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Abstract	  

Polyelectrolytes	   are	   materials	   consisting	   of	   a	   polymer	   backbone	   with	   covalently	  

attached	  positively	  or	  negatively	  charge	  groups	  including	  their	  counterions.	  Sulfonated	  

polyelectrolytes	  are	  a	  specific	  class,	  which	   is	  especially	   interesting	  for	  electrochemical	  

application	   as	   they	   can	   be	   used	   to	   separate	   the	   electrodes	   and	   mediate	   the	  

electrochemical	   reactions	   taking	   place	   at	   anode	   and	   cathode	   by	   conducting	   a	   specific	  

ion;	   this	   ion	  may	  be	  H+	   in	   the	  case	  of	  PEM-‐fuel	  cells	  or	  Li+	  and	  Na+	   in	  various	  battery	  

systems.	   The	   key	   challenges	   for	   the	   development	   of	   these	   electrolytes	   is	   the	  

combination	   of	   good	   mechanical	   properties	   and	   high	   ion	   transport	   as	   well	   as	   high	  

electrochemical	  stability.	  

High	   ionic	   conductivity	   of	   polyelectrolytes	   depends	   on	   the	   presence	   of	   small	   polar	  

solvents	   to	   ensure	   efficient	   dissociation	   and	   mobility	   of	   the	   counterions.	   These	  

processes	  cannot	  be	  understood	  by	  merely	  considering	  electrostatics	  (i.e.	  Deby-‐Hückel	  

approach)	   such	   as	   in	   Manning	   counterion	   condensation	   theory.	   Specific	   interactions	  

between	   solvent-‐ion-‐polymer	   and	   the	  molecular	   conformations	   have	   to	   be	   taken	   into	  

account	   as	   well.	   This	   is	   one	   of	   the	   results	   of	   the	   present	   work	   using	   sulfonated	  

polyelectrolytes,	   different	   cations	   and	   solvents	   as	   model	   systems	   with	   a	   combined	  

approach	  of	  experimental	  techniques	  and	  simulations.	  	  

The	  dissociation	  behavior	   of	   sulfonated	  polysulfones	  was	   investigated	  by	   a	   combined	  

electrophoretic	   (E)	  NMR,	   pulsed	  magnetic	   field	   gradient	   (PFG)	  NMR	  and	   conductivity	  

approach.	  Since	  the	  results	  from	  the	  NMR	  experiments,	  especially	  from	  E-‐NMR	  which	  is	  

by	   far	   no	   standard	   measurement,	   are	   crucial	   for	   the	   key	   conclusions	   drawn	   in	   this	  

thesis,	  some	  critical	  issues	  of	  this	  technique	  are	  studied	  and	  discussed	  in	  detail.	  E-‐NMR	  

is	  essentially	  a	  PFG-‐NMR	  experiment	  with	  an	  applied	  electric	  field;	  the	  applied	  voltage	  

can	   reach	   up	   to	   300	   V.	   Therefore,	   it	   was	   necessary	   to	   determine	   a	   measurement	  

window	   in	  which	  no	  decomposition	  or	  other	   interfering	  effects	  appeared.	   In	  addition,	  

polymers	  gererally	  exhibit	  some	  polydispersity	  with	  the	  low	  molecular	  weight	  fraction	  
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showing	  a	  higher	  diffusion	  coefficients	  and	  drift	  velocities,	  which	  had	  to	  be	  taken	  into	  

account.	  	  

By	  concentrating	  ionic	  groups	  on	  the	  polymer,	  specific	  polyelectrolyte	  effects	  show	  up.	  

