy ratios for the materials.

3.4. Conclusions

The properties of PEMs and AEMs with identical polymer backbones were compared.
PHMA-b-PS-b-PHMA triblock copolymer was functionalized with sulfonate or quaternary
ammonium moieties to produce low, mid, and high-IEC PEMs and AEMs. Chloromethylation of
the polymer using the Avram method was employed to achieve a maximum DF of 53 mol %.
The in-plane conductivity of the PEMs was greater than that of the AEMs because of high proton
mobility, and the PEMs had greater hydration numbers for the same value of RH due to ion pair

hydration effects. To remove the bias of ion mobility in the comparison of the AEM and PEM
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conductivity, the ratio of D/D, was calculated. For a given RH, AEMs and PEMs demonstrated
similar values for D/D, except for the highest IEC PEM sample at low hydration.

As the IEC of the membranes increased, the sensitivity of the o on RH decreased,
demonstrating that highly functionalized ionic phases are critical to good conductivity properties.
In addition, any differences in the membrane performance between AEMs and PEMs cannot be
attributed to differences in the morphology of the membranes, as they have similar interdomain
spacings and phase separated morphologies. This study has shown that in many respects, AEMs
and PEMs of the same polymer backbone have similar properties if ionic mobility is considered
and there is sufficient hydration and IEC. At low IEC, it appears that ionic clustering of sulfonate
domains may boost conductivity of PEMs compared to AEMSs, which will pose a challenge to

creating AEMs with high conductivity at low hydration.
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Chapter 4

Solution Morphology of Triblock Copolymers

41. Introduction

Block copolymers are one strategy for next-generation for fuel cell membranes.
Complex morphologies are attainable with block copolymers, and block copolymers have shown
higher conductivity than random copolymers.>* Many different morphologies have been
demonstrated for ionic membranes depending on composition and processing. The coexistence
of cylindrical and lamellar morphology was observed by Weber, et al. for a
poly(styrene-b-4-vinylbenzyl hexylimidazolium bis(trifluoromethanesulfonyl)imide) membrane
cast from tetrahydrofuran (THF) with a molecular weight of 31.1 kg-mol™ and 8.6 mol % ionic
liquid. The membrane was annealed at 150°C for 3 h° A solvent-cast
poly([vinylidiene difluoride-co-hexafluororpropylene]-b-styrene) with a molecular weight of
17.9 kg-mol™ and 32 mol% sulfonation had wormlike ionic domains.® Park and Balsara have
shown that the morphology of solvent-cast and annealed films of PSS-PMB,
poly(styrene sulfonate-b-methylbutlyene), is dependent on the molecular weight and ion content.
Lamellar, gyroid, and hexagonal morphologies were observed for membranes with 21, 32, and
39 mol % sulfonation and molecular weights of 3.1-2.6, 12.1-8.7,1.8-1.4, kg-mol'1 PSS-PMB,
respectively.’

The properties of block copolymers in solution are important to the resultant film

morphology. Kelley, et al. found the micelle radius of poly(butadiene-b-ethylene oxide) with a
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molecular weight of 11.2 kg-mol™ decreased as the content of THF in the water/THF solution
mixture increased. = However, the poly(butatdiene) micelle core radius, as seen by
cryo-transmission electron microscopy (TEM), increased with THF content.® Solvent choice and
solution properties become critical for higher molecular weight polymers, as annealing is more
difficult for these polymers. The morphology of a 27 mol % sulfonated 118 kg-mol™
poly(styrene-b-[ethylene-ran-butylene]-b-styrene) membranes depended on the casting solvent.
Cross-sections of membranes cast from THF showed lamellar morphology, while membranes cast
from a mixed solvent of methanol and THF were disordered. Kim, et al. believe the addition of
even small amounts of methanol (20 vol %) to the casting solvent inhibited the formation of the
lamellar structure.” A molecular dynamics simulation of the solvent evaporation process of
poly(isoprene-b-ethylene oxide) in solution examined the effect of solvent choice on the height of
the polymer film; a bead-spring model was used to simulate the polymer in selective and non-
selective solvents. When the polymer was evaporated from a solvent selective to poly(ethylene
oxide) block, the poly(isoprene) beads were “pushed” from the liquid layer and formed islands
on the surface of the polymer film. When a non-selective solvent was used, the evaporated film
had a more uniform distribution of the poly(ethylene oxide) and poly(isoprene) beads.™
Long-range ordering of a cast film occurs during the solvent evaporation process, as
determined by Tsige, et al. with the molecular dynamics simulation of the evaporation of solvent
from a multiblock copolymer in solution. The relative stiffness of the two blocks also played a
role in the final ordering of the film.*“'? Heinzer, et al. used small angle x-ray scattering (SAXS)
to monitor the evolution of morphology for a poly(styrene-b-butadiene) film as the solvent
(toluene) evaporated. The primary scattering peak was first observed when the solution was
30 wt % polymer, and the peak became more pronounced as the toluene continued to evaporate.
The secondary scattering peak was not observed until approximately 50 wt % polymer, and the

ratio of the primary to secondary peaks were consistent with a hexagonal morphology. In this
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study, the relative positions of the peaks were constant at all polymer concentrations.*® Weisner
and co-workers used the combination of self-assembly and non-solvent induced phase separation
method to cast a poly(styrene-b-4-vinylpyridine) film from a 15 wt % solution of dioxane, THF,
and dimethylformamide, and “set” the morphology observed at that concentration. The SAXS
pattern of the 15 wt % polymer solution suggested a hexagonal morphology, which was
consistent with scanning electron microscopy (SEM) images of the self-assembled top surface of
the cast membrane.*

Sulfonated pentablock copolymers in solution were studied by Winey and co-workers
using SAXS. The scattering data of 11 wt % solutions of poly(t-butyl styrene-b-hydrogenated
isoprene-b-sulfonated styrene-b-hydrogenated isoprene-b-t-butyl styrene) was fit to the Kinning-
Thomas hard sphere model, and the radius of the micelle core and corona were calculated.™
Small angle neutron scattering (SANS) has also been used to investigate polymers in solution,
where the contrast is from differences in nuclear scattering length. For samples with poor x-ray
contrast, deuterium can be added to the system to increase the contrast for SANS experiments.
Additionally, the slopes of SANS curves vary with the aggregate shape, as shown in the study of
Pluronic 85 (poly(ethylene oxide-b-propylene oxide-b-ethylene oxide)) in deuterium oxide by
Hammouda.'® Solution and membrane morphologies of sulfonated poly(phenylene) were studied
by He, et al. Bundles or rodlike aggregates were present in both the polymer in solution and in
the dry membranes.!” Correlating the solution and membrane morphologies is of interest to target

specific morphologies and design better fuel cell membranes.
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4.2.  Experimental

4.2.1 Polymer Synthesis

Two different  poly(hexyl methacrylate)-b-poly(styrene)-b-poly(hexyl methacrylate),
PHMA-b-PS-b-PHMA, triblock copolymers were synthesized using atom transfer radical
polymerization (ATRP) with a difunctional initiator, a, a’-dibromo-p-xylene, as described by

Saito, et al.’®

This strategy facilitated synthesis of a symmetric ABA triblock copolymer with
poly(styrene) as the middle block and poly(hexyl methacrylate) as the end blocks. The
PHMA-b-PS-b-PHMA triblock copolymers had molecular weights of 16.5-b-30.5-b-16.5 and
11.1-b-24.8-b-11.1 kg-mol™, as determined by size exclusion chromatography (SEC), calibrated
to poly(styrene) standards, and *H NMR. A single batch of the first triblock copolymer was used
for further postmodification with sulfonate or quaternary ammonium groups, and the second
batch was functionalized with only sulfonate groups. The structure of the PHMA-b-PS-b-PHMA
triblock copolymers is shown in Figure 4.1 (a).*

A poly(hexyl methacrylate)-b-poly(styrene), PHMA-b-PS, diblock copolymer was
synthesized via ATRP with a method similar to the above. However, instead of a using a
difunctional initiator for synthesis of a difunctional PS macroinitiator, 1-bromoethyl benzene was
used to make a monofunctional PS macroinitiator. To polymerize the hexyl methacrylate
monomer, copper (1) bromide, CuBr, and N,N,N’,N',N"-pentamethyldiethylenetriamine,
PMDETA, were used as the catalyst and ligand. The PHMA-b-PS diblock copolymer had a

molecular weight of 11.2-b-10.1 kg-mol™, as determined by size exclusion chromatography

(SEC), calibrated to poly(styrene) standards, and *H NMR. The polymer was subsequently
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functionalized with sulfonate groups, and the chemical structure of the PHMA-b-PS diblock

copolymer is shown in Figure 4.1 (b).
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Figure 4.1. Chemical structures of the (a) PHMA-b-PS-b-PHMA triblock copolymers
with tethered sulfonate (PEM) or quaternary ammonium (AEM) moieties and
(b) PHMA-b-PS diblock copolymer with tethered sulfonate moieties (PEM).

4.2.2  Solution and Membrane Preparation

For SANS studies, 1 and 10 wt % solutions of the 16.5-b-30.5-b-16.5 kg-mol™ triblock
copolymers were made in d,-N,N-dimethylformamide, d-DMF. For the diblock copolymer and
the 11.1-b-24.8-b-11.1 kg-mol'1 triblock copolymer, 0.1, 1, 10, and 20 wt % solutions were made
in d-DMF. A few drops of ds-methanol and dg-tetrahydrofuran were added as needed to aid

solubility. Films of the functionalized triblock copolymers were cast from approximately
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10 wt % solutions of polymer in N,N-dimethylformamide, DMF. The films were cast in a
poly(tetrafluroroethylene) mold at ambient temperature with a glass cover slightly open for a
period of 2-3 weeks and then dried in vacuo for 24 h at 40 °C for the AEMs and at 50 °C for the
PEMs. The resulting film thicknesses were approximately 150-225 um. When applicable,
membranes were equilibrated in D,O or under a specific relative humidity for at least 8 h before

undergoing neutron scattering experiments.

4.3. Instrumentation

'H NMR spectra of the polymers were obtained on a Bruker DRX-400 spectrometer using
d-chloroform, dg-tetrahydrofuran, or ds-dimethylsulfoxide (Cambridge Isotope Laboratories) as a
solvent. SANS experiments were performed at the NIST Center for Neutron Research (NCNR)
on the NG7 30 m SANS and at Oak Ridge National Laboratory on the Spallation Neutron Source
on beam line 6, the EQ-SANS diffractometer, or on the High Flux Isotope Reactor on beam line

CG2, the general purpose SANS diffractometer.

4.4. Results and Discussion

For ease of reference in this chapter, the 16.5-b-30.5-b-16.5 kg-mol™* PHMA-b-PS-b-PHMA
triblock copolymer will be named TB-1, and the 11.1-b-24.8-b-11.1 kg-mol™
PHMA-b-PS-b-PHMA triblock copolymer will be named TB-2. Results on the interdomain
spacing of the PHMA-b-PS-b-PHMA TB-1 polymers in the solution state and of the PEM and

AEM as a function of relative humidity have been determined from the correlation peak in the
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SANS patterns. A case study comparison of TB-2 and the PHMA-b-PS diblock copolymer in

solution will be discussed later.

Table 4.1 lists the IEC values and interdomain spacings of the TB-1 copolymers in the
solution, dry, and hydrated states. From these calculations, where d = 2n/q, it is evident that the
ionic domain size of the polymers changes between solution and dry membrane morphology and
under hydration. The interdomain spacing is larger for the 10 wt % polymer solutions than for
the membranes, so the domain size changes as the solvent is removed to form a membrane.
When humidity is introduced to the ionic samples, the dry membranes swell, increasing the
interdomain spacing. At this point, there appears to be no significant differences between the

interdomain spacings of the AEMs and the PEMs.

Table 4.1. Interdomain spacings of the PHMA-b-PS-b-PHMA TB-1

D-spacing, 10 wt % D-spacing, dry D-spacing, hydrated

Sample IEC 1 in d,-DMF membrane membrane in D,0O
(med-g7) (nm) (nm) (nm)
Non-ionic 0 76 41 -
A-1.2-Cl 1.2 70 39 41
A-1.7-Cl 1.7 56 37 47
A-2.0-Cl 2.0 70 31 44
P-1.2-H 1.2 61 39 40
P-1.6-H 1.6 61 41 47
P-2.3-H 2.3 83 -- --

A denotes quaternary ammonium functionalized PHMA-b-PS-b-PHMA and P denotes sulfonated
PHMA-b-PS-b-PHMA.
The IEC is the number in the sample name, and the last letter(s) of the sample name is the counterion.
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Using the sulfonated PHMA-b-PS-b-PHMA as a model, the morphology of the dry

membrane can be predicted using equation 4.1 below.”

V 2
X:ﬁ(SA_SB) (4.1)

where y is the Flory-Huggins interaction parameter, V is the molar volume, R is the universal gas
constant, and § is the solubility parameter for each component. According to literature,
8eps = 34 (J-cm®)Y2, Sps = 18.6 (J-cm®¥ and Sppma= 17.6 (J-cm®)¥, which were used to
calculate y.*4%

The calculated interaction parameter y and N, the number of repeat units, were combined
with the volume fraction of PS in the triblock copolymer to predict a lamellar morphology
according to the ABA triblock copolymer phase diagram published by Matsen and Thompson.*®
However, this interaction parameter considers each component as a homopolymer, and does not
consider the arrangement of the ions within the ionic block, so the morphological prediction may
be incorrect.” Experimentally, the ratio of the primary and secondary scattering peaks from the
SAXS patterns suggests a hexagonal morphology for the PEM membrane.”® However, unstained
cross-sections of the AEMs and PEMs were imaged using transmission electron microscopy,
TEM, seen in Chapter 3 and in Figure 4.2 and Figure 4.3, and show a spherical morphology with
the ions on the exterior of the domains. The spherical domains are approximately 20 nm in size.
The membranes were not annealed; previous work attempting thermal and solvent annealing of a
similar system was not successful likely due to the high molecular weights of these triblock

copolymers and the presence of ions that impedes polymer motion and increases T, of the ionic

phase greatly.



Figure 4.2. Transmission electron microscopy, TEM, images of (a) unfunctionalized
PHMA-b-PS-b-PHMA, (b) P-1.2-H, (c) P-1.6-H, and (d) P-2.3-H.

83
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Figure 4.3. Transmission electron microscopy, TEM, images of (a) A-1.2-Cl,
(b) A-1.7-Cl, and (c) A-2.0-Cl.

The SANS patterns for the solution and dry membrane experiments were fit to the
polydisperse core-shell model with a hard sphere structure factor, developed by the National

Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR).?® The hard
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sphere structure factor relates the spatial arrangement of the particles to one another. The model

function is calculated as:

2
— @ 3Vc(Pc'ps)j1(qrc) 3V5(ps-psolv)j1(qr5)
P(q)_ Vs [ qre * qrg +bkg

. ('sinx -xcosx) 4m\
where: j, ()=—— 75—, r;71cFt and Vi= <?> r;

(4.2)

and V., Vs and r., rs are the volume and the radius of the core and shell respectively, q is the

scattering vector, t is the shell thickness, and p¢, ps, psov are the scattering length densities

(SLDs) of the core, shell, and solvent respectively, shown in Figure 4.4 with a cartoon of our

micelles.

/

r. = core radius t = shell thickness
pc = core scattering length density, SLD
ps, = shell SLD Psolv = Solvent SLD

He

Figure 4.4. Diagram of some of the parameters used in the polydisperse core-shell

model, left, and a cartoon of the PHMA-b-PS-b-PHMA TB-1 micelles, right.
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The SANS scattering curves for the 1 wt % solutions, 10 wt % solutions, and dry
membranes were fit to the model above using the NIST SANS Macro.”® Calculated values were
used as the initial starting values for the volume fraction of polymer and the SLDs. Iterations
were performed until there was no change in the chi squared or error. An example of the fit to
data of A-2.0-Cl for 1 and 10 wt % solutions and for the dry membrane is shown in Figure 4.5.

The dotted line represents the SANS data, and the solid line depicts the model fit.

10

10°

I(a)

w4 1wt % solution

T T T T T T T T T T T
2 3 4 56789 2 3 4 56789
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100 7
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100 7
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T T T T TT171
2 3 4 5678

dry membrane

I(a)

T T T T T T |
2 3 4 5 6789

0.1
q (A%

Figure 4.5. Hlustration of the model fit (solid black line) to SANS data (dotted colored
line) of A-2.0-Cl for 1 wt % solution, 10 wt % solution, and dry membrane.
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All samples were fit using this procedure, which determined values the core radius and
shell thickness, depicted in Figure 4.6. As the concentration of the polymer was increased, the
system with no ions had decreased radius. Overall for the AEMs and PEMs, the core radius
increased as the polymer concentration of the solutions increased from 1 wt % to 10 wt % due to
more polymer per volume solvent and due to ion aggregation. From the 10 wt % solution to the

dense membrane, the shell thickness increased with the solvent evaporation.

No ions A-1.2-Cl A-1.7-CI A-2.0-Cl P-1.2-H P-1.5-H P-2.3-H
B ) )
solution ‘ ‘ . ‘
4,1 3,2 52 6,1

& e 8 0 e
solution
Dry
membrane

Figure 4.6. Schematic depicting the size (in nm) of the core (white, red, or green) and
shell (blue) for the particles in the 1 wt % solutions, 10 wt % solutions, and dry
membrane according to the fit to the NIST polydisperse core-shell model with a hard
sphere structure factor.