Dissociation	   is	   no	   longer	   complete,	   the	   interaction	   between	   ionic	   charges	   and	   the	  

solvent	  is	  heavily	  modified	  and	  correlations	  of	   ionic	  motion	  start	  to	  appear.	  According	  

to	  a	  MD-‐simulation,	  this	  very	  much	  depends	  on	  the	  polymer	  conformation	  and	  position	  

of	   the	   ionic	   groups	   as	  well	   as	   the	   chemical	   nature	   of	   the	   solvent.	  Once	   the	  density	   of	  

ionic	  groups	  (-‐SO3H)	  of	  polysulfones	  reaches	  a	  point	  where	  their	  average	  separation	  is	  

of	   the	  order	  of	   the	  Bjerrum	   length	  of	  water,	   the	  degree	  of	   counterion	  condensation	   is	  

shown	  to	  depend	  on	  details	  of	  the	  molecular	  structure	  and	  the	  accessible	  conformations	  

of	  the	  polymer	  chain.	  In	  this	  regime,	  well-‐defined	  ionic	  aggregates	  occur,	  i.e.	  triple-‐ions	  

form.	   The	   conformational	   details	   depend	   on	   the	   degrees	   of	   freedom	   and	   specific	  

interactions	  between	  ions	  and	  solvent.	  	  

When	   it	   comes	   to	   ion	   conducting	   membranes,	   increasing	   the	   ion	   exchange	   capacity	  

(decreasing	   the	  average	  separation	  of	   ionic	  groups)	   is	  a	  common	  measure	   to	   increase	  

ionic	  conductivity.	  However,	  the	  results	  on	  dissociation	  and	  conductivity	  of	  synthesized	  

polysulfones	   containing	   octasulfonated	   units	   (currently	   the	   material	   with	   highest	  

known	   IEC)	   clearly	   reveal	   the	   limit	   of	   this	   approach.	   The	   short	   separation	   of	   ionic	  

charges	   in	   such	   systems	   at	   high	   concentrations	   additionally	   leads	   to	   electrostatic	  

interactions	   between	   neighboring	   polymer	   strands.	   This	   is	   the	   driving	   force	   for	   a	  

nanoscale	  ordering	  in	  polyelectrolyte	  membranes.	  Different	  kinds	  of	  solvents,	  ions	  and	  

ion	  exchange	  capacities	  directly	  affect	  the	  microstructure	  formation.	  	  

Finally,	   the	   effects	   of	   acid-‐base	   interactions	   between	   sulfonic	   acid-‐based	  

polyelectrolytes	  and	  weakly	  basic	  modified	  polymers	  were	  investigated	  as	  blending	  of	  

both	   is	   a	   way	   to	   form	   stable	   membranes	   for	   electrochemical	   applications.	   Here,	   the	  

membrane	   formation	   process	   and	   the	   resulting	   properties,	   in	   particular	   proton	  

conductivity,	   microstructure	   and	   mechanical	   strength	   have	   been	   studied.	   The	  

developed	   polymer	   blends	   are	   the	   first	   example	   in	   which	   an	   improvement	   of	  

mechanical	  properties	  not	  goes	  along	  with	  a	  significant	  decrease	  of	  proton	  conductivity.	  

Key	   to	   success	  was	   to	   use	   a	   hydrophilic	   polymer	  with	   a	   high	   IEC	   and	   a	   hydrophobic	  

polymer	  with	  a	  low	  number	  of	  basic	  groups.	  



	   11	  

In	  summary,	  this	  thesis	  provides	  insides	  into	  the	  charge	  carrier	  formation	  process,	  the	  

transport	  and	  microstructure	  of	  sulfonated	  polyelectrolytes	  by	  identifying	  the	  relevant	  

molecular	   interactions.	   Together	   with	   the	   superior	   mechanical	   properties	   of	   the	  

developed	   blend	   membranes,	   this	   work	   significantly	   contributes	   to	   solve	   the	   key	  

challenges	  for	  electrolytes	  in	  electrochemical	  application.	  
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Zusammenfassung	  

Polyelektrolyte	   bestehen	   aus	   einem	   Polymerrückgrat	   mit	   positiv	   oder	   negativ	  

geladenen,	   kovalent	   gebundenen	   Gruppen	   sowie	   deren	   Gegenionen.	   Eine	   spezielle	  