The polydispersity of the micelle cores was also calculated, and as the size of the micelles
and polymer content increased, the core polydispersity decreased (Figure 4.7). It is interesting to
note that the AEM micelle cores were more polydisperse than the PEM micelle cores in 1 wt %
solution. At such low polymer content, the difference is more likely due to polymer-ion

interactions and not polymer-solvent interactions.
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Figure 4.7. The core polydispersity is plotted as a function of weight percent polymer.
As the polymer concentration increases, the particle cores became less polydisperse.

A schematic of the overall solution to membrane morphology evolution is depicted in

Figure 4.8. For the dry membranes, the final scattering length densities for the core, shell, and

solvent were on the same order of magnitude as the calculated initial values, 4 x 10%to 5 x 10°,

The scattering length densities of the 1 wt % and 10 wt % solutions ranged from 1 x 107 to

7x10%and 2 x 103 to 1 x 107, respectively.

1wt % solution 10 wt % solution

Dry membrane

Figure 4.8. The proposed solution to membrane morphology transition is shown from
left to right, with snapshots of the 1 wt % solution, the 10 wt % solution, and of the final

membrane.



89

The overall particle size calculated from the model fit is approximately the same size as
determined from the TEM images presented earlier. Based on this data from the model fit, we
have started to understand the transition from solution to membrane morphology for
ion-containing polymers. We believe these TB-1 membranes are kinetically trapped and are
therefore not approaching the equilibrium morphology predicted by the phase diagram.
Moreover, the high molecular weight and presence of ions precludes annealing these samples. As
a case study, a new related diblock and triblock copolymer system was synthesized and

% with lower

functionalized, designed after the model proposed by Matsen and Thompson,?
molecular weights to promote long-range ordering during the casting process.

The diblock PHMA-b-PS and triblock PHMA-b-PS-b-PHMA, TB-2, used for comparison in
this studied were both sulfonated such that the resulting IEC of both PEMs was 1.1 meq-g™. The
dry membranes were characterized using SAXS, and polymer solutions were studied with SANS.
The samples will be referred to as DB-1.1-H and TB-1.1-H for this study. The interdomain

spacing for the 1, 10, and 20 wt % polymer solutions in d-DMF and the primary and secondary

interdomain spacings for the dry membranes are listed in Table 4.2.

Table 4.2. Interdomain spacings of PHMA-b-PS and PHMA-b-PS-b-PHMA (TB-2)

d1 le d20 ddry
Sample
(nm) (nm) (nm) (nm)
DB-1.1-H 71 38 35 23
TB-1.1-H 73 43 41 28

Calculated from the primary scattering peak, q; d = 2w/q.
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As anticipated, the d-spacing of both diblock and triblock copolymers decreased as the
concentration of the polymer solution increased. The d-spacing of the diblock PEM was smaller
than the d-spacing of the triblock PEM, due to the lower molecular weight of the diblock
copolymer. The interdomain spacings of the 1.1 meq-g* TB-2 can be compared with the
interdomain spacings of the 1.2 meq-g* TB-1 PEM, since the ion content is similar in these
membranes. From Table 4.1, the 10 wt % and dry interdomain spacings of P-1.2-H were 61 nm
and 39 nm, respectively. The equivalent interdomain spacings of the 1.1 meq-g™ TB-2 PEM were
43 nm and 28 nm, which is 70-72% of the value for TB-1. The mole fraction of PS does not
provide insight into this difference, as TB-1 is 60 mol % PS, and TB-2 is 65 mol % PS. The
molecular weight of the PS block and PHMA blocks of TB-2 are 81% and 67% of the PS and
PHMA molecular weights of TB-1, so the answer does not lie in examination of the individual
blocks. However, the total molecular weight of TB-2 is approximately 74% of the molecular
weight of TB-1, which is a reasonable agreement with the discrepancy in the interdomain
spacings.

To fit to the SANS data for the diblock and triblock (TB-2) copolymers in solution, the
same polydisperse core-shell model with a hard shell structure factor described earlier was used.
Calculated values were used as the initial starting values for the volume fraction of polymer and
the SLDs. Iterations were performed until there was no change in the chi squared or error. An
example of the fit to data of for 1 and 10 wt % solutions and for the dry membrane is shown in

Figure 4.9. The dotted line represents the SANS data, and the solid line depicts the model fit.
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Figure 4.9. Hlustration of the model fit (solid black line) to SANS data (dotted colored
line) of DB-1.1-H for 0.1, 1, 10, and 20 wt % solutions.
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The diblock and triblock copolymer samples were fit using this procedure, which
determined values the core radius and shell thickness, depicted in Figure 4.10. Both the diblock
and triblock polymer formed small spheres in the 0.1 wt % solutions. The size of the overall
polymer spheres increased with polymer concentration. This brief study of the two polymers did
not provide substantial additional information on the morphology evolution during the membrane

formation, partly due to lack of sufficient time on the neutron scattering equipment.

0.1wt% 1wt% 10 wt % 20 wt %

DB-1.1-H @ o @ .
1,3 3,4

TB—l.l—H . O @
1,3 8,5

Figure 4.10. Schematic depicting the size (in nm) of the core (white) and shell (blue or
green) for the particles in the 0.1, 1, 10, and 20 wt % according to the fit to the NIST
polydisperse core-shell model with a hard sphere structure factor.

As with the TB-1 system, the overall polydispersity of the DB-1.1-H and TB-1.1-H
polymer cores decreased with increasing polymer concentration, shown in Figure 4.11. Although
the diblock copolymer had lower polydispersity than the triblock copolymer at 0.1 wt % polymer,
the diblock copolymer exhibited higher polydispersity for the more concentrated solutions.
However, the difference in polydispersity between the diblock and triblock copolymers at 10 and

20 wt % polymer was not substantial.
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Figure 4.11. The core polydispersity of the diblock and triblock copolymers in solution
is plotted as a function of weight percent polymer. As the polymer concentration
increases, the particle cores became less polydisperse.

45. Conclusions

The solution morphology of PHMA-b-PS-b-PHMA triblock copolymer PEMs and AEMs
were correlated to final membrane morphology through the use of SANS and SAXS experiments.
TEM images of membrane cross-sections showed disordered spherical domains on the order of
20 nm in size. SANS experiments were performed on 1 wt % and 10 wt % concentrations of the
polymers in solution, and the patterns were fit to a polydisperse core-shell model with a hard
sphere structure factor. In conjunction with the TEM images, the ion-containing moiety of the
triblock copolymers was believed to form the shell of the core-shell micelles. The overall size of

the polymer spheres in solution the uniformity of the polymer cores increased as the polymer
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concentration increased from 1 wt % to 10 wt %, and the d-spacing of the 10 wt % solutions was
larger than the d-spacings of the dry and hydrated membranes, as expected. The morphology of
series of diblock and triblock PHMA-PS PEMs was also investigated. The d-spacing of the
second triblock PEM system, TB-2, was about 70-72% of the d-spacing of the TB-1 PEMs, which
corresponded to the molecular weight difference between the systems; the molecular weight of
TB-2 was about 74% of the molecular weight of TB-1. The solution morphology of the diblock
and triblock copolymers was studied to compare with the previous triblock PEM system.
Although the polymer concentration of the diblock and triblock copolymers in solution varied
from 0.1 wt % to 20 wt %, the overall trends of the diblock and triblock were consistent with the

previous study. Differences between the diblock and triblock PEM require further study.
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Chapter 5
Organization and Conductivity of Analogous Diblock and Triblock lon

Conductors

5.1. Introduction

Polymers acting as ion conductors are being investigated for use in devices for energy
storage and conversion, such as batteries and fuel cells. In particular, electrolytes for polymer fuel
cell membranes such as proton exchange membranes (PEMs) must be robust and demonstrate
high conductivity at low levels of hydration."* lon conducting block copolymers are one
approach to create the next generation of materials for fuel cell membranes; block copolymers
have demonstrated higher conductivity than random copolymers.>” The increased conductivity of
block copolymer PEMs has been attributed to the microphase separation present in the systems,
and the correlations between morphology and conductivity have been extensively studied.®®**

However, the mechanical integrity of PEMs must also be carefully monitored. Excessive
swelling in polymer electrolyte membranes can lead to ion dilution and polymer
disintegration.>*>** Previously, a series of triblock copolymer PEMs was designed to counteract
swelling by functionalization of the mid-block of the polymer instead of the more common
end-block functionalization. By using hydrophobic outer blocks of poly(hexyl methacrylate),
PHMA, the swelling of the mid-block, sulfonated poly(styrene), PS, could be controlled.**® The

T, of PHMA and PS are -5 °C and 100 °C, respectively,” so addition of the PHMA end blocks

were designed to add flexibility to the PHMA-b-PS-b-PHMA triblock copolymer.*>*®
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It has been argued that triblock copolymers have greater structural integrity than diblock
copolymers due to the interactions between triblock copolymers. Matsen, et al. studied systems of
lamellar-forming ABA triblock copolymers and lamellar-forming AB diblock copolymers where
the diblock copolymers were formed by “cutting” the triblock copolymer in half. The systems
were different in that the chains of the ABA triblock copolymer system formed bridges and loops.
Bridges occur when the two A blocks of the triblock copolymer are situated in different A-rich
lamellae, with a B block spanning the B-rich lamella, and loops occur when the two A blocks are
in the same A-rich lamella, shown in Figure 5.1. Differences in mechanical properties between

the two have been attributed to this lack of bridges or loops in diblock copolymers.*® %
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Figure 5.1. A diagram depicting the formation of bridges and loops within a lamellar
ABA triblock copolymer and the lack of such formation in an analogous AB diblock
copolymer, left;® a cartoon depicting AB diblock copolymer chains created from
“cutting” an ABA triblock copolymer in half, right.

For the ABA triblock copolymer, the number of bridges (compared to loops) formed
increases with the degree of polymerization, N, or molecular weight because the A-rich lamellae
are less able to be penetrated by the B block, and it is more difficult to form loops. However, for

large values of N, the width of the B-rich lamellae increase, and the formation of loops
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dominates.” The behavior of multiblock copolymer systems has been predicted to be similar to
the ABA triblock copolymer system.™

In terms of ordering, ABA triblock copolymers maintain their order at lower values of yN
than the AB diblock copolymers created from “cutting” the ABA triblock copolymer in half. This
result was found to be particularly important at large fractions of A, where a disordered structure
is more prevalent. If the triblock and diblock copolymers are the same approximate molecular
weight, this property has not held. Additionally, for strongly segregating block copolymers, there
is little difference in the A-rich domains between the ABA triblock copolymers and the AB
diblock copolymer, so the triblock copolymers exhibit larger domain spacings. Although this
aspect of the equilibrium behavior of the diblock and triblock copolymers is similar, the
mechanical properties of the ABA triblock copolymer are still enhanced compared to the AB
diblock copolymer. In the lamellar phase, 40%-45% of the triblock copolymers form bridges, and
the fraction of bridges does not strongly depend on the segregation of the polymer or on the
copolymer composition.?

The PHMA-PS based diblock and triblock copolymers used in this were designed to have
architectures similar to the AB and ABA systems described above; the PHMA-b-PS diblock
copolymer was targeted to have A and B blocks such that it was as if the PHMA-b-PS-b-PHMA
ABA triblock copolymer was “cut” in half. A cartoon of the AB diblock and ABA triblock
copolymers is shown in Figure 5.1. We used analogous diblock and triblock copolymer systems
to determine if the triblock copolymers exhibited decreased water uptake (lower swelling) and

stronger ordering.
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5.2. Experimental

5.2.1 Polymer Synthesis and Membrane Preparation

Styrene and hexyl methacrylate monomers were passed through an activated alumina
column to remove inhibitors prior to use. The triblock copolymers were synthesized using atom
transfer radical polymerization (ATRP) with the difunctional initiator, .o -dibromo-p-xylene,

1.* A difunctional

copper(I) bromide (CuBr), and 2,2’-bipyridyl (bpy) in the method of Saito, et a
poly(styrene) macroinitiator was synthesized in the bulk (45.45 g styrene) in a Schlenk flask in
the presence of 0.94 g of CuBr, 2.03 g of bpy, and 0.43 g of a,a’-dibromo-p-xylene at 110 °C for
7 h. The reaction target was 50% conversion. The reaction mixture underwent five freeze-pump-
thaw cycles under vacuum and Ar before being placed in the oil bath to start the polymerization.
After termination of the reaction, approximately 200 mL of THF was added the reaction mixture
before the mixture was passed through an activated alumina column and precipitated into
methanol. The polymer was filtered and washed with MeOH. The polymer was dissolved in
THF before a second precipitation in MeOH. The polymer was filtered and washed again and
dried in a vacuum oven at 60 °C for 2 days. This procedure resulted in approximately 20 g of
difunctional poly(styrene) ATRP macroinitiator with bromine end groups, Br-PS-Br, with a PDI
of 1.19 and a molecular weight of 24.8 kg-mol™.

To add the poly(hexyl methacrylate) to the macroinitiator, 12 g of the Br-PS-Br was
dissolved in 100 mL of toluene with 15 mL of hexylmethacrylate (HMA) in a Schlenk flask.
After the addition of 0.28 g of CuBr and 0.61 g of bpy, the flask underwent five freeze-pump-

thaw cycles under vacuum and Ar. The flask was placed in an oil bath at 105 °C to start the

polymerization of HMA, which proceeded for 24 h. The same post-reaction work-up was used
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after termination of the reaction. The reaction produced approximately 16 g of a symmetric ABA
triblock copolymer with poly(styrene) as the middle block and poly(hexyl methacrylate) as the
end blocks. The poly(hexyl methacrylate)-b-poly(styrene)-b-poly(hexyl methacrylate) (PHMA-
b-PS-b-PHMA) triblock copolymer had a molecular weight of 11.1-b-24.8-b-11.1 kg-mol™ and a
PDI of 1.41, as determined by size exclusion chromatography (SEC) and *H NMR spectroscopy
(see Appendix B). This triblock copolymer was further modified with sulfonate group
functionalization.

A poly(hexyl methacrylate)-b-poly(styrene), PHMA-b-PS, diblock copolymer was
synthesized via ATRP with a method similar to the above. However, instead of a using a
difunctional initiator for synthesis of a difunctional PS macroinitiator, 0.21 g of 1-bromoethyl
benzene was added to 22.7 g styrene in the presence of 0.32 g of CuBr and 0.71 g of bpy. The
flask was purged under Ar and underwent five freeze-pump-thaw cycles under vacuum and Avr.
The reaction proceeded in an oil bath at 110 °C for 7 h and followed the post-reaction work-up
described earlier to make approximately 13 g of a monofunctional PS macroinitiator with a PDI
of 1.25 and a molecular weight of 10.1 kg-mol™.

To polymerize the hexyl methacrylate monomer, 10 g of styrene was added to a Schlenk
flask with 50 mL of toluene, 0.14 g of CuBr, and 15 mL of HMA. Instead of bpy as the ligand,
0.35 g of N,N,N’,N’,N"-pentamethyldiethylenetriamine, PMDETA, was used. Again, the flask
was purged under Ar and underwent five freeze-pump-thaw cycles under vacuum and Ar. The
reaction proceeded in an oil bath heated to 90 °C for approximately 6.25 h and followed the same
post-reaction work-up to yield approximately 13 g of PHMA-b-PS diblock copolymer. The The
PHMA-b-PS diblock copolymer had a molecular weight of 11.2-b-10.1 kg-mol™and a PDI of
1.46, as determined by size exclusion chromatography (SEC), calibrated to poly(styrene)
standards, and '"H NMR (refer to Appendix B). The polymer was subsequently functionalized

with sulfonate groups.
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The sulfonated samples were synthesized by post modification of the PHMA-b-PS-b-

PHMA triblock copolymer and PHMA-b-PS using acetyl sulfate to selectively functionalize the
PS block. Sulfuric acid (1.3 mL) and acetic anhydride (3 mL) were combined in 20.7 mL of
1,2-dichloroethane at 0 °C to produce 25 mL of 1M acetyl sulfate reagent. The acetyl sulfate was
warmed to room temperature and added to a 10 wt/wt % solution of PHMA-b-PS-b-PHMA in
1,2 dichloroethane. The degree of sulfonation (DS) depended on the reaction time and the molar
equivalents of acetyl sulfate (with respect to PS) present in the reaction; refer to Appendix B for
details. All reactions were conducted at 50 °C under argon. The chemical structures of the

functionalized block copolymers is shown in Figure 5.2

5.2.2 Characterization

'H NMR spectra of the polymers were obtained on a Bruker DRX-400 spectrometer
using d-chloroform, dg-tetrahydrofuran, or ds-dimethylsulfoxide (Cambridge Isotope) as a
solvent. SEC was performed using a Waters gel permeation chromatography system (GPC),
which included Waters Breeze software for analysis, a 1515 isocratic HPLC pump, styrogel
columns, and a 2414 RI detector. Tetrahydrofuran was used as the eluent at 35 °C, and the GPC
was calibrated to a set of narrow polydispersity index (PDI) poly(styrene) standards.

SAXS patterns were collected on a Rigaku (formerly Molecular Metrology) instrument
with a pinhole camera with Osmic microfocus source and parallel beam optic. The instrument
was equipped with a Cu target (A = 1.542 A) and a multiwire area detector. Measurements of the
dried films were obtained under vacuum at ambient temperature. Typical collection times ranged
from 20-40 min, or a minimum of 300,000 photon counts. Scattering intensities were normalized

for background scattering and beam transmission.
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Conductivity measurements were performed using AC impedance spectroscopy on a
Solartron 1260A Impedance/Gain-Phase Analyzer. The conductivity of free-standing films was
measured using a two-point, in-plane geometry at frequencies between 1 MHz and 100 Hz.*
During the measurements, humidity and temperature were controlled using an Espec SH-241
environmental chamber. The relative humidity varied from 20% to 95% while the temperature
was held at 30 °C. The real value of the impedance, where the imaginary response is zero, was

used as the membrane resistance. lon conductivity (c) was calculated from:

c=—— (5.1)

where L is the length between electrodes, R is the resistance of the membrane, and A is the cross-
sectional area of the membrane. Error in conductivity measurements is believed to be on the order
of 1 mS-cm™.

Water uptake (Wu = (mMasShydratea-Mo)/Mo) Was measured using a TA Instruments
Q5000SA water vapor sorption microbalance at 30 °C between relative humidities of 20% and
95%, with steps at 35%, 50%, and 75% RH. The hydration number (A), or the number of water

molecules per ionic group, was calculated from:

g | Mew =M | 1000 (52)
m, M, .- IEC

where mgy is the sample mass at a given RH, my is the mass of the dry sample, Mo is 18.02 g,
the molecular mass of water, and IEC is the ion exchange capacity with units of milliequivalents

of ions per gram of polymer.
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5.3. Results and Discussion

Analogous PHMA-PS based diblock and triblock copolymers were designed after Matsen
and Thompson such that the molecular weight of the diblock copolymer was as if the triblock
copolymer had been cut in half.”’ The diblock copolymer (DB) is 53 wt % PS (60 mol % PS),
and the triblock (TB) copolymer is 47 wt % PS (65 mol % PS). The polymers were synthesized

and sulfonated for use as PEMs, shown in Figure 5.2.

OSO
OH OH

Gpe®0e®®e®%%, CoePec®

Figure 5.2. Chemical structures of the (a) PHMA-b-PS-b-PHMA triblock copolymer with
tethered sulfonate (PEM) moieties and (b) PHMA-b-PS diblock copolymer with tethered
sulfonate moieties (PEM). The cartoons depict the diblock copolymer was designed with
a molecular weight such that it was as if the triblock copolymer chain had been cut in
half.

The degree of functionalization (DF) of the PEMs varied such that low, mid, and high
IEC membranes were produced for the DB and TB PHMA-PS based polymers. The conductivity
and water uptake of the membranes were measured, and the values are listed in Table 5.1, along
with the interdomain spacings calculated from small angle x-ray scattering (SAXS). Both the DB

and TB copolymer PEMs exhibited secondary scattering peaks.
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Table 5.1. Polymer Membrane Characteristics and Properties

Interdomain

DF IEC wu? . ¢ .
Sample . A L spacing

(%) (meq-g~) (%) (mS-cm™)

(nm)

DB-1.1-H 26 11 33 16 17.7 23
DB-1.7-H 43 1.7 49 16 58.8 27
DB-2.0-H 53 2.0 46 13 35.6 28
TB-1.1-H 23 11 26 13 6.3 28
TB-1.6-H 36 1.6 36 13 24.6 27
TB-2.3-H 56 2.3 49 12 36.8 28

DB denotes diblock copolymer PHMA-b-PS. TB denotes triblock copolymer PHMA-b-PS-b-PHMA.
The IEC is the number in the sample name, and the last letter of the sample name is the counter ion.
®Value for membrane at 95% RH for water uptake (wu), hydration number (1) and conductivity (o).
*Determined from d=2n/q.

For the same IEC, the DB copolymers were more hydrated than the TB copolymers,
indicated by the larger water uptake and A values, and illustrated in Figure 5.3. The greater
swelling of the DB copolymers is consistent with the findings of Matsen, et al.’®*° and supports
the design of the polymer by Saito, et al.”>'® Due to additional mechanical integrity and by
constraining the ion-containing mid-block of the polymer, the water uptake of the PEMs
decreased. Also, the sulfonate groups of the DB PEMs might be closer to ion transport channels
due to their location near chain ends, allowing for greater water uptake. The water uptake of the
TB PEMs increased linearly with IEC, but the DB PEMs did not follow that trend and the mid-
IEC DB PEM had the highest water uptake. The A values for both DB and TB membranes

decreased with IEC.
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Figure 5.3. Comparison of the (a) water uptake and (b) hydration number of diblock
(DB) and triblock (TB) PEMs as a function of ion content.
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To directly compare the diblock and triblock copolymers on a membrane-membrane
basis, the most straightforward comparison is to examine the 1.1 meq-g™* PEMSs, where at 95%
RH, the DB-1.1-H and TB-1.1-H membranes had wu of 33% and 26% and A of 16 and 13,
respectively. Similar comparisons between the 1.6 and 1.7 meg-g™* DB and TB PEMs can be
established and lead to the same conclusion. The most striking example of the swelling of the DB
copolymers is the high-IEC PEMs, where the higher 2.3 meq-g™ IEC TB copolymer demonstrates
similar water uptake and lower hydration than the 2.0 meq-g™ IEC DB copolymer. Typically,
swelling in ion-containing polymers increases with ion content, so the DB-2.0-H membrane
should have demonstrated lower hydration than the TB-2.3-H membrane.

lon transport relies on adequate transport, and the conductivity of the membranes
increased as the RH and hydration number increased as expected, illustrated by Figure 5.4. The
conductivity of the triblock copolymer PEMs are consistent with previous work on a
PHMA-b-PS-b-PHMA system,?? but the mid and high-IEC sulfonated diblock copolymers
demonstrated higher conductivity than the analogous triblock copolymers, most likely due to the
increased hydration of the diblock membranes. Further investigation is required to determine if
the high conductivity of the DB-1.6-H membranes is accurate or an artifact of casting conditions.
Additionally, after the conductivity measurement at 95% RH, the DB copolymer membranes
were extremely fragile, and it was difficult to measure the membrane thickness. It is unlikely that
either the of the sulfonated PHMA-PS based membranes could be viable for sustained use at fuel
cell operation conditions, and it is doubtful that the conductivity testing of an individual DB

copolymer membranes could be performed more than once.
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Figure 5.4. The conductivity of the membranes increased with RH and hydration
number

The SAXS patterns of the sulfonated PHMA-PS based block copolymer membranes
(Figure 5.5) reveal that both the DB and TB copolymers scatter strongly, as secondary scattering
peaks were present for all samples. The high-IEC membranes, DB-2.0-H and TB-2.3-H also
demonstrated tertiary scattering peaks, but peak maximums could not be defined. The scattering
peak ratios for the primary and secondary peaks corresponded to cylindrical morphology.? The
primary scattering peaks of the DB copolymers moved to lower g values as the degree of
sulfonation of the membranes increased. The primary scattering peaks of the TB copolymers did
not shift with higher ion content, suggesting the morphology of the TB copolymers is less

influenced by the sulfonate groups compared to the DB copolymers.
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Figure 5.5. Small angle x-ray scattering (SAXS) patterns for (a) diblock and
(b) triblock copolymer PEMs. Primary peaks are indicated by g*.
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The similar d-spacings for the sulfonated DB and TB PHMA-PS based copolymers

reinforces that the presence of ions can interfere with the Semenov scaling behavior® of the
interdomain spacing as a function of molecular weight and disrupts or alters the morphology of
block copolymers.”® According to Semenov, the interdomain spacing is proportional to the
number of polymer repeat units to the two-third power, since the interaction parameters for the
PHMA-PS based diblock and triblock copolymers should be alike. That calculation would dictate
that the diblock copolymer should have interdomain spacings that are 82% of the triblock
copolymer interdomain spacings. Subsequently, the diblock copolymer primary scattering peaks
should have been 22-23 nm for the entire series, instead of the 23-28 nm observed. In this
instance, only the 1.1 meq-g™ IEC diblock and triblock copolymers obey the Semenov scaling
behavior; the interdomain spacing of DB-1.1-H was 23 nm, and the d-spacing of TB-1.1-H was

28 nm.

5.4. Conclusions

Analogous diblock and triblock PHMA-PS based copolymers were designed according to
the model presented by Matsen, et al® to investigate the mechanical integrity (swelling) of
diblock and triblock copolymer PEMs. The polymers were synthesized such that the AB diblock
copolymer produced was as if the ABA triblock copolymer chains had been “cut” in half. The
diblock copolymers exhibited greater water uptake and higher hydration numbers for a given ion
exchange capacity, supporting the work by Matsen, et al. The diblock copolymer PEMs
demonstrated higher conductivity than the triblock copolymer PEMs, likely due to the greater

number of water molecules per ion present in the diblock copolymer membranes.
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Although it was outside the scope of this work, it would be interesting to examine
hydrated or partially hydrated DB and TB PEMSs using density, morphology, and swelling
measurements to better quantify the degree of expansion in the polymers with hydration. Care
must be taken for these measurements since the sulfonated PHMA-b-PS diblock copolymer lost
all mechanical integrity after exposure to a RH environment. Additionally, verification of the

membrane morphology should be performed using transmission electron microscopy.
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Chapter 6
Morphology and Conductivity of Poly(styrene)-Based Anion Exchange

Membranes

6.1. Introduction

Due to the rising global energy demands, alternative approaches for energy conversion
are receiving considerable interest. Polymer electrolyte membrane fuel cells address this need by
providing a low-cost, lightweight means of energy conversion, but their current performance,
stability, and cost are prohibitive to widespread use of the membranes."® The development of
new ion-containing materials are necessary to produce polymer electrolyte membranes that
possess high ionic conductivity, good thermally and hydrolytic stability, low fuel crossover,
adequate water uptake with minimal swelling, low cost, and easy incorporation into membrane
electrode assemblies.”® For fuel cell operation, proton exchange membranes (PEMs) currently
require precious metal catalysts, such as platinum, for fuel cell operation. Anion exchange
membranes (AEMS), the focus of this work, can leverage cheaper catalyst metals, but are less
stable and must demonstrate improved conductivity.**’

To produce AEMs, benzyltrimethylammonium (BTMA) and alkyltrimethylammonium
cations have been added to poly(arylene ether sulfone),®® poly(fluorenyl ether ketone sulfone),'
poly(phenylene  oxide),”  poly(tetrafluororoethylene),* poly(ether  ketone),””  and
poly(styrene-b-ethylene-co-butylene-b-styrene)'® backbones. Since sulfonated block copolymers
A small part of this chapter is adapted from Bryson, K. C.; Hickner, M. A. Synthesis of novel

ion-conducting polymers via reversible addition-fragmentation chain transfer polymerization,
Pennsylvania State University, 2010, call number: Thesis 2010sBryso,KC.
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have exhibited increased conductivity compared to analogous random copolymer PEMs, credited
to the morphology present in the block copolymer membranes,**?* block copolymer AEMs merit
discussion. Although similar improvement over random copolymers has been observed for
quaternary ammonium (QA) functionalized block copolymers used in AEMSs,*?% further
research is necessary to fully validate this occurrence. The ion content, ion exchange capacity
(IEC), conductivity (o), water uptake (wu), and hydration number (A), the number of water
molecules per (mobile) ion are indicators of membrane performance.

QA functionalized poly(styrene-b-ethylene-co-butylene-b-styrene) membranes have
demonstrated with an IEC of 0.578 meq-g™, hydroxide conductivity of 0.69 mS-cm™, and A of
5.5.% Hwang and Ohya synthesized block copolymer AEMs with biphasic morphology that
showed increased conductivity compared to random copolymers, but the block copolymers also
had higher values of IEC. The conductivities of the block copolymer AEMs were high, ranging
from 0.15-0.24 S-cm™, but the measurement was taken with the membranes in a 2 M solution of
KCI, so the salt likely played a major role in the conductivity of these materials.>* Miyatake also
demonstrated that block copolymer AEMs have higher conductivity than analogous random
copolymers through the synthesis of quaternized multiblock copoly(arylene ether) polymers
containing fluorene, shown in Figure 6.1.%

The random and block copolymers in this work were designed as a systematic study of
QA-functionalized poly(vinyl benzyl chloride)-poly(styrene), PVBC-PS, films to determine the
effect of ion content and polymer structure on the morphology, water uptake, and conductivity of
the AEMSs. Both random and block copolymer PVBC-PS systems were synthesized and
functionalized for use as AEMs by Kyle Bryson and Professor Michael Hickner at the

Pennsylvania State University.” The materials were used as received in the chloride form.



114

100 - | : 5
_ o QPE-XBYS o
5 80F - QPE-X16Y11 .
7y, | —o— QPE-X22Y11 ra
E ol © QPE-X22Y23 YA
= | —* rQPE Ve
% 40 fﬁ,-):';_. | T
= - .
E 20 Lr’f ) |
© T

% M 2

IEC /meq g

Figure 6.1. Conductivity at 30 °C of block and random QA-functionalized multiblock
copoly(arylene ether) AEMs. The block copolymers exhibit higher conductivity than
the random copolymers.”

6.2. Experimental

PS-b-PVBC block copolymers were synthesized using reversible addition-fragmentation
chain-transfer (RAFT) polymerization, with cumyl dithiobenzoate (CDTB) as the chain transfer
agent. The PS-PVBC random copolymers were synthesized by mixing styrene and vinyl benzyl
chloride monomers in controlled feed ratios with CDTB. 2,2’-Azobis(2-methylpropionitrile),
AIBN, was used as the initiator in both systems. The polymers were dissolved in THF, and
trimethylamine was added to convert the benzyl chloride moieties to benzyltrimethylammonium.

The QA PVC-PS polymers were too brittle to form free-standing films. Instead, films
were dropcast from solutions, with the mixed solvent system of n-propanol and toluene, and left

overnight to dry. For morphology characterization, the films were dropcast onto Kapton®
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substrates, and pieces of these films were then used for water uptake measurements. To measure
conductivity, the polymers were dropcast onto electrodes fabricated by Brian Chaloux of the
Pennsylvania State University and the US Naval Research Laboratory with the assistance of
Holly Ricks-Laskowski of the US Naval Research Laboratory. All dropcast films were allowed to
dry overnight in ambient conditions.

Conductivity was measured using AC impedance spectroscopy with a Solartron 1260A
Impendance/Gain-Phase Analyzer. The conductivity of free-standing films was obtained using a
two-point, in-plane geometry at frequencies between 1 MHz and 100 Hz? and calculated from
equation 1.3. For RH conductivity experiments, the humidity and temperature were controlled
using an Espec SH-241 environmental chamber. The temperature was held at 30 °C, and the
humidity steps typically used were 20%, 35%, 50%, 75%, and 95%. The real value of the
impedance, where the imaginary response was zero, was used as the film resistance. Error in
conductivity measurements is believed to be on the order of 1 mS-cm™.

Small angle x-ray scattering, SAXS, patterns were obtained on a Rigaku (formerly
Molecular Metrology) instrument with a pinhole camera with Osmic microfocus source and
parallel beam optic. The instrument had a Cu target with a 1.452 A wavelength and also a
multiwire detector. Samples were dried in vacuo at ambient conditions before being placed in the
SAXS chamber. Spectra of the dried films were collected under vacuum at ambient temperature,
and typical collection times were 90-120 minutes, or 1 million photon counts. Scattering
intensities were normalized for the Kapton® and chamber backgrounds, as well as for the beam

transmission.
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6.3. Results and Discussion

A range of IEC values were targeted to compare random and block copolymer PVBC-PS
based AEMs such that low, mid, and high-IEC copolymers had analogous ion content. However,
the molecular weight of the random and diblock copolymers, as determined by SEC and NMR,
varied from 15.5-31.4 kg-mol™ and were not as similar. The structure of the QA-functionalized
PVBC-r-PS and PVBC-b-PS are shown in Figure 6.2. The ratio of the vinyl benzyl chloride to

styrene monomers was varied to target the desired IEC values, illustrated in Table 6.1.

s{—CH CH2 ran%CH—CHﬁ—\—@

(@)

(b)

CH CH2 CH cm}—\—@

+ ClI
N\
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Figure 6.2. Chemical structures of (a) QA PVBC-ran-PS, and (b) QA PVBC-b-PS.
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Table 6.1. Attributes of QA functionalized diblock and random copolymer AEMs

sample IEC PS QA PVBC M Solvent system
(meg-g™) units units (g-mol™)  (n-propanol:toluene)
B-1.06 1.06 123 17 15,500 15:85
B-1.41 1.41 130 27 17,600 15:85
B-1.59 1.59 123 31 17,500 15:85
B-1.78 1.78 123 37 18,400 30:70
B-2.09 2.09 123 48 20,100 30:70
R-1.43 1.43 143 31 19,600 30:70
R-1.84 1.84 182 57 27,700 30:70
R-2.05 2.05 193 74 31,400 30:70

B denotes diblock copolymer QA PVBC-b-PS in the sample name, and R denotes random copolymer
QA PVBC-ran-PS. The number in the sample name is the IEC of the polymer.

Both random and copolymer AEM films were too brittle to form free-standing
membranes, so films were dropcast from an n-propanol-toluene dual solvent solution onto
substrates for water uptake, morphology, and conductivity measurements. The films dried
overnight in ambient conditions. The ratio of n-propanol to toluene on a volume:volume basis
was either 15:85 or 30:70, as required for polymer dissolution. The low IEC block copolymers
required a higher ratio of the less polar toluene. For water uptake measurements, films were
scraped from the substrate into the sample pans to prevent the mass of the substrate from

interfering with the measurement. The properties are of the AEMs shown in Table 6.2.
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Table 6.2. Properties of QA functionalized diblock and random copolymer AEMSss

Sample IEC wu® " ¢’ d-spacing”
(meq-g™) (%) (mS-cm™) (nm)
B-1.06 1.06 13 7 4.31 x 10 18
B-1.41 141 16 6 0.19 22
B-1.59 1.59 33 12 3.21 x 107 28
B-1.78 1.78 27 9 0.82 17
B-2.09 2.09 34 9 0.71 32
R-1.43 1.43 14 6 5.93 x 102 No ordering
R-1.84 1.84 20 6 1.52 x 107 No ordering
R-2.05 2.05 24 7 7.26 x 10 No ordering

B denotes diblock copolymer QA PVBC-b-PS in the sample name, and R denotes random copolymer
QA PVBC-ran-PS. The number in the sample name is the IEC of the polymer.