Klasse	  sind	  sulfonierte	  Polyelektrolyte,	  die	  vor	  allem	  Anwendung	  in	  elektrochemischen	  

Speichern	   finden	   und	   dort	   durch	   den	   Transport	   von	   verschiedenen	   Ionen	   die	  

Reaktionen	   zwischen	   den	   Elektroden	   vermitteln.	   Die	   Ionen	   können	   Protonen	   (H+)	   im	  

Fall	   von	   PEM-‐Brennstoffzellen	   oder	   Lithium-‐	   (Li+)	   bzw.	   Natrium-‐Ionen	   (Na+)	   für	  

verschiedene	  Batteriesysteme	  sein.	  Die	  größte	  Herausforderung	   für	  solche	  Elektrolyte	  

ist	   die	   Kombination	   von	   guten	   mechanischen	   Eigenschaften	   und	   einem	   hohen	  

Ionentransport	  zusammen	  mit	  einer	  hohen	  elektrochemischen	  Stabilität.	  

Die	   Ionenleitfähigkeit	   in	   Polyelektrolyten	   hängt	   von	   der	   Gegenwart	   kleiner	   polarer	  

Moleküle	   (Lösemittel)	   ab,	   die	   zur	   Dissoziation	   und	   Beweglichkeit	   der	   Gegenionen	  

führen.	  Vor	  allem	  die	  der	  Dissoziation	  zugrunde	  liegenden	  Mechanismen	  können	  nicht	  

allein	  unter	  Berücksichtigung	  von	  elektrostatischen	  Wechselwirkungen	   (Deby-‐Hückel-‐

Ansatz),	   wie	   z.B.	   in	   der	   Manning-‐Theorie,	   beschrieben	   werden.	   Spezifische	  

Wechselwirkungen	  zwischen	  Lösungsmittel,	   Ionen	  und	  Polymer	  sowie	  die	  molekulare	  

Konformation	  des	  Polymerrückgrats	  müssen	  zusätzlich	  berücksichtigt	  werden.	  Das	   ist	  

bereits	   eines	   der	   ersten	   Ergebnisse	   der	   vorliegenden	   Arbeit	   an	   sulfonierten	  

Polyelektrolyt-‐Modellsystemen	   mit	   verschiedene	   Kationen	   und	   Lösungsmitteln,	   die	  

durch	  experimentelle	  Befunde	  zusammen	  mit	  Simulationen	  gewonnen	  werden	  konnten.	  

Ganz	   konkret	   wurde	   das	   Dissoziationsverhalten	   von	   sulfonierten	   Polysulfonen	   durch	  

eine	   kombinierte	   elektrophoretische	   und	   gepulste	   Magnetfeldgradienten	   NMR	   sowie	  

mittels	   Ionen-‐Leitfähigkeit	   Messungen	   untersucht.	   Da	   die	   Ergebnisse	   aus	   den	   NMR-‐

Experimenten,	   vor	   allem	   aus	   der	   E-‐NMR,	   bei	  Weitem	   keine	   Standardmessungen	   sind,	  

jedoch	   von	   entscheidender	   Bedeutung	   für	   die	   Kernaussagen	   sind,	   wurden	   einige	  

kritischen	   Aspekte	   dieser	   NMR	   Technik	   im	   Detail	   untersucht.	   Die	   E-‐NMR	   ist	   im	  

Wesentlichen	   ein	   PFG-‐NMR-‐Experiment	   mit	   bis	   zu	   300	   V	   starkem,	   angelegten	  
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elektrischen	  Feld.	  Um	  chemische	  Zersetzung	  und	  andere	  störende	  Einflüsse	  durch	  die	  

hohen	   Felder	   zu	   vermeiden,	   wurde	   ein	   Messfenster	   bestimmt.	   Zusätzlich	   muss	  

berücksichtigt	   werden,	   dass	   Polymere	   eine	   Molmassenverteilung	   mit	  

niedermolekularen	   Fraktionen	   zeigen,	   die	   höhere	   Diffusionskoeffizienten	   und	  

Driftgeschwindigkeiten	  aufweisen.	  