& Value for membrane at 95% RH for water uptake (wu), hydration number (), and conductivity (o).
b Calculated from the SAXS primary scattering peak, q; d = 27/q.

The water uptake of the both the block and random copolymer AEMs were reasonable for
low values of IEC, but the water uptake did not increase linearly with IEC for the block
copolymer AEMs. Overall, the water uptake of the random copolymers was lower than the water
uptake of the block copolymers, and the values for A followed suit, shown in Figure 6.3. The
water uptake of the random copolymers increased linearly with ion content. The water uptake of
the block copolymer AEMs almost followed a linear trend with increasing IEC, except for the
B-1.59 membrane, which acted as a strong outlier for both wu and conductivity values. For
similar IEC values, as IEC increased, the difference in hydration between the two series became

more significant.
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Figure 6.3. For a given IEC, the (ll) QA PVBC-b-PS copolymers were more hydrated
than the (O) QA PVBC-ran-PS copolymers at 95% RH, shown by (a) increased water
uptake, wu, and (b) increased hydration number, %, as function of IEC.
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Comparing B-1.41 and R-1.43, the wu was 16% and 14%, and A values were 6 and 6,

respectively, demonstrating only a 15% increase in wu for the block copolymer AEM. For B-1.78
and R-1.84, these values were 27% and 20% for wu and 9 and 6 for A , respectively, which equate
to 33% and 50% increases in wu and A for the block copolymer AEM. Comparing the highest
IEC AEMs, B-2.09 and R-2.05, the values were 34% and 24% for wu and 9 and 7 for A,
respectively, resulting in 42% and 29% increases in wu and A for the block copolymer AEM.

The greater water uptake and hydration values for the block copolymer AEMs should
have resulted in higher conductivity values, which appeared to be the case here. However, the
conductivity of the random and block copolymers did not increase uniformly with IEC or A,
shown in Figure 6.4. The B-1.78 membrane demonstrated the highest conductivity, 0.81 mS-cm™,
and the B-2.09 membrane was 0.78 mS-cm™. Since there were not clear trends between the
conductivity values with either ion content or hydration of the membrane, conclusions cannot be
drawn from the conductivity data alone.

The ion diffusion coefficients of the materials as a function of hydration were considered.
The measured conductivity values were used calculate the diffusion coefficients of the mobile
chloride ions for each sample using a form of the Nernst-Einstein equation and the number

density of charge carriers given by:

IECxp

c=0001x ——~"P
1+0.01X, 10

(6.1)

where ¢ is the moles of ion per cm® of polymer, IEC is the milliequivalents of ion per gram of
polymer, p is the polymer density, and X,.10 is the volume-based water uptake, as opposed to

the mass-based water uptake (wu) presented in Table 3.1.%
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Figure 6.4. The conductivity, o , of the (H) QA PVBC-b-PS and
(O) QA PVBC-ran-PS copolymers at 95% RH, shown as a function of (a) IEC, and

(b) hydration number, A.
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The diffusion coefficients of the mobile chloride ions, shown in Figure 6.5, were

calculated from:

oRT

D=0
cz’F?

(6.2)

where o is the measured conductivity, R is the ideal gas constant, T is temperature, c is the
computed concentration of ions in the hydrated membrane as above, z is valence charge, and F is

Faraday’s constant.?®
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Figure 6.5. Mobile ion diffusivity, D, at 95% RH of the (ll) QA PVBC-b-PS and
(O) QA PVBC-ran-PS copolymers.

To understand the relative degree of chloride ion transport in the AEMs, the diffusivity

ratio between the Nernst-Einstein calculated diffusivities from conductivity measurements (D)
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and the dilute solution diffusivity of the mobile chloride ion (D) are shown in Figure 6.6. The
dilute solution diffusivities (see Table 6.3) were calculated from the dilute solution mobilities of

the mobile ion using:

D, = (6.3)

where p is the dilute ion mobility, kg is the Boltzmann constant, T is temperature, and q is the ion
charge.”® The diffusivity ratio, D/Dy, for both block and random copolymer AEMs were well
below the ideal value of unity. The polymers were not fully hydrated, accounting for some of the
diffusion loss, but the highest D/D, values were still two orders of magnitude below unity. This

indicates that additional factors prohibited the motion of ions in these systems.
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Figure 6.6. The ratio of diffusivity, D, to dilute solution, Dy, at 95% RH is shown for the
(H) QA PVBC-b-PS and (O) QA PVBC-ran-PS copolymers. Both block and random
copolymer AEMs are well below the ideal value of unity for D/D,.
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Table 6.3. Concentration and Calculated Diffusion Coefficients from Conductivity
Measurements and Dilute Solution

c® D Do .
Sample 5 ) - D°/D,
(mol-cm™) (cm®s™) (cm*s™)

B-1.06 9.86 x 10* 1.18 x 10°® 2.07x 10° 5.72 x 10*
B-1.41 1.29 x 107 3.93x10°® 2.07x 10° 1.90 x 107
B-1.59 1.26 x 10 6.89 x 10°° 2.07x 107 3.33x 10™
B-1.78 1.48 x 10 1.50 x 107 2.07x 107 7.25x 10
B-2.09 1.65x 10 1.17 x 107 2.07x 107 5.68 x 10
R-1.43 1.32x10° 1.22x 108 2.07x 107 5.89 x 10™
R-1.84 1.62 x 107 253 x 101 2.07x 10° 1.22 x 107
R-2.05 1.75 x 10° 1.12 x 108 2.07x 10° 5.43 x 10

B denotes diblock copolymer QA PVBC-b-PS in the sample name, and R denotes random copolymer
QA PVBC-ran-PS. The number in the sample name is the IEC of the polymer.
®Value for membrane at 95% RH.

From the values for conductivity and further examination into ion transport through the
use of D/D,, it is evident that the QA PVBC-PS block and random copolymer systems do not
provide a discrete answer as to the utility of block copolymers in AEMs. The conductivity of the
block copolymers was slightly higher, but they did not increase in a logical manner with IEC or
with hydration, likely due to morphological differences in the block samples. Although the
hydration of the random copolymers increased linearly with water uptake, the trend did not hold
for A or conductivity. The D/D, diffusivity ratio indicated that ion transport in these systems is
hindered, perhaps due to morphological barriers induced by the co-solvent system or due to the
brittle nature of the films. Such low D/D, values suggest that perhaps the co-solvent system has

led to the formation of non-continuous domains for ion transport. Toluene has a higher vapor
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pressure and lower polarity than n-propanol, so it possible that the non-ionic moieties of the
polymer chains were constrained during the solvent evaporation and hindered the microphase
separation of the PS and PVBC blocks. Additionally, although the wu of the higher IEC polymers
seemed adequate, perhaps it did not allow for sufficient solvation of the chloride ions, rendering
them immobile. There is also the possibility of counterion condensation in the preparation of
thinner films, where the distance between two counterions becomes too small and the free
charges adsorb more to the chains than to the water. * These processes, in conjunction with the
possible formation of incomplete networks, could account for the low conductivity and D/D,

values.

The morphology of the AEMs was of interest as an avenue which might explain the
hydration and conductivity properties of the random and block copolymer series. Dropcast QA
PVBC-ran-PS and QA PVBC-b-PS copolymer films were investigated using small angle xray
scattering (SAXS), but the overall scattering of the systems was weak. The block copolymer
SAXS patterns exhibited primary scattering peaks, but there no ordering was observed from the

random copolymer SAXS patterns (Figure 6.7).

The presence of ordering with the block copolymer AEMs may contribute to the slightly
increased conductivity of the systems over the random copolymer AEMs, but it is probably a
minimal contribution. The ordering in the block copolymers was not strong, indicated by the lack
of additional scattering peaks, and there was no relationship between IEC and interdomain
spacing of the QA PVBC-b-PS films. Additionally, there was no correlation between conductivity
and d-spacing; the samples with the highest conductivity values, B-1.78 and B-2.09 exhibited
interdomain spacings of 17 and 32 nm, respectively, the smallest and largest interdomain
spacings for the system. There did seem to be a slight parallel between large interdomain spacing

and increased water uptake. The B-2.09 film with the largest interdomain spacing of 32 nm also
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demonstrated the highest water uptake, 34%. The B-1.59 film had next largest interdomain
spacing, 28 nm, and the second highest water uptake, 33%. However, the B-1.78 sample had the
smallest interdomain spacing, 17 nm, and exhibited the third highest water uptake, 27%, so the
relationship is tenuous, at best. The water uptake for the random copolymer films were lower than
the block copolymer films, but were covered by the range of the block copolymers, and the
random copolymer films showed no ordering. Film morphology variations do not explain the

random and block copolymer systems in this study.

By looking more carefully at the block copolymer interdomain spacing, there is one final
aspect that can be explored the agreement of the block copolymer systems with theoretical
prediction of the d-spacing values. The interdomain spacing in the strongly segregated regime is
proportional to the number of repeats units to the two-thirds power, according to the Semenov

equation below:

D=a-N**" (6.4)

where a is a constant, N is the number of repeat units, and y is the interaction parameter,
calculated from solubility coefficients. **

For this study, it was necessary to look at the number of QA PVBC repeat units in the
samples, since the number of PS repeat units were either 123 or 130 and the QA PVBC repeat
units were ionic. The number of ionic repeat units, Noa pvec, Was raised to the two-thirds power
and compared to the interdomain spacing, D, calculated from the SAXS patterns of the block
copolymer AEMSs, see Figure 6.8. In agreement with the Semenov equation, the relationship
between (Noa vec)?® and D was pseudo-linear, with the exception of B-1.78. Interestingly

enough, the B-1.78 polymer was the AEM with the highest conductivity.
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Figure 6.7. Small angle xray scattering (SAXS) patterns for (a) QA PVBC-b-PS
copolymers (=) B-1.06, (==) B-1.41, (==) B-1.59, (=) B-1.78, (=) B-2.09, and
(b) QA PVBC-ran-PS copolymers (=) R-1.43, (=) R-1.84, and (==) R-2.05. The
block copolymers AEMs showed primary scattering peaks, indicated with g, while
the random copolymer AEMs did not show any ordering.
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This relationship could be used to provide valuable information on the interaction
parameter between PS and QA PVC since the solubility parameter for QA PVBC is unknown and
cannot be accurately calculated from established group contribution values.* With a large enough
sample set and the combination of QA PVC with additional polymers, the group contribution
value for a QA group could also be elucidated. This insight would be beneficial to understanding
the driving forces behind different AEM morphologies and possibly allow for morphological

control of these membranes through polymer design.
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Figure 6.8. Relationship between D, the interdomain spacing calculated from SAXS and
(Noa vec)™®. The pseudo-linear relationship is in agreement with the Semenov equation,
except for the outlier of B-1.78.
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6.4. Conclusions

A set of QA PVBC-PS random and block copolymers was designed to establish the effect
of block copolymer structure on AEM morphology and performance. The block copolymers
demonstrated higher water uptake and hydration numbers, as well as slightly higher conductivity
values than the random copolymers, but it was difficult to establish systematic trends for the
behavior. In terms of film morphology, the random copolymers showed no order, but had lower
water uptake and only mildly lower conductivity values than the block copolymers. The block
copolymers showed slightly ordered morphology, but since the SAXS patterns of the block
copolymers only had primary scattering peaks, it is doubtful that the ordered morphology
significantly contributed to the increased conductivity. Consistent with the Semenov equation, a
pseudo-linear relationship between the number of ionic repeat units to the two-thirds power and
the interdomain spacing calculated from SAXS was established for four of the five block
copolymer AEMSs, which could lead to determination of the QA contribution to solubility
parameters. However, further research is needed to determine this quantity, as well as to elucidate

if using block copolymers is a productive strategy for enhancing AEM performance.
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Chapter 7
Water Uptake and lon Mobility in Cross-Linked Bis(terpyridine)

Ruthenium-Based Anion Exchange Membranes

7.1. Introduction

To address ever increasing global energy demands, means of alternative energy
conversion and storage are needed. New materials are being developed that will drive novel
energy technologies, including advanced ion-containing polymers as solid electrolytes for fuel
cells and electrolyzers."* A fuel cell membrane must demonstrate high ionic conductivity, good
thermal and hydrolytic stability, low fuel crossover, adequate water uptake to facilitate ion
conductivity with minimal swelling, low cost, and easy incorporation into membrane electrode
assemblies.** The most popular type of ion-conducting membrane is a proton conducting
membrane (PEM) that bears strongly acidic groups to promote water sorption and donate excess
protons to solution which facilitate high proton transport rates through the material. PEM fuel
cell and electrolyzer technology requires precious metal catalysts, such as platinum, for high cell
performance and catalyst stability in the low pH environment of the acidic membrane. Anion
exchange membranes (AEMSs) with high internal pH can be constructed largely with non-precious
metal catalysts, but the polymer membrane must remain stable under alkaline conditions and have

high anion conductivity, both of which are current challenges of polymer materials.*>*

This chapter is adapted from (1) Zha, Y.; Disabb-Miller, M. L.; Johnson, Z. D.; Hickner, M. A.;
Tew, G. N.. Journal of the American Chemical Society 2012, 134, 4493—4496,

and (2) Disabb-Miller, M.L., Zha, Y., Pawar, M., DeCarlo, A., Tew, G.N., Hickner, M.A., in
revision.
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Benzyltrimethylammonium (BTMA) and alkyltrimethylammonium cations have been
employed in AEMs with poly(arylene ether sulfone),®’ poly(fluorenyl ether ketone sulfone),®
poly(phenylene oxide),” poly(tetrafluororoethylene),” poly(styrene-b-ethylene-co-butylene-b-
styrene),” and poly(ether ketone) backbones.™* Of interest in this effort are a membrane’s ion
exchange capacity (IEC), conductivity (o), water uptake (wu), and hydration number (), the
number of water molecules per (mobile) ion. Values for some polymers of interest are shown in
Table 7.1. Examples of AEMs include the work by Guiver and coworkers on BTMA poly(arylene
ether sulfone) membranes with an IEC of 1.82 meq-g™, hydroxide conductivity at 20 °C of 35
mS-cm™, and A of 12.3; and on BTMA poly(phenylene oxide) membranes with an IEC of
1.39 meq-g™, hydroxide conductivity at 20 °C of 4 mS-cm™, and A of 10.4." Another series of
BTMA poly(arylene ether sulfone) membranes was studied by Yan and Hickner, with IEC ranges
of 1.48-2.37 meq-g™, bicarbonate conductivity at 30 °C ranging from 6.48-27.3 mS-cm™, and A
of 15-44.° Instead of using a poly(arylene ether sulfone) aromatic backbone, Xiong, et al.
synthesized a BTMA poly(ether ketone) with an IEC 0.11 meq-g™, hydroxide conductivity of
5.06 mS-cm™, and X of 16.8.* In addition to aromatic backbones, polymers with poly(styrene-b-
ethylene-co-butylene-b-styrene)’® have been used for AEMs; the benzyltriethylammonium
poly(styrene-b-ethylene-co-butylene-b-styrene) membrane had an IEC of 0.578 meq-g~,
hydroxide conductivity of 0.69 mS-cm™, and X of 5.5."® These reports have set the landscape for
the possible range of properties of AEMSs, but more analysis of the effectiveness of ion
conductivity in these examples is warranted.

The decoration of aromatic polymers with BTMA cations is synthetically convenient
through chloromethylation of aromatic rings, bromination of benzylic groups, or other
halomethylation reactions. However BTMA, and especially tetraalkylammonium moieties, have
well-known degradation mechanisms at high pH that may limit their ultimate stability in AEM

applications.>'** Beyond alkyltrimethylammonium cations, different types of organic cations are
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being investigated as the fixed charge moiety in AEMs to provide enhanced anion conductivity
and stability in these types of polymeric materials. Phosphonium, sulfonium, and imidazolium-
functionalized AEMs will be discussed in the following section. Yan and co-workers have been
developing tris(2,4,6-trimethoxyphenyl) benzyl quaternary phosphonium poly(sulfone-
methylene) anion exchange membranes with reported hydroxide conductivities of 11, 27, 45, and
38 mS-cm™ at 20 °C, depending on the water uptake of the membrane.’**® From the reported
water uptake values for these materials, we calculated the corresponding A values to be
approximately 24, 33, 53, and 264. Yan and co-workers have also described AEMs consisting of
a Udel® poly(sulfone) backbone functionalized with triaryl sulfonium groups. The hydroxide
conductivity of the sulfonium-containing poly(sulfone) with an IEC of 0.68 mmol-g* was 7.7
mS-cm™ at 20 °C (A or water uptake were not reported). However, the hydroxide conductivity of
a similar IEC sample (0.69 mmol-g™") more than doubled to 15.4 mS-cm™ at 20 °C for a
calculated A of 22 when the poly(sulfone) was functionalized with diphenyl(3-methyl-4-
methoxyphenyl) tertiary sulfonium cations.’

Although imidazolium-functionalized AEMs have been investigated as a more stable
alternative to AEMs with BTMA, they have not demonstrated enhanced conductivity over
BTMA-based AEMs. A 1-methyl benzylimidazolium-functionalized poly(fluorenyl ether ketone
sulfone) membrane with an IEC of 1.64 meq-g™ demonstrated bicarbonate conductivity of 3.9
and hydroxide conductivity of 17.1 mS-cm™ for A values of 9.9 and 14.8, respectively. In the
same study, this membrane was directly compared to a BTMA-functionalized poly(fluorenyl
ether ketone sulfone), which exhibited higher conductivity and water uptake with bicarbonate
conductivity of 5.1 mS-cm™ and hydroxide conductivity of 22.3 mS-cm™ for A values of 11.1 and
18.2, respectively.® This report demonstrated the usefulness of BTMA cations compared to N-
linked 1-methyl imidazolium cations generated from simple synthetic methods. 1,2—-dimethyl-3-

alkylimidazolium functional groups were also used by Lin, et al. in conjunction with
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poly(fluorene) to produce an AEM with an IEC of 0.98 meq-g™. The hydroxide conductivity was

23.5 mS-cm™? at 30 °C, with a calculated A of 10, which was about twice as much as the
bicarbonate conductivity of the same membrane. The conductivity was comparable to that of a
similar BTMA-functionalized polymer.*®

In addition to considering different ionic groups for AEM functionalization, another
strategy for achieving next-generation AEMSs is to cross-link polymers to minimize membrane
swelling, even at high IEC. Pan, et al. observed only 3% swelling at 80 °C for their BTMA
poly(sulfone) polymers that were cross-linked by exposing the chloromethylated polymer to
stoichiometric quantities of diethylamine, producing tertiary benzyldiethylamino groups on the
polymer backbone. The residual benzylchloride moieties were then further reacted with
trimethylamine, resulting in a poly(sulfone) with both tertiary amino groups and BTMA groups.
Subsequently, any remaining chloromethyl groups reacted with the tertiary amino groups on the
polymer backbone to form cross-links during the membrane casting process.*® Self-cross-linking
guaternary phosphonium tris(2,4,6-trimethoxyphenyl) poly(sulfone-methylene) membranes
resulting from the reaction of benzylchloromethyl groups and trimethyoxyl benzene rings
possessed 5-10 times lower swelling ratio than non-cross-linked membranes with the same IEC.%
The cross-linking was performed at 80 °C without a catalyst, allowing for a one-pot process. For
guaternary phosphonium functionalized membranes with IEC values of approximately 1.0, 1.17,
and 1.23 meq-g ™ at 60 °C, the cross-linked membranes had calculated A values of 9 (17 wt% wu),
16 (33 wt% wu), and 45 (99 wt% wu), respectively, while the non-cross-linked membranes had
much higher calculated A values of 40 (71 wt% wu), 120 (254 wt% wu), and 1114 (2469 wt%
wu), respectively. The hydroxide conductivity was 38 mS-cm™ at 20 °C for the 1.23 meq-g™
cross-linked membrane (A = 45), which was consistent with the conductivity of the non-cross-

linked membrane in both quaternary phosphonium and BTMA forms.”
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Another method of producing cross-linked AEMs was developed by Coates and
co-workers, who employed ring-opening metathesis polymerization (ROMP) of a
tetraalkylammonium-functionalized norbornene with dicyclopentadiene (DCPD). The resulting
cross-linked fully hydrated membrane (A or water uptake were not reported) demonstrated
hydroxide conductivities at 20 °C of 14 and 18 mS-cm™ for samples with 2:1 DCPD:monomer
(1.0 meg-g* IEC) and 1:1 DCPD:monomer (1.4 meq-g* IEC) ratios, respectively.? Also
synthesized using ROMP, a phosphonium-functionalized poly(ethylene) with an IEC of 0.67
meq-g ™ was found to have hydroxide conductivity of 22 mS-cm™ and A of 43.%% At this point, the
key strategies for improved AEM performance are unclear, but by studying the relationships
between fixed ion concentration, water diffusion, morphology, and ion conductivity, promising
directions in the field can be identified.

Recently, we introduced bis(terpyridine) Ru (Il)-based AEMSs, which were the first
metal-cation containing AEMSs, using the ROMP technique with DCPD cross-linking moieties
described above. The use of the metal Ru (I1) complex was designed for increased AEM
conductivity by allowing for two counterions to be involved in ion transport, instead of the single
counterion typically associated tethered cations such as BTMA. The conductivity and hydration
values of these membranes were highly dependent on the degree of cross-linking present in the
membranes. The hydroxide conductivity at 30 °C ranged from 14-28 mS-cm™, for membranes
with 1EC values of 1.0-2.0 meq-g™ and A values of 30-216, depending on the DCPD:heteroleptic
bis(terpyridine) Ru (1) complex ratio in the membrane.”® These membranes, BTP-R1, were
synthesized by Yongping Zha and Professor Gregory Tew of the University of Massachusetts
Ambherst, and their behavior will be discussed briefly.

A second iteration of these materials, BTP-R2, has been synthesized by Zha and Tew
with the addition of cyclooctadiene (COD). The goal of this work is to report optimized

compositions and properties for bis(terpyridine) Ru (I1)-based AEMs and compare their intrinsic
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ion conduction performance to more commonly explored BTMA-based AEMs. Two sets of

membranes will be discussed: the first iteration of these membranes, BTP-R1, and the second

iteration of these membranes, BTP-R2.

Table 7.1. Chemical structure, conductivity, and hydration number of several BTMA-
containing polymers used as AEMs.
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7.2.  Experimental Methods

7.2.1  Polymer Synthesis and Membrane Preparation

The first heteroleptic bis(terpyridine) Ru (1I) complex-functionalized norbornene
monomer was synthesized by Yongping Zha and Professor Gregory Tew of the University of
Massachusetts Amherst.?® This previous membrane will be discussed as BTP-R1 and discussed
briefly. In order to maintain the same cross-linking density while varying the IEC, a hydrophobic
comonomer, 1,5-cyclooctadiene (COD), was introduced to the system in the second iteration of
membranes synthesized by Zha, and Tew. COD is inexpensive and highly soluble in the same
solvent mixture as the other two components. Its complete polymerization by Grubbs’ second
generation catalyst (G2) only takes about 10 min at room temperature.”* The Ru (II) complex
cationic monomer, COD, and DCPD were dissolved together in a chloroform/methanol solvent
mixture at room temperature. After adding G2 and stirring vigorously for 1 min, the

homogeneous solution was transferred to a flat, pre-heated aluminum pan where the
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polymerization continued at 40 °C for ~1 h. A translucent, ~100-um-thick membrane was
obtained following solvent evaporation. Subsequent ion exchange in sodium bicarbonate solution
yielded the final AEM sample in the bicarbonate form. These membranes were studied

extensively and will be referred to as BTP-R2.

7.2.2 Characterization

Conductivity measurements were performed using impedance spectroscopy on a
Solartron 1260A Impedance/Gain-Phase Analyzer. The impedance of free-standing films was
measured using a two-point, in-plane geometry at frequencies between 1 MHz and 100 Hz.25
During the measurements, humidity and temperature were controlled with an ESPEC SH-241
environmental chamber. The relative humidity (RH) was controlled from 20% to 95% while the
temperature was held at 30 °C. The real value of the impedance, where the imaginary response

was zero, was used as the membrane resistance and the ion conductivity (c) was calculated from:

R-A (7.1)

where L is the length between electrodes, R is the resistance of the membrane, and A is the cross-
sectional area of the membrane. Error in conductivity measurements is believed to be on the
order of 1 mS-cm™.

The activation energy for ion conduction, E, was calculated from conductivity
measurements with the sample immersed in liquid water between 30 °C and 70 °C (in 10 °C
steps). The logarithm of conductivity versus 1/T was linearly regressed, and the Arrhenius

activation energy was computed from the slope of the best fit regression line.
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Bicarbonate conductivities were measured by exchanging the chloride form membranes
in 1 M sodium bicarbonate at room temperature for 24 h followed by extensive rinsing to remove
excess salt. Hydroxide conductivities were measured by exchanging the bicarbonate form
membranes in 1 M KOH solution for 8-12 h. The membranes were then rinsed with degassed,
18.2 MQ-cm water to remove excess ions and placed into conductivity cells and immersed in
liquid water that was degassed and blanketed with flowing Ar, as shown in Figure 7.1. The
conductivity was measured over a period of 3 h under Ar and then the Ar blanket was removed
and the conductivity was measured over a number of days with the water exposed to ambient

conditions containing the natural amount of CO,, ~ 395 ppm.

Argon

Conductivity
leads

Figure 7.1. Schematic of the argon-purged conductivity setup. Argon is bubbled through
water before and during the conductivity measurement.
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Water uptake (wu = (mpyg-mo)/mo) where mpyq is the hydrated sample mass and my is the
dry sample mass, was measured as a function of relative humidity using a TA Instruments
Q5000SA water vapor sorption microbalance at 30 °C between relative humidities of 20% and
95%. The hydration number (A), or the number of water molecules per ionic group, was

calculated from:

k_(mhyd_mol.( 1000 J
m, M,y - IEC 72

where myq is the hydrated sample mass, mq is the mass of the dry sample, Mo is the molecular
mass of water (18.02 g-mol™), and IEC is the ion exchange capacity with units of milliequivalents
of ions per gram of polymer.

For liguid water uptake measurements, the fully hydrated anion exchange membranes
were removed from liquid water, blotted quickly to remove surface water, and weighed
immediately. The measurement was repeated 3-5 times after soaking the membrane in liquid
water to rehydrate the membrane and obtain an accurate hydrated sample mass. The membranes
were then dried at 80 °C in vacuum for 48 h and at 120 °C in vacuum for 48 h (96 h total) and

weighed again to obtain m,.

7.3. Results and Discussion of BTP-R1

The chemical structure of the materials used to synthesize the first iteration of the

bis(terpyridine) ruthenium-based membranes, BTP-R1, is shown in Figure 7.2.
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Figure 7.2. First iteration of monomers polymerized by Grubbs’ second generation
catalyst into resulting chemical structure overlayed on optical image of a membrane,
BTP-R1.

As shown in Table 7.2, the molar ratio of bis(terypridine) ruthenium monomer (M) to
DCPD was changed from 1:2 to 1:10 to investigate the impact of increasing the hydrophobic
content and cross-linking density on membrane properties. As expected, increasing the DCPD
content reduced the theoretical ion exchange capacity (IEC), calculated from the chemical
composition of the membrane, resulting in a decrease in the water uptake. On the other hand, the
activation energy for ion conduction (E,) increased (from 14 to 22 kJ-mol™) with decreasing
water uptake which was coupled with a decrease in ionic conductivity from 9.8 to 5.6 mS-cm™ as

a result of lower IEC and water uptake.

Table 7.2. BTP-R1 membrane properties with various M:DCPD ratios

M : DCPD
Measurement
1:2 1:5 1:10
theoretical IEC (mequiv-g™)? 2.0 1.4 1.0
liquid water uptake (wt %)" 432 126 30
E. (k-mol™)° 14 16 22
o30-c (MS-cm™)¢ 19.6 28.6 14.1

%lon exchange capacity calculated based on chemical structures. °Liquid water uptake = [(Masswet -
Massdry) / Massdry] * 100%. °Activation energy for ion conduction. “Hydroxide ionic conductivity at
30 °C.
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The humidity dependence of water uptake and ionic conductivity was also studied. As
shown in Figure 7.3, both water uptake and ionic conductivity increased with increasing humidity
(in the range of 22 - 95% relative humidity), which is in agreement with results for other reported

membranes.?>%
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Figure 7.3. Humidity dependence of conductivity and water uptake for the AEM
with monomer:DCPD = 1:2.

Bicarbonate conductivities were measured by exchanging the chloride form membranes
with sodium bicarbonate followed by extensive rinsing to remove the excess salt. Hydroxide
conductivities were measured by exchanging the bicarbonate form membranes in 1 M KOH
solution for 1 h. After this ion exchange process, the membranes were kept in as close to carbon
dioxide-free conditions as possible. Hickner and coworkers have confirmed conversion of AEMs
from the hydroxide to the bicarbonate form, causing a corresponding decrease in ionic
conductivity due to the lower dilute solution mobility of bicarbonate ions.®

The membranes were then rinsed with degassed, 18.2 MQ water to remove excess ions

and placed into conductivity cells and immersed in liquid water that was degassed and blanketed
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with flowing Ar. The conductivity was measured over a period of 3 h under Ar, and then the Ar
blanket was removed and the conductivity was measured over a number of days with the water

exposed to atmospheric CO, as shown in Figure 7.4.
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Figure 7.4. Decline in conductivity of the hydroxide form AEMs during conductivity
measurements; (top) kept under Ar blanket for up to 3 h, (bottom) left open to
atmosphere after 3 h. Conductivities were measured with samples exposed to liquid water
at 30 °C.
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It is difficult to measure the conductivity of samples in hydroxide form, as revealed by
the involved testing procedure described early. In addition to maintaining a CO,-free
environment, multiple ion exchanges can lead to incomplete ion conversion. The mobilities of
chloride and bicarbonate ions are lower than the mobility of hydroxide ions,?” so incomplete ion
exchange would result in lowered conductivity compared to the conductivity of membranes

purely in hydroxide form. This behavior was observed in our study, as shown in Figure 7.5.
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Figure 7.5. Change in hydroxide conductivity upon exposure of the samples to 1 M KOH
for 2 h. Conductivities were measured with samples exposed to liquid water at 30 °C.

Temperature is known to have an impact on the conductivity of quaternary
ammonium-based AEMs, these Ru complex-based AEMs show similar behavior. As shown in
Figure 7.6 (a), the conductivity of all three membranes increased linearly with temperature. The
AEMs with M:DCPD = 1:2 and 1:5 possessed similar conductivities over the entire temperature
range investigated, while the conductivity of the AEM with M:DCPD = 1:10 was lower. This is

most likely due to its high DCPD loading.
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Figure 7.6. Impact of temperature on conductivity for the membranes (a) in the HCOy
form and (b) in the CI" form.
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At 50 °C, the conductivities of the AEMs with M:DCPD = 1:2 and 1:5 were both around

9.8 mS-cm™, which is comparable to the values reported for quaternary ammonium AEMs in the
bicarbonate form (10.1 - 25.7 mS-cm™).®#® When factoring in the dilute solution mobility of the
ions (0.61 for HCO; and 2.3 for OH relative to a mobility of 1 for K*), the hydroxide
conductivity of the membranes was estimated by multiplying their bicarbonate conductivity by
3.8,° giving 37 mS-cm™ at 50 °C. For comparison, cross-linked AEMs with a quaternary
ammonium monomer and DCPD, reported by Coates and coworkers, exhibited a hydroxide
conductivity of 28 mS-cm™ at 50 °C,* and the quaternary phosphonium AEM reported by Yan
and coworkers had a hydroxide conductivity of 27 mS-cm™ at 20 °C."* Figure 7.6 (b) shows the
temperature dependent conductivity of the membranes in the CI" form. While the conductivity of
the AEMs in the CI” form with M:DCPD = 1:5 and 1:10 increased compared to the membranes in
the HCO;™ form, there was little change in the conductivity of the membrane with the lowest
DCPD content. This indicates that as the water uptake decreases, ion mobility plays a greater role
in conductivity, as CI" ions have higher dilute solution mobility than HCO3" ions.

The difference in conductivity at 30 °C between the membranes in the HCO;3 form and in
the CI" form as a function of water uptake is shown in Figure 7.7. The AEM with
M:DCPD = 1:2, which had the highest water uptake of the three, had a slightly higher
conductivity in the HCO3 form than in the CI" form, with a difference of 0.29 mS-cm™.
Meanwhile, at the same temperature, the AEMs with M:DCPD = 1:5 and 1:10 had higher
conductivities in the CI" form, with differences of 1.8 mS-cm™and 3.1 mS-cm™, respectively,

indicating that water content specifically influences the ion mobility of different species.
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Figure 7.7. The difference in conductivity at 30 °C between membranes in the CI” form
and in the HCO3 form as a function of water uptake.

7.4. Results and Discussion of BTP-R2

The synthesis scheme for the second iteration of heteroleptic bis(terpyridine) Ru (I1)
complex-based AEMs with COD and DCPD cross-linking, BTP-R2, is shown in Figure 7.8.
Briefly, the bis(terpyridine) Ru (1) complex monomer (M) was combined with COD and DCPD
at room temperature to form the BTP-R2 membranes. The ratio of M to COD determined the IEC
of the membranes. As in our previous work, the Ru monomer was isolated as a co-salt® and
extensive soaking after formation of the membrane was used to remove the N-ethylmorpholinium
chloride from the cross-linked membranes. Compared to the AEMs consisting of only the Ru
monomer and DCPD, * BTP-R1, addition of COD into the system did not seem to have any
significant impact on the alkaline stability of the membranes. The water uptake, conductivity at

30 °C, and activation energy of the membranes studied are listed in Table 7.3.
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coD

Figure 7.8. Monomers polymerized by Grubbs’ second generation catalyst into resulting
chemical structure overlayed on optical image of a membrane, BTP-R2.