Die	   Erhöhung	   der	   Konzentration	   an	   ionischen	   Gruppen	   auf	   dem	   Polymer	   führt	   zu	  

spezifischen	   Polyelektrolyt-‐Effekten.	   Das	   bedeutet:	   Die	   Dissoziation	   ist	   nicht	   mehr	  

vollständig	   und	   Wechselwirkungen	   zwischen	   Ionen	   und	   Lösungsmittel	   werden	  

wichtiger	  sowie	  Korrelationen	   in	  der	   Ionenbewegung	  tauchen	  auf.	  Die	  Ergebnisse	  von	  

MD-‐Simulationen	   zeigen	   einen	   sehr	   starken	   Einfluss	   der	   Polymerkonformation,	   der	  

Position	   der	   ionischen	   Gruppen	   auf	   dem	   Rückgrat	   und	   der	   chemischen	   Natur	   des	  

Lösungsmittels	  auf	  das	  Dissoziationsverhalten.	  Sobald	  die	  Dichte	  der	  ionischen	  Gruppen	  

(-‐SO3H)	   kleiner	   wird	   als	   die	   Bjerrum-‐Länge	   von	   Wasser,	   kommt	   es	   zur	  

Gegenionkondensation,	  die	  dann	  wiederum	  von	  Details	  der	  molekularen	  Struktur	  sowie	  

den	  zugänglichen	  Konformationen	  der	  Polymerkette	  abhängt.	  In	  diesem	  Bereich	  treten	  

bestimmte	  ionische	  Aggregate,	  wie	  z.B.	  Dreifachionen	  auf.	  	  

Die	   Erhöhung	   der	   Ionenaustauschkapazität	   (Abnahme	   des	   mittleren	   Abstands	   der	  

ionischen	  Gruppen)	  führt	  normalerwiese	  bei	  ionenleitenden	  Membranen	  zur	  Erhöhung	  

der	   ionischen	   Leitfähigkeit.	   Allerdings	   zeigen	   die	   erst	   kürzlich	   synthetisierten	  

Polysulfone	   mit	   octasulfonierten	   Einheiten	   (derzeit	   das	   Material	   mit	   der	   höchsten	  

bekannten	   IEC)	   ein	   anderes	   Verhalten.	   Die	   Erhöhung	   der	   Konzentration	   an	  

Sulfonsäuregruppen	   führt	   hier	   sogar	   zu	   einer	   Erniedrigung	   der	   Leitfähigkeit,	   was	  

Weiterentwicklung	  diese	  Materialien	  klar	  limitiert.	  

Eine	   unmittelbare	   Folge	   der	   Dissoziation	   in	   solchen	   Systemen	   ist	   das	   Auftreten	   von	  

ionischen	   Wechselwirkungen	   zwischen	   benachbarten	   Polymersträngen.	   Welche	   die	  

treibende	   Kraft	   hinter	   der	   Strukturbildung	   in	   Polyelektrolytmembranen	   auf	   der	  

Nanometerskala	  sind.	  Des	  Weiteren	  konnte	  ein	  Einfluss	  der	  Lösungsmittel,	  der	  Art	  der	  

Ionen	  und	  der	  Ionenaustauschkapazitäten	  auf	  die	  Strukturbildung	  gezeigt	  werden.	  