Table 7.3. BTP-R2 membrane sample parameters and properties

[DCPD]:

[M+COD] 1:1 1:1 2:1 2:1 2:1 2:1 5:1
[M]:[COD] 3.7 4:6 3.7 5:5 6:4 8:2 6:4
IEC (meq-g™) 14 1.6 1.0 14 1.6 1.8 1.0
Wuc;. (mass %) 197 417 38 103 148 246 24
Aci- 78 145 21 41 51 85 13

oc. (MS-cm™) 5.3 35 6.1 5.9 7.9 6.8 3.6
WUhcos- (Mass %) 398 461 117 133 260 358 39
Micos- 158 160 65 53 90 124 21
6rcos (MS-cm™) 35 4.7 3.0 5.5 2.7 6.5 2.4
OOH- (mS-cm'l) 8.9 nm 10.0 13.0 10.6 15.2 4.0
E. ci (kJ-mol™) 6.4 55 19.9 5.9 9.9 14.3 15.6
Ea Heos- (kJ-moI'l) 11.4 6.8 17.7 135 18.3 11.2 25.9

Water uptake (wu), hydration number (1), conductivity (o), and activation energy (E,) are reported for fully
hydrated membranes. Measurements that were not obtained are denoted by nm.
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Membranes in bicarbonate form demonstrated higher water uptake and hydration
numbers than the corresponding membranes in their chloride form. The highest conductivity
values were obtained for membranes in hydroxide form, which we partly attribute to the greater
dilute solution mobility of hydroxide ions, 197.6 x 10° cm*V™.s* compared to the dilute
solution mobilities of bicarbonate and chloride ions, 46.4 x 10 and 76.3 x 10° cm*V™.s?,
respectively.”” Although the conductivity measurements are believed to be accurate within
1 mS-cm™ or 20 % in many cases, which would provide some overlap of the membrane
conductivity values, we believe the overall trends observed are valid.

For the membranes in the chloride form, the maximum conductivity occurred at a A value
of 51, as shown in Figure 7.9. The cross-linking ratio was critical to both conductivity and water
uptake, with 2:1 [DCPD]:[M+CQOD] vyielding the highest conductivity sample. For membranes
with the same IEC, the 2:1 [DCPD]:[M+COD] membrane demonstrated higher conductivity and
lower water uptake compared to the 1:1 [DCPD]:[M+COD] membrane. We believe the
membranes in hydroxide form absorbed more water than the other anion forms due to the
thermodynamic driving forces involved with hydration. The Gibbs free energy of hydration for
hydroxide ions is —430 kJ-mol™', compared to —335 klJ-mol™' for bicarbonate ions and
—340 kJ-mol ™" for chloride ions.” When the membranes were converted to bicarbonate form, the
1.8 meq-g™* IEC sample had the highest conductivity of 6.5 mS-cm™ at A = 124. Such high values
for hydration number at maximum conductivity are in stark contrast to PEMs of the

perfluorosulfonic acid variety, with maximum conductivity at A =22.%
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Figure 7.9. Conductivity of membranes as a function of hydration number in the
(a) chloride form and (b) bicarbonate form for (M) [DCPD]:[M+COD] = 1:1,
(@) [DCPD]:[M+COD] = 2:1, and (A) [DCPD]:[M+COD] = 5:1. The maximum
conductivity occurred at a hydration number of approximately 50 and 125 for
membranes in chloride form and bicarbonate form, respectively.
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To further study the effect of cross-linking on water uptake and conductivity of the Ru-
based AEMs, we calculated the ion concentration for the membranes from the volume-based

water uptake using:

p-IEC

c=0.001 ———F—F—
1+0.01X, 110

(7.3)

where ¢ is the moles of ions per cm® of polymer, p is the polymer density, IEC is the
milliequivalents of ion per gram polymer, and X,.1o is the volume-based water uptake.™

As illustrated by Figure 7.10, the membranes with the highest conductivity in the chloride
form had between approximately 5 x 10 and 7.5 x 10™ moles of CI" per cm® of polymer. The
maximum conductivity was observed for the sample with 6.5 x 10 mol-cm™, and there was clear
separation between the conductivity values of the samples with a [DCPD]:[M+COD] ratio of 2:1

and those with different cross-linker ratios.
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Figure 7.10. The role of ion concentration on membrane conductivity for membranes in
the chloride form with [DCPD]:[M+COD] ratios of (H) 1:1, (@) 2:1, and (A) 5:1. The
IEC and hydration number of the membranes are denoted next to the corresponding
svmbols.
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The hydration numbers of the membranes in the chloride form were inversely related to
the ion concentration, Figure 7.11. Higher IEC membranes on a gravimetric basis swelled more
with liquid water than low IEC membranes and the ion concentration in the hydrated material was
lower for the high IEC samples. This swelling behavior, leading to dilution of the fixed charge
groups, was dictated by the cross-linking ratio of the material, where the more highly cross-linked
samples showed lower water uptakes. For low cross-linking ratios, the samples swelled
significantly, even at low IEC. It appears from the data in Figure 7.11 that an intermediate level
of cross-linking was required in these samples to balance the water uptake and ion concentration

to obtain high conductivity.
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Figure 7.11. Hydration number decreased as ion concentration increases for membranes
in chloride form with [DCPD]:[M+COD] ratios of (H) 1:1, (®) 2:1, and (A) 5:1.
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The information obtained from conductivity and water uptake of the polymer membranes
can be used to calculate the diffusion coefficients (D) of the mobile ions in PEMs and AEMs.
The diffusion coefficients of the mobile ions were calculated from a form of the Nernst-Einstein
equation:

6-R-T
c-z’-F (7.4)

where o is the measured conductivity, R is the ideal gas constant, T is temperature, c is the
computed concentration of ions in moles per cm?® calculated by eq. 3, z is the valence charge, and
F is Faraday’s constant.* For each ion, we determined the barrier to ion transport by comparison
of the calculated ion diffusion coefficients to the ion diffusivity in dilute solution (D), the
maximum diffusivity of an ion in water.

The dilute ion diffusivity is calculated from the dilute solution mobilities of the mobile

ion using:

Dozu-kB-T
q

(7.5)
where p is the dilute solution ion mobility, kg is the Boltzmann constant, T is temperature, and ¢
is the ion charge.® The ratio of the diffusion coefficient to the dilute ion diffusivity (D/Dy),
shown in Figure 7.12, should approach a value of unity, or the dilute solution limit, at high water

uptake where the sample is composed largely of water.*>%
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However, although the D/Dq ratio increased with increasing hydration for membranes in
the chloride and bicarbonate forms, the highest D/Dy ratios obtained were 0.17 at A = 85 for the
1.8 meq-g™ IEC, 2:1 [DCPD]:[M+COD] membrane in the chloride form and 0.37 at A = 160 for
the 1.6 meq-g™* IEC, 1:1 [DCPD]:[M+COD] membrane in the bicarbonate form. Despite the fact
that bicarbonate anions have lower dilute solution mobilities than chloride anions, we observed
that samples in the bicarbonate form had higher intrinsic mobilities compared to their dilute
solution limit due to their greater hydration numbers. The larger water uptake led to decreased ion
concentration and higher diffusion coefficients for the membranes in the bicarbonate form. The
overall higher hydration number of bicarbonate forms, compared to chloride, despite similar free
energies of hydration, could be a result of processing to exchange the ions from chloride (as
made) to bicarbonate, which causes irreversible swelling and thus increases the water uptake of
the bicarbonate form samples. Additionally, based on the Hofmeister effect, bicarbonate ions are
more kosmotropic than chloride ions, meaning they are more highly hydrated and thus may draw
more water into the sample upon ion exchange.*

To compare the behavior of the bis(terpyridine) Ru (11) complex-based AEMs with other
common functional groups used in AEMs, we show in Figure 7.13 the bicarbonate conductivity
and D/D, ratio with respect to hydration for several membranes from the literature (values are in
Table S1). Compared to BTMA, benzyl 1-methylimidazolium, and benzyl tri(methoxyphenyl)
phosphonium-based membranes, the bis(terpyridine) Ru (1I) membranes demonstrated lower
bicarbonate conductivity and greater hydration numbers. Despite the decreased bicarbonate
conductivity, the D/D, for the metal-complex membranes for cross-linking ratios of 2:1 and 1:1 is

similar to the BTMA-based samples.
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Figure 7.12. Ratio of the diffusion coefficient, D, to the dilute solution diffusivity, Dy, as
a function of hydration number for membranes in the (a) chloride form and
(b) bicarbonate form, with DCPD]:[M+COD] ratios of (H) 1:1, (@) 2:1, and (A) 5:1.
The higher D/D, ratio for the bicarbonate ions signifies that the bicarbonate diffusion
coefficient in the samples was closer to the dilute solution diffusivity of bicarbonate

ions.
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Figure 7.13. lon transport properties of membranes in the bicarbonate form, for Ru (11)
complex-based membranes with [DCPD]:[M+COD] ratios of (H) 1:1, (M) 2:1, and
() 5:1; BTMA-based tetramethyl bisphenol membranes with (@) 100, (@) 80, (®) 60,
and (®) 40 mol % tetramethyl bisphenol;® (A) imidazolium-based poly(fluorenyl ether
ketone sulfone) membrane;® and phosphonium-based bromomethylated poly(2,6-
dimethyl-1,4-phenylene oxide) membranes with (V) 20%, (V) 34%, (V) 57%, and
(V) 90% degree of functionalization,® where (a) depicts bicarbonate conductivity as a
function of hydration number, and (b) illustrates the ratio of the diffusion coefficient, D,
to the dilute solution diffusivity, Dy, as a function of hydration number.
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7.5. Conclusions

Bis(terpyridine) Ru (Il)-based AEMs, BTP-R1, were the first metal-cation containing
AEMs, and were synthesized by Zha and Tew of the University of Massachusetts Amherst and
evaluated for conductivity and water uptake. The performance of the membranes was subject to
the degree of cross-linking present in the membranes. The hydroxide conductivity at 30 °C
ranged from 14-28 mS-cm™, for membranes with 1EC values of 1.0-2.0 meq-g™ and A values of
30-216.2 The BTP-R1 materials provided a strong foundation from which new targets for
conductivity and hydration could be established.

The conductivity and hydration of the second iteration of bis(terpyridine) Ru (II)
complex-based membranes, BTP-R2 were dominated by the cross-linking ratio,
[DCPD]:[M+COD]. The IEC played a minor role in the properties of these materials, but it
appeared that a balance between sufficient water uptake and ion concentration was critical to
promote good conductivity. The maximum conductivity of these membranes in chloride form
(oo = 7.9 mS-cm™) was observed at a hydration number of 50, which is greater hydration than
other AEMs and sulfonated polymers. At high water uptake, the ions in the Ru (II)
complex-based membranes did not reach the dilute solution diffusivity limit of the mobile
species, indicating the presence of barriers to transport, even in highly hydrated materials.
Continued work on these membranes will focus on increasing the mechanical strength of the
polymers while maintaining their conductivity and reducing swelling. In addition, understanding

the role of the metal within the cation will be essential.
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Chapter 8

Scattering of Superacid Proton Exchange Membranes

8.1. Introduction

Controlling the ion domain size of proton exchange membranes (PEMSs) is important to
fuel cell properties, so research on the morphology of PEM systems is an active area of
research.™ One main avenue for such control is by using synthetic techniques to create block,
graft, and star copolymers to drive microphase separation and create the co-continuous domains
necessary for ion transport.? The microphase separation in block copolymer PEMs has been
extensively studied and is believed to be responsible for the increased conductivity of block
copolymers compared to random copolymer PEMs.**” However, there are other approaches for
increasing the conductivity of PEMs, especially concerning the character of the polymer-bound
acidic group. Carboxylate and phosphonate membranes have not shown great promise as

protogenic groups,®*® but superacidic sulfonate groups** and sulfonimide moieties***3

appear to
be promising candidates to boost the conductivity of PEMs.

Random perfluorosulfonic acid-containing polymers, PFSAs, such as Nafion®,
Aquivion®, Flemion®, and 3M ionomers polymers have served as high-performance fuel cell
membranes. In particular, DuPont’s Nafion® is considered a benchmark fuel cell membrane,
especially for PEMs, and the morphology of Nafion® has been thoroughly investigated.**

Nafion® has demonstrated wider, more direct and interconnected channels with ions in close

proximity compared to sulfonated poly(ether ether ketone ketone), SPEEKK, which led to higher
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conductivity of the Nafion® membrane.” In a similar study, the ionic domains of Nafion® and
sulfonated poly(phenylene), SDAPP, were viewed by transmission electron microscopy; the ionic
domains of Nafion® were larger than the ionic domains of SDAPP, which correlated to increased

water diffusion and transport and increased conductivity in Nafion®.*

It appears the
perfluorosulfonated nature of Nafion® is responsible for the superior membrane performance, but
further information is needed to ascertain every contribution to this quality.

The perfluorinated sulfonic acid in PFSAs is strongly acidic and is referred to as a
“superacid.” It is estimated that the pK, of this acid is -14.1," compared to the estimated pK,
values of -2.5 for aryl sulfonate, -1 for sulfonated poly(ether ketone), -6 for Nafion®'
Aromatic-based polymers are less expensive than Nafion®, so there has been a drive to improve
the aromatic-based PEMs."” Superacid groups were introduced onto poly(arylene ether sulfone)
membranes and demonstrated similar conductivity to Nafion® at high relative humidity.
However, the IEC of the superacid poly(arylene ether sulfone) membranes was higher than the
IEC of Nafion®.*#*°

Bae and coworkers compared the functionality of different sulfonic acid groups on PEM
performance. Perfluorosulfonate, aryl sulfonate, and alkyl sulfonate moieties have been used to
functionalize poly(styrene) and poly(arylene ether sulfone) for use as PEMs, to further the study

on superacid behavior. This work has been in collaboration with Bae and coworkers and

complements their conductivity measurements.
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8.2.  Experimental

8.2.1 Random Copolymer PEMs

Poly(sulfone), PSU, and poly(styrene), PS, random copolymers were functionalized by
Ying Chang and Chulsung Bae of the Rensselaer Polytechnic Institute for use as PEMs. The
polymers were functionalized with perfluorosulfonate, aryl sulfonate, or alkyl sulfonate groups,
S1, Sz, and S; functionalities, respectively. Membranes were cast from these polymers and were

used as provided.

8.2.2 Triblock Copolymer PEMs

The triblock copolymers were synthesized using atom transfer radical polymerization
(ATRP) with the difunctional initiator, o,o’- dibromo-p-xylene, as described by Saito, et al.*® A
difunctional poly(styrene) macroinitiator was synthesized in the bulk in a Schlenk flask with
copper(I) bromide (CuBr), 2,2'- bipyridyl (bpy), and a,a’-dibromo-p-xylene at 110 °C for 7 h
(targeting 50% conversion). The reaction mixture underwent five freeze—pump—thaw cycles
under vacuum and Ar before being placed in the oil bath to start the polymerization. After
termination of the reaction, ~200 mL of THF was added the reaction mixture before the mixture
was passed through an activated alumina column and precipitated into methanol. The polymer
was filtered and washed with MeOH. The polymer was dissolved in THF before a second
precipitation in MeOH. The polymer was filtered and washed again and dried in a vacuum oven
at 60 °C for 2 days. This procedure resulted in difunctional poly(styrene) ATRP macroinitiator

Br-PS-Br. Next, the Br-PS-Br was dissolved in toluene with hexyl methacrylate (HMA) in a
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Schlenk flask. After the addition of CuBr and bpy, the flask underwent five freeze—pump—thaw
cycles under vacuum and Ar. The flask was placed in an oil bath at 105 °C to start the
polymerization of HMA, which proceeded for 24 h. The same post-reaction work-up as above
was used after termination of the reaction. This strategy resulted in the synthesis of a symmetric
ABA triblock copolymer with poly(styrene) as the middle block and poly(hexyl methacrylate) as
the end blocks. The poly(hexyl methacrylate)-b-poly(styrene)-b-poly(hexyl methacrylate)
(PHMA-b-PS-b-PHMA) triblock copolymer.

Two batches of PHMA-b-PS-b-PHMA triblock copolymer were produced in this manner:
the first batch had a molecular weight of 28.3-b-25.6-b-28.3 kg-mol ™, and the second batch had a
molecular weight of 11-b-27-b-11 kg-mol™', as determined by size exclusion chromatography
(SEC) and 'H NMR spectroscopy. The batches were approximately 43 mol % PS and 68 mol %
PS, respectively, so they were referred to as 43-PS and 68-PS. The polydispersity index, PDI, of
the PS macrointiators was 1.16 for 43-PS and 1.18 for 68-PS. The PDI increased once the PHMA
blocks were added to 1.63 for 43-PS and 1.44 for 68-PS, indicative of imperfect end groups on
the PS macroinitiator. These triblock copolymers were sent to Chang and Bae for
postfunctionalization with perfluorosulfonate groups, and the subsequent PEMs were used as

received (with proton counterions) for morphological and water uptake studies.

8.3.  Results and Discussion of the Random Copolymer PEMs

To produce PEMs, PSU and PS were sulfonated with perfluorosulfonate, aryl sulfonate,
and alkyl sulfonate groups, and the chemical structures of the resulting random copolymers are
illustrated in Figure 8.1. The superacid or perfluorosulfonated membranes are denoted as S;, and

the aryl sulfonate and alkyl sulfonated membranes are denoted as S, and S, respectively. The
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degree of functionalization, DF, for these polymers varied, and the PSU and sulfonated PS, sPS,
sets of membranes in this study are listed in Table 8.1 along with the ion exchange capacity, IEC,
for the membranes determined by Chang and Bae.!”* Two sets of sPS membranes (30 and
40 mol % DF) and three sets of PSU membranes (135, 160, and 200 mol % DF) were studied. All

of the membranes were used and received with protons as the counterion.

0
Il —
Poly(sulfone), O ﬁ@o \ | / O}
o)
PSU O

Poly(styrene), S; -OCF,CF,SO;H

PS S, -SO;H

S; -OCH,CH,CH,SOzH

Figure 8.1. Chemical structures of sulfonated poly(sulfone), PSU, and poly(styrene),
PS. The perfluorosulfonate, aryl sulfonate, and alkyl sulfonate groups are shown as
S1, S,, and Ss, respectively.
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Table 8.1. Random Copolymer Membrane Parameters and Properties

IAXS  Hydrated SANS donsthaxs
Sample bF IEC* . d-spacing® d-spacing® due t.o
(mol %) (meqg-g™) () () hydration
(%)
30-sPS-S; 30 1.33 37 4.0 9.5
30-sPS-S, 30 1.58 3.5 4.3 21.5
30-sPS-S; 30 1.39 3.9 4.3 8.4
40-sPS-S; 40 1.64 2.8 4.2 27.8
40-sPS-S, 40 2.29 2.6 4.5 35.5
40-SPS-S; 40 2.01 2.9 4.3 42.2
135-PSU-S,; 135 1.48 2.8 3.7 28.6
135-PSU-S, 135 2.00 2.6 3.6 354
135-PSU-S; 135 1.80 2.9 3.5 22.1
160-PSU-S, 160 1.58 2.7 3.7 34.3
160-PSU-S, 160 2.29 2.5 3.6 41.8
160-PSU-S; 160 1.96 2.9 3.6 23.1
200-PSU-S, 200 1.94 2.7 4.2 53.8
200-PSU-S, 200 2.64 2.0 4.8 1395
200-PSU-S; 200 2.29 2.8 4.2 50.7

¢As determined by Chang and Bae."* PCalculated from intermediate angle xray scattering measurements
of the dry films, d= 2n/q. “Calculated from small angle neutron scattering measurements of the hydrated
films, d=2n/q. The assistance of Lilin He of Oak Ridge National Laboratory was used for the 40-sPS and
200-PSU membranes.

The conductivity of 40-sPS-S; and 40-sPS-S, membranes was comparable to Nafion®112
at 80% and 90% RH, and the sPS membranes exceeded the values of the Nafion® 112
conductivity at 100% RH. At 100% RH, the 40-sPS-S, membrane demonstrated higher

conductivity than the 40-sPS-S; membrane, but the A of the S, membrane was also greater.
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However, the entire 40-sPS series had lower hydration numbers than Nafion® 112."" Comparison
of the 160-PSU and 200-PSU membranes yielded similar results. At 70% RH, the 200-PSU-S;
membrane exhibited comparable conductivity to Nafion® 112; as the RH humidity increased,
other PSU membranes met or exceed the conductivity of Nafion® 112. At 100% RH, the
200-PSU-S,, S,, and S; demonstrated higher conductivity than Nafion® 112, and the 160-PSU-S,
membrane met the Nafion® 112 conductivity value. The 200-PSU-S; membrane is notable in that
it met the conductivity of Nafion® 112 at only 80% RH and the membrane’s A was consistently
lower than the A of Nafion®112.%

The morphology of the membranes listed in Table 8.1 was of interest to determine if the
degree and type (S;, S, or S;) of functionality of the membranes affected the interdomain
spacings, d. Intermediate angle xray scattering, IAXS, of the dry membranes and small angle
neutron scattering, SANS, of the hydrated membranes experiments were conducted in this effort.
The change in d due to hydration is reported in Table 8.1 as a percent, while the d spacings from
IAXS and SANS are reported in nm.

The dry sPS membranes scattered more strongly than did the dry PSU membranes
(examples are shown in Figure 8.2), indicating less microphase separation of PSU membranes.
This difference can be attributed to the stiffer backbone of the PSU membranes. The polymers
with the alkyl sulfonate groups (Ss) demonstrated the largest d-spacings; the ether oxygen led to
increased flexibility in the acid tether. This idea of flexible tethered acid groups is reinforced by
the similar d-spacings of the perfluorosulfonated and alkyl sulfonated PEMs (S; and Sj).
Although the aryl sulfonated PEMs (S,) often presented similar interdomain spacing, it is bulkier,
and the 200-PSU-S, membrane had a d-spacing of 2.0 nm, compared to 2.7 and 2.8 nm for the

200-PSU-S; and 200-PSU-S; membranes, respectively.



168

10° 5
] = 200-PSU-S1
I - 200-PSU-S2
_ ."\ +  200-PSU-S3
107
;:\ T q?
- %.M
G M&M‘w\
- 101-: q
N
q 17g
100 T T T T T T T L L R R T T TT T T[T
0.02 0.05 0.1 0.15
a (A%
10* 5
: - 40-sPS-S1
*  40-sPS-S2

+  40-sPS-S3

I(q) (a.u.)

10

0.02I I I I IO.IOSI o 01
q (A"

Figure 8.2. Intermediate angle x-ray scattering (IAXS) patterns of dry 200-PSU (top)*
and 40-sPS (bottom) membranes. The sPS membranes scatter more strongly than do

the PSU membranes.
*Adapted from Chang, Y., et al. Polymer Chemistry 2013, 4, 272-281.
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SANS spectra of the hydrated PEMs demonstrated that the water interdomain spacings

for the PS polymers were slightly larger than the interdomain spacings of the PSU polymers, but
the spectra were fairly similar (examples are shown in Figure 8.3). The role of solubility
parameters may be of interest to consider the interactions involved with phase separation. In units
of (d-cm®Y  the solubility parameters of PS, PSU, poly(ethylene), and
poly(tetrafluroroethylene), and water are 18.6,% 20.3,2 17.1,% 12.7,%* and 48.0,** respectively.

Y2 as determined by Lu and Weiss.”> The

The solubility parameter of sPS is 34 (J-cm™)
difference in solubility parameter between PS and water is greater than the difference between
PSU and water. This could account for the slightly larger domain spacing of the sPS membranes.
Based on the increase in solubility parameter from PS to sPS, we can estimate that the solubility
parameter of sulfonated PSU will also increase with functionalization, so both sPS and sulfonated
PSU membranes should demonstrate some ion aggregation or phase separation. However, due to

the more flexible backbone of PS, there might be more ion clustering in the SPS membranes than

the sulfonated PSU membranes.
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Figure 8.3. Small angle neutron scattering (SANS) patterns of hydrated 135-PSU (top)
and 30-sPS (bottom) membranes. The primary scattering peak is denoted by g. The

overall scattering of the membranes is similar.
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The swelling of the hydrated membranes, calculated from (dsans-diaxs)/diaxs, is depicted
as a function of IEC in Figure 8.4. As expected, increasing ion content led to increased hydration
and swelling of the membranes. The PEMs with perfluorosulfonated groups demonstrated greater
swelling compared to the S, and S; polymers for a given IEC. At an IEC near 1.6 meq-g™, the
160-PSU-S; and 40-sPS-S; membranes were approximately 34% and 28% swollen, respectively,
compared to the 30-sPS-S, membrane, which was only 22% swollen. However, scattering alone
does not appear to provide a complete picture of these membranes, and it is not clear that the
superacid polymers exhibit morphology that is substantially different than the aryl sulfonated and
alkyl sulfonated PEMs. To fully explore the nuances in these membranes, further analysis is

required.

160 T L — T T T T T T T T 1
1 —m—Psu-s1
1404 —m—psu-s2 = T
1 —m— PSU-S3 ]
1201 —e—sps-s1 1
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Figure 8.4. The swelling of the membranes calculated from (dsans-0iaxs)/diaxs increased
with the ion content of the membranes.
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8.4.  Results and Discussion of the Superacid Triblock Copolymer PEMs

Two sets of PHMA-b-PS-b-PHMA triblock copolymers were perfluorosulfonated by
Chang and Bae to produce superacid (S;) PEMs. The chemical structure of the
perfluorosulfonated membranes is shown in Figure 8.5, and the PEMs were used as received with
protons as the counterions. The M, of the base PHMA-b-PS-b-PHMA triblock copolymers were
82.2 and 48.9 kg-mol™, with 43 and 68 mol % PS, respectively. Three DFs were achieved for
each batch of PHMA-b-PS-b-PHMA, and the membranes are named after the mol % PS and the
DF, as shown in Table 8.2. The IEC, water uptake, wu, hydration number, A, and primary and

secondary interdomain spacings of the membranes are also listed.

o =

O(CF;),SO3H

Figure 8.5. Chemical structure of the perfluorosulfonated (S,;) PHMA-b-PS-b-
PHMA triblock copolymers.

The 43-PS series of membranes had lower IEC values than the 68-PS series of
membranes due to the mol % PS in the membranes. Due to their greater ion content, the 68-PS
superacid membranes exhibited higher wu than the 43-PS series. However, the A values of the
43-PS were higher than the 68-PS series, meaning that there were more water molecules per ion

for the 43-PS series. This may be a result of the higher PHMA content in this series (64 mol %,
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compared to 32 mol % for the 68-PS series), since PHMA has a lower T, than PS. The added

flexibility due to the PHMA may allow for additional swelling of the membranes, as well as
greater microphase separation, which is shown through the presence of secondary scattering

peaks in the 43-PS series.

Table 8.2. Superacid (S;) Triblock Copolymer Membrane Parameters and Properties

PS
DF IEC M wu? d-spacing”

Sample . content . 2\

(mol %)  (meq-g~) (kg-mol™) (%) (nm)

(mol %)

43-PS-50 50 11 43 82.2 21 7 42.3
43-PS-75 75 1.5 43 82.2 26 10 41.3
43-PS-87 87 1.6 43 82.2 35 18 40.4
68-PS-44 44 1.5 68 48.9 22 6 30.2
68-PS-83 83 2.0 68 48.9 31 9 30.6
68-PS-92 92 2.1 68 48.9 38 14 30.5

“Calculated from membranes at 95% RH. “Calculated from intermediate angle x-ray scattering
measurements of the dry films, d= 2n/q, where q is the primary scattering peak.

SAXS experiments of the dry membranes (Figure 8.6) revealed that the morphology of
the 43-PS series was better ordered than the morphology of the 68-series. The 43-PS membranes
demonstrated primary and secondary scattering peaks, but the relationship of the primary and
secondary scattering peaks to one another did not correspond to lamellar, hexagonal, or cubic
morphologies.” For both sets of membranes, the interdomain spacings did not vary significantly
with the degree of functionalization, which is contrast to other PHMA-b-PS-b-PHMA PEMs.*®#’
It is possible that the interactions between perfluorosulfonate groups were weaker than the phase

segregation of the PS and PHMA blocks and there was limited ion clustering.
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Figure 8.6. Small angle x-ray scattering (SAXS) patterns of (a) 43-PS and (b) 68-PS
superacid triblock copolymer PEMs. The primary scattering peak is denoted by g*or g.
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The 68-PS series had smaller interdomain spacing than the 43-PS series, likely due to the
difference in molecular weight of the two series. According to the Semenov equation in the
strong segregation regime, the interdomain spacing d is proportional to the number of repeat
units, N, of the polymer to the two-thirds power, so increasing M, should lead to increased
d-spacing.?® From Table 8.3, calculations of N?? for Nps, Nprma, and Nrow do not correspond
with the interdomain spacings of the polymer. If the PS blocks alone are considered, dgg.ps Should
be greater than dssps. However, that is not the case, and other factors such as total molecular

weight, ion content, and interaction parameters should be considered in future work.

Table 8.3. Number of Repeat Units and Values of N*?

d-spacing
Sample Nps Nprma Notal Nps?® Nprma I
(nm)
43-PS 246 332 578 39.3 47.9 69.4 40.4-42.3
68-PS 259 129 388 40.6 255 53.2 30.2-30.6

The conductivity of these membranes was measured by Chang and Bae; both sets of
membranes demonstrated lower conductivity that Nafion® 112 at 40 °C and 60 °C. At 80 °C, the
43-PS-87 membrane (1.6 meq-g'IEC) approached the conductivity of Nafion® 112. The
conductivity values for the 68-PS-92 membrane (2.1 meq-g'IEC) were also below the
conductivity of Nafion® 112 at lower RH, but they met the value of Nafion® conductivity at lower
RH than did the 43-PS-87. However, both the conductivity of the 200-PSU-S; and 40-sPS-S,;
membranes were higher than Nafion® in highly humid environments.'”* The block copolymer

design did not appear to enhance the performance of these superacid membranes.
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8.5. Conclusions

The effect of perfluorosulfonate groups on the morphology of random copolymers was
not clear. The interdomain spacings of the perfluorosulfonated PS and PSU membranes (S;) were
similar to the interdomain spacings of the aryl sulfonated (S,) and alkyl sulfonated (S;). Both the
S; and S; PSU membranes swelled more than the S, PSU membranes when hydrated for a given
degree of functionalization, but that trend did not carry over to the sSPS membranes. In addition,
for PEMs with similar IEC values, the superacid polymers were more swollen than the S, and S
membranes.  Scattering experiments on superacid block copolymers suggest that the
perfluorosulfonate groups do not form significant ion clusters to disrupt the morphology of the
PHMA-b-PS-b-PHMA triblock copolymer since the interdomain spacing did not vary with IEC.
The superacid PEMs with lower IEC values, 43-PS, had greater hydration numbers than the
68-PS series, which is attributed to the larger low-T, PHMA content in the 43-PS series. It was
observed that higher molecular weight polymer 43-PS would have larger d-spacing, as expected.
However, based on the number of repeat units of the ion-containing block, the 68-PS series
should have demonstrated a d-spacing similar to the 43-PS series. It is clear from this work on
superacid random and block copolymers that the effects of block architecture on morphology do

not enhance membrane performance.
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Chapter 9

Summary and Future Research Directions

9.1. Summary and Conclusions

The work described in this thesis has increased our understanding of random and block
copolymer hydrated ion conductors, the effects of different ionic groups on the properties of
proton exchange membranes (PEMSs) and anion exchange membranes (AEMs), and how ordering
of ionic block copolymers in solution influences order in the solid-state membrane. Many
previous studies were missing key elements of considering the mobility of the charge carrier, the
hydrated ion density, morphology, or water content in reporting the conductive properties of
hydrated membranes. This thesis has not only strived for clarity in these metrics, but has also
used novel PEM and AEM materials to gain insight into the wide range of possible structures for
next-generation materials and has provided pathways for promising future work on these

materials.

9.1.1 lon Motion in Anion and Proton-Conducting Triblock Copolymers

To investigate the differences in conductivity and water uptake in block copolymer PEMs

and AEMs, a series of analogous triblock copolymers were designed and evaluated.! Following

Saito, et al.>  poly(hexyl methacrylate)-b-poly(styrene)-b-poly(hexyl methacrylate),

PHMA-b-PS-b-PHMA, triblock copolymers were synthesized via atom transfer radical
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polymerization (ATRP). A single batch of the triblock copolymer was functionalized with
sulfonate or quaternary ammonium (QA) groups for use as PEMs or AEMs. The morphology of
the membranes was similar, as determined by transmission electron microscopy (TEM) and small
angle x-ray scattering (SAXS), but the PEMs demonstrated higher water uptake and conductivity.
To more clearly compare ion transport in PEMs and AEMs, the higher mobility of the proton,
compared to the anion, was negated through the development of a new metric. This entailed
calculating the ion diffusion coefficient, D, from membrane conductivity values and comparing it
to the dilute ion diffusivity, Do, the maximum diffusivity of an ion in dilute solution. For a fully
hydrated membrane with no morphological barriers to transport and no counterion condensation,
D/Dy should approach unity. However, in both the PHMA-b-PS-b-PHMA triblock copolymer
PEMs and AEMs, this ratio was an order of magnitude lower than the ideal condition indicating
there were barriers to both proton and anion transport. The D/D, comparison has been extended to

additional polymer systems to probe the limits of ion conductivity in water-containing polymers.

This work is the first to compare the conductivity, morphology, and hydration of
analogous block copolymer PEMs and AEMs to gain deeper insight into the connection between
different types of hydrated polymeric ion conductors. The higher conductivity of the PEMs
compared to the AEMs is primarily due to the higher water uptake associated with sulfonate
groups and the increased proton mobility, and this conclusion has broad implications. If ion
mobility differences are accounted for and the morphology of the membranes are similar, such as
the block copolymer system studied here, PEMs and AEMs demonstrate similar ion transport.