In	   einem	   zweiten	   Teil	   wurden	   Säure-‐Base-‐Wechselwirkungen	   zwischen	   Sulfonsäure	  

basierten	   Polyelektrolyten	   und	   schwach	   basisch	  modifizierten	   Polymeren	   ausgenutzt,	  
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um	   mechanisch	   stabile	   Blendmembranen	   zu	   erhalten.	   Die	   Eigenschaften	   der	   so	  

hergestellten	  Membranen	  wurden	   bezüglich	   Protonenleitfähigkeit,	  Mikrostruktur	   und	  

mechanischen	  Eigenschaften	  untersucht.	  Die	  Ergebnisse	  dieser	  Messungen	  zeigen,	  dass	  

die	   Polymerblends	  das	   erste	  Beispiele	   überhaupt	   sind,	   bei	   dem	  die	  Verbesserung	  der	  

mechanischen	   Eigenschaften	   kaum	   die	   Protonenleitfähigkeit	   reduziert.	   Schlüssel	   zum	  

Erfolg	  war	  die	  Verwendung	  von	  hydrophilen	  Polymeren	  mit	  hohem	   IEC	  und	   schwach	  

basisch	  modifizierten	  hydrophoben	  Polymeren.	  

Zusammenfassend	   zeichnet	   die	   vorliegende	   Arbeit	   ein	   recht	   vollständiges	   Bild	   der	  

Ladungsträgerbildung,	  des	  Transports	  und	  der	  Mikrostrukturbildung	  von	  sulfonierten	  

Polyelektrolyten	   und	   identifiziert	   alle	   relevanten	   molekularen	   Wechselwirkungen.	   In	  

Anbetracht	   der	   hervorragenden	   mechanischen	   Eigenschaften	   der	   entwickelten	  

Polymermembranen	   liefert	   diese	   Arbeit	   einen	   Beitrag	   zu	   Verbesserung	   der	   zentralen	  

Herausforderungen	  für	  Elektrolyte	  in	  elektrochemischen	  Anwendungen.	  
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Chapter	  1	  	  

Introduction	  and	  motivation	  

1.1 General	  aspects	  

Charged	  polymers	  appear	  all	  over	  nature	  and	  technology,	  often	  in	  solutions	  or	  swellable	  

solids.	  These	  polymers	  are	  commonly	  named	   ionomers	  or	  polyelectrolytes,	  depending	  

on	   the	   concentration	   of	   ionic	   or	   ionizable	   groups	   attached	   to	   the	   polymerbackbone	  

(Figure	   1).[1]	   The	   term	   polyelectrolyte	   (i.e.	   polymerized	   electrolyte)	   describes	   the	  

unique	   combination	  of	   salt	   and	  macromolecular	   like	   behavior.	  Based	  on	   the	   chemical	  

structure,	  they	  are	  classified	  as	  polyanions,	  consisting	  of	  a	  negatively	  charged	  polymeric	  

backbone	  with	  positively	  charged	  counterions,	  or	  vice	  versa	  as	  polycations.	  	  

	  	  	  	   	  

Figure	  1:	  Schematic	  representation	  of	  an	  ionomer	  with	  a	  small	  number	  of	  functional	  groups	  and	  a	  polyelectrolyte	  
with	  a	  substantial	  number	  of	  functional	  groups.	  Polymerbackbone	  (black),	  fixed	  anionic	  group	  (blue)	  and	  counterion	  
(red).	  	  

	  

Several	   electrochemical	   conversion	   and	   storage	   systems	   rely	   on	   the	   excellent	   ion	  

conducting	  properties	  of	  such	  ionomers	  or	  polyelectrolytes	  as	  separator	  and	  electrolyte	  

material.[2]	  Depending	  on	  the	  application	  the	  mobile	  counterion	  can	  vary	  from	  protons	  

or	  hydroxide	   ions	   in	   the	   case	  of	  polymer-‐electrolyte-‐membrane	   (PEM)	   fuel	   cells	   (FC),	  

Li+	   in	   lithium-‐ion/-‐oxygen	  batteries,	   to	  non-‐electrochemically	   active	   anions	  or	   cations	  
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for	   redox-‐flow	   batteries.	   In	   the	   solid	   phase,	   the	   counterions	   are	   effectively	   immobile	  

since	   they	  are	   condensed	   to	   the	   fixed	   ionic	   groups.	  Therefore,	   high	   ionic	   conductivity	  

depends	   on	   the	   presence	   of	   small	   polar	   (solvent)	   molecules	   to	   ensure