This conclusion should aid in the development of AEM membranes with increased performance.
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9.1.2 Solution Morphology of Triblock and Diblock Copolymers

To explore if solution morphology of the PHMA-b-PS-b-PHMA triblock copolymer
PEMs and AEMs determined the dry membrane morphology, small angle neutron scattering
(SANS) experiments were performed as an external user at the National Institute of Standards and
Technology (NIST) and at Oak Ridge National Laboratory (ORNL).  Triblock copolymer
membrane morphology was correlated to 1 wt % and 10 wt % polymer solutions in
ds-N,N-dimethylformamide, the deuterated form of the solvent used for membrane casting. The
SANS spectra of the functionalized membranes were fit using the NIST polydisperse core-shell
model with a hard sphere structure factor, and showed that the core radius of the polymer
micelles increased with polymer concentration, due to ion aggregation and polymer interactions.
In addition, for the dry membranes with negligible solvent, the shell thickness increased and the
core polydispersity decreased. These results were consistent with the disordered spherical
morphology observed by TEM, suggesting that controlling solution morphology can lead to
targeted membrane morphology. A lower molecular weight PS-PHMA diblock and triblock PEM
with the same ion exchange capacity (IEC) were studied as 0.1, 1, 10, and 20 wt % solutions to
establish if the lower molecular weight or increased range of polymer concentration influenced
the solution morphology. The solution morphology of the lower molecular weight diblock and
triblock PEM were consistent with the previous study. Differences in the size of the triblock

particles in solution could be correlated to the change in molecular weight.
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9.1.3 Organization and Conductivity of Analogous Diblock and Triblock lon Conductors

Sulfonated PS-PHMA diblock and triblock copolymers were studied to establish if using
non-ionic end blocks in a mid-block functionalized triblock copolymer resulted in less swelling
during hydration compared to a similar diblock copolymer. Many block copolymer
ion-conducting membranes are based on diblocks or ABA functionalized triblock copolymers
where the A blocks are ionic. These functionalization strategies may lead to good order in the
materials, but poor mechanical properties upon hydration. The work by Matsen, et al. on bridge
and loop formation in triblock copolymers was the driving force for this work, as the bridges and
loops formed by triblock copolymers add mechanical integrity to the polymer and are absent in
diblock copolymers. The polymers were designed according to this work such that the molecular
weight of the diblock copolymer was as if the triblock copolymer chains had been “cut” in
half.** Both sets of polymers were synthesized via ATRP and functionalized for use as PEMs,
with low, mid, and high-IEC membranes. The swelling of the polymers was evaluated through
water uptake experiments, and the diblock copolymers exhibited greater water uptake and higher
hydration numbers for a given IEC, consistent with the prediction from the work of Matsen. The
higher hydration translated into increased conductivity for the diblock copolymer PEMSs
compared to the triblock PEMs, due to the greater number of water molecules per ion present in
the membranes. The morphology of the membranes was studied using SAXS, and both sets of
polymers showed ordering through the presence of primary and secondary scattering peaks, with
the high-IEC membranes demonstrating tertiary scattering peaks, as well. This study provided
confirmation of the increased mechanical properties through lower swelling of triblock

copolymers, as opposed to diblock copolymers, for ion-containing block copolymers.
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9.14 Morphology and Conductivity of Poly(styrene)-Based Anion Exchange Membranes

A systematic study of random and block copolymer AEMs was executed to assess the
value of block copolymer chemical structure on AEM performance. Quaternary ammonium
functionalized poly(vinyl benzyl chloride)-poly(styrene), QA PVBC-PS, random and block
copolymers were provided, and the hydration, conductivity, and water uptake of the membranes
were evaluated. The polymers were dropcast onto substrates for analysis because they were too
brittle to form-free standing membranes. The QA PVBC-b-PS copolymers exhibited higher water
uptake and larger hydration numbers than the QA PVBC-ran-PS copolymers, and the difference
in water uptake between the two systems increased with IEC. The block copolymers also
demonstrated slightly higher conductivity than the random copolymers, but the values did not
increase with ion content or hydration number. Subsequently, the diffusivity ratio, D/D,, was
calculated for the polymers, and the values were two orders of magnitude below unity, indicating
hindered ion transport. The morphology of the polymers was evaluated to determine its role on
conductivity and hydration, and SAXS patterns of the films indicated that the random copolymer
AEMSs did not order. Primary scattering peaks were observed for the block copolymer AEMs,
indicating some degree of ordering and a possible contribution to the increase block copolymer
conductivity. However, the interdomain spacing, calculated from SAXS, of the four of the five
block copolymers followed a pseudo-linear relationship with the number of ionic repeat units to
the two-thirds power, consistent with the Semenov equation,® and offering potential to establish

interaction parameters for QA-based systems.
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9.15 Water Uptake and lon Mobility in Cross-Linked Bis(terpyridine) Ruthenium-Based

Anion Exchange Membranes

Metal-cation-based AEMs are appealing because they offer the ability for increased
number counterions to be associated with the cation in the membrane. Bis(terpyridine)
ruthenium-based AEMs were provided,® and hydration and conductivity experiments were
performed on the membranes. The AEMSs were evaluated to ascertain the role of counterion and
cross-linker content on water uptake and conductivity of the membranes. The membranes were
provided in chloride form, but through ion exchange, the membranes were studied with chloride,
bicarbonate, and hydroxide counterions. Since hydroxide ions convert to bicarbonate ions when
exposed to carbon dioxide and subsequently have lower ion mobility in water,” the membranes in
hydroxide form were measured under an argon blanket and not in ambient conditions. The
chloride, bicarbonate, and hydroxide counterion mobility was correlated to the differences in
conductivity. The bis(terypyridine) ruthenium-based AEMs demonstrated high water uptake and
relatively low conductivity, varying with the degree of cross-linking. It appears there is an
optimal range of hydration for maximum conductivity of these membranes, and the degree of
cross-linking seems to have greater influence on membrane performance than does the ion
concentration. With the new metric described earlier, D/Dq was calculated from conductivity data
of these membranes in bicarbonate and chloride form, and the bicarbonate ions appeared to have
a smaller barrier to morphological transport than did the chloride ions. However, the membranes
need to uptake less water and exhibit increased conductivity to be considered as a viable

alternative to current AEMs.
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9.1.6 Scattering of Superacid Proton Exchange Membranes

Perfluorosulfonated membranes, such as the benchmark PEM Nafion®, are strongly
acidic, and are referred to as “superacids” accordingly. To evaluate the effect of the superacid on
PEM performance, different sulfonic acid groups were used to functionalize poly(arylene ether
sulfone), PSU, and PS. The conductivity and water uptake of the superacid PEMs demonstrated
higher conductivity than their aryl and alkyl sulfonic acid counterparts.>® SAXS and SANS were
employed to study the morphology of these membranes, and the interdomain spacing of the
superacid membranes were similar to the interdomain spacings of the aryl sulfonated and alkyl
sulfonated membranes. The PSU aryl sulfonated membranes were less hydrated than the PSU
perfluorosulfonated and alkyl sulfonated membranes, but the same behavior was not observed for
the PS-based membranes. For these systems, it appears that morphology does not drive
conductivity behavior, as the channels for conductivity are near continuous. As an extension of
this work, PHMA b-PS-b-PHMA triblock copolymers were synthesized via ATRP in house and
then functionalized with superacid groups by the collaborator. The interdomain spacing of the
superacid PHMA b-PS-b-PHMA polymers did not vary substantially with IEC, so the presence of
ion clusters did not disrupt the morphology of the triblock copolymer membranes. However,
scattering experiments alone are insufficient for any significant conclusions to be drawn about the

block copolymer system.

9.2. Directions for Future Research

Block copolymers PEMs and AEMs have demonstrated increased conductivity over their

random copolymer counterparts, and clear morphology-conductivity relationships have been
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established for ion-containing polymers. ®*" Continued work in determination of the effect of
block copolymer structure on AEM properties is needed, and although there are some efforts in
block copolymer AEMs,*® the lack of fundamental studies should be rectified. Stability of AEMs
was not addressed in this work, but design of chemical structure for enhanced conductivity and
stability will become increasingly important in this field.*>**?° Recently, comb-shaped AEMs
have demonstrated good stability and conductivity,?* suggesting that membrane morphology may
not only aid conductivity of AEMs, but also decrease AEM degradation.

Additional AEM approaches, such as cross-linking and ion variation must also be
pursued. By cross-linking membranes, membrane swelling can be minimized, increasing
mechanical integrity and stability. Various cross-linking approaches are being researched across
the field,?>% but the polymers chosen must be stable under alkaline conditions.?*?® lonic liquids
and alternative tethered ions, such as amino quaternary phosphonium, are being explored for use
in AEMs.®%** Fundamental and systematic approaches should be taken to compare new
materials with cross-linkers and alternative ions to polymers with analogous structures, as well as
to established controls.

Although water uptake and hydration number are commonly reported in fuel cell
membrane literature, the location of the water and ions within a hydrated membrane are not fully
elucidated. Neutron scattering techniques, such as SANS, can be used to quantify the distribution
of water and ions in transport domains of both PEMs and AEMs. To characterize the
nanostructure of polymer electrolyte membranes, in situ SANS techniques can be employed.
SANS spectra of hydrated ion-containing membranes can show a marked scattering maximum,
the “ionomer peak,” a representation of the spatial distribution of the ionic domains of the
membrane, related to the water content of the membrane.*® To increase the scattering contrast,
elemental isotopes can be exchanged, such as the replacement of hydrogen with deuterium by

modifying the material or the sample environment.*” This exchange could lead to isolation of
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water and ionic domains within a hydrated polymer membrane. It is important to further explore
water-ion-polymer interactions to determine how water and ion domains change with hydration
and the subsequent effects on membrane morphology and conductivity.

The diffusivity ratio D/D, established in this work can be extended to both PEM and
AEM materials to provide further insight into the ion transport of the materials. It would be
interesting to compare the diffusivity ratio of ionic polymers with aromatic and aliphatic
backbones to determine if there are substantial differences in mobile ion transport. Within the
subset of aromatic backbones, poly(imides), poly(phenylenes), poly(ketones), and poly(sulfones)
with comparable ion content could be evaluated. For these experiments, Nafion®, and other
commercial fuel cell membranes should be included. If D/D, values correlate with known degrees
of network connectivity, it can be used as an additional method of membrane characterization. By
truly evaluating ion transport on the basis of the chemical structure of the polymer, new
developments may be made to establish targets for PEMs and AEMs.

Understanding solution morphology its relation to final membrane morphology could
allow for additional targeting of membrane performance. Simple membrane casting experiments
of a given system with variable solvents and evaporation rates could lead to previously
unobserved membrane morphology and performance. The solubility parameters of the polymers
and chosen solvents should vary to explore the area between theta solvents and non-theta solvents
to evaluate the effect of using non-theta solvents. The vapor pressure of the solvents should also
be assessed in conjunction with the final membrane performance and properties. It may be
desirable to have a co-solvent system in which one solvent evaporates quickly, “locking in” the
current polymer morphology. This method is similar to the non-solvent-induced phase separation
discussed previously.®

Research on bis(terypyridine) ruthenium-based AEMs is ongoing and will be continued

as a model system for tuning cation size. The collaboration is currently focused on methods by
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which to reduce water uptake while maintaining or increasing conductivity. The diffusivity ratio
comparison of these AEMs to other membranes in the field illuminated the disparity between the
current level of ion transport and the desired ion transport. The mechanical integrity of the
membranes is also an area for improvement, and changes to the cross-linker structure and ratio, as
well as to the co-monomer, are being explored. Each batch of membranes provides another target
for the next round of synthesis as new insight on the AEM hydration, conductivity, and
cross-linker ratio are discovered. The work will likely be extended to other metal complexes with
varying cation size and charge density.

The superacid PEM work is also ongoing, and additional random and block copolymer
systems may be studied. It is unclear at this point if the PHMA-b-PS-b-PHMA triblock
copolymer system will continue to be used for further research, but diblock, multiblock, and graft
copolymer systems are worth investigation. The comprehensive reasons behind the increased
conductivity for the superacid polymers are not established, and it is necessary to gain this

information to develop the next generation of high-performance membranes.
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Appendix A

lon Motion in Anion and Proton-Conducting Triblock Copolymers

Al Determination of Triblock Copolymer Molecular Weight

A combination of "H NMR spectroscopy and size exclusion chromatography (SEC) was
used to measure the molecular weight of the poly(styrene) macroinitiator and the poly(hexyl
methacrylate)-b-poly(styrene)-b-poly(hexyl methacrylate) (PHMA-b-PS-b-PHMA) triblock
copolymer.

The number average molecular weight (M,) of the styrene macroinitator was determined
from SEC with poly(styrene) standards in THF (see Figure A.1). Subsequently, this value (32
kg-mol™) was used to determine the degree of polymerization of the macroinitiator. The number
of aromatic protons from the macroinitiator structure was correlated to the integral of the
aromatic region of the *H NMR spectrum for the styrene macroinitiator (refer to Figure S2) and
used to determine the molar ratio of styrene to methacylrate monomer residues from the *H NMR
spectrum for the PHMA-b-PS-b-PHMA triblock copolymer, shown in Figure S3. The total
molecular weight of the triblock copolymer could be found from the number of styrene residues
from SEC and the molar ratio of styrene residues to methacrylate residues from *H NMR. The
polydispersity indices of the poly(styrene) macroinitiator and the PHMA-b-PS-b-PHMA triblock

copolymer were 1.14 and 1.39, respectively.
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Figure A.1. Size exclusion chromatograph for the styrene macroinitiator (—) and the
PHMA-b-PS-b-PHMA triblock copolymer (---).
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Figure A.2. '"H NMR spectra for poly(styrene) macroinitiator in deuterated chloroform.
The inset shows the peaks associated with the benzyl bromide endgroups.
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Figure A.3. 'H NMR spectra for PHMA-b-PS-b-PHMA in deuterated chloroform.

A.2  Polymer Functionalization

A single batch of the PHMA-b-PS-b-PHMA triblock copolymer was functionalized with
sulfonate or quaternary ammonium groups. In order to attain the desired degree of sulfonation,
some samples were sulfonated multiple times with acetyl sulfate. The equivalents of reagent and

reaction times are described in Table A.1.
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Table A.1. Conditions for sulfonation of the PHMA-b-PS-b-PHMA triblock copolymer.

Equivalents Acetyl Sulfate

Initial Degree of End Degree of . .
. A . S per mol of styrene Reaction Time
Functionalization Functionalization .

o monomer residue (h)

(%) (%)
(mol)

0 16 0.25 4
16 23 0.25 3
23 27* 0.125 1

0 18 0.50 8
18 38* 0.5 8

0 61* 1.00 3

*Denotes final DF used for sample.
g
yor. e e
n m O
0] a
o]
Q c c h
d 0=5=0 f
OH
e ff,g
]

I T I T I T I T I T I T I T I T I T I
PPM  &.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0

Figure A.4. 'H NMR spectra for the sulfonated triblock copolymer, PHMA-b-sPS-b-PHMA,
in deuterated N,N-dimethylformamide.
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Peak broadness in the 'H NMR spectra of the sulfonated and quaternary ammonium
functionalized PHMA-b-PS-b-PHMA was due to the poor solubility of the ionic form of the
triblock copolymer (refer to Figures A.4 and A.5). Although deuterated N,N-dimethylformamide
was used as the primary solvent for these spectra, small amounts of deuterated methanol and

tetrahydrofuran were added dropwise to aid in solubility of the polymer.

i
e h
nb r mb{ﬂiﬁ
0} a o o
O [ c i

d ¢ h'

Me)sN + -

( ; )3 ol

e, h, K, i

|

PPM 8.0 7.0 &0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0

Figure A5 'H NMR spectra for the quaternary ammonium functionalized triblock
copolymer, PHMA-b-qaPS-b-PHMA, in deuterated N,N-dimethylformamide.

A.3  Characterization

Differential scanning calorimetry curves of the PHMA-b-PS-b-PHMA triblock
copolymer showed two distinct T, values, further validating the block copolymer structure. For

the PEMs, the T, of the PHMA blocks decreased and the T4 of the PS midblock increased with
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functionalization (refer to Figure A.6). However, with increasing IEC, the AEMs showed no

significant change in T.
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Figure A.6 DSC data for the unfunctionalized triblock copolymer (--), compared to
(a) quaternary ammonium functionalized triblock copolymers A-1.2-Cl (--), A-1.7-Cl (--),
A-2.0-ClI (--); and (b) sulfonated triblock copolymers P-1.2-H (--). P-1.5-H (--), P-2.3-H (--).

The T, for the PHMA (--) block and the PS block (—) of the polymer were calculated using
TA Instruments Universal Analysis software and is marked on the curves.



Appendix B
Organization and Conductivity of Analogous Diblock and Triblock lon

Conductors

B.1 Polymer characterization by SEC and NMR

To measure the molecular weight of the poly(styrene) macroinitiators and the poly(hexyl
methacrylate)-b-poly(styrene) (PHMA-b-PS) and PHMA-b-PS-b-PHMA diblock and triblock
copolymers, *H NMR spectroscopy and size exclusion chromatography (SEC) were used.

The number average molecular weight (M,) of the styrene macroinitator was determined
from SEC with poly(styrene) standards in THF (see Figures B.1 and B.2). This value was used to
determine the degree of polymerization of the macroinitiator, and the number of aromatic protons
from the macroinitiator structure was correlated to the integral of the aromatic region of the *H
NMR spectrum for the styrene macroinitiator (refer to Figures B.3 and B.5). Subsequently, these
peaks were used to determine the molar ratio of styrene to methacylrate monomer residues from
the 'H NMR spectrum for the PHMA-b-PS diblock and PHMA-b-PS-b-PHMA triblock
copolymers, shown in Figures B.4 and B.6. The total molecular weight of the triblock copolymer
could be found from the number of styrene residues from SEC and the molar ratio of styrene

residues to methacrylate residues from *H NMR.
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Figure B.1. Size exclusion chromatograph for the styrene macroinitiator (—) and the
PHMA-b-PS diblock copolymer (---).
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Figure B.2. Size exclusion chromatograph for the styrene macroinitiator (—) and the
PHMA-b-PS-b-PHMA triblock copolymer (---).
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Figure B.3. 'H NMR spectra for poly(styrene) monofunctional macroinitiator in deuterated
chloroform. The inset shows the peaks associated with the benzyl bromide end groups.
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Figure B.4. '"H NMR spectra for PHMA-b-PS in deuterated chloroform.
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Figure B.5. 'H NMR spectra for poly(styrene) difunctional macroinitiator in deuterated
chloroform. The inset shows the peaks associated with the benzyl bromide end groups.
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Figure B.6. 'H NMR spectra for PHMA-b-PS-b-PHMA in deuterated chloroform.
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B.2  Sulfonation of the Block Copolymers

The diblock and triblock copolymers were functionalized with sulfonate groups for use as
proton exchange membranes. The molar concentration (with respect to PS) of acetyl sulfate used
and the reaction time were varied to target specific degrees of functionalization and ion exchange

capacities, shown in Table B.1.

Table B.1. Sulfonation Reaction Conditions

Sample Acetyl suh-‘ate Reaction time DF IEC
(mol. equiv.) (h) (%) (meq-g™)
DB-1.1-H 0.88 2.25 26 11
DB-1.7-H 1 2.25 43 1.7
DB-2.0-H 1 3.25 53 2.0
TB-1.1-H 1 2 23 11
TB-1.6-H 1 3 36 16
TB-2.3-H 1 4.3 56 2.3
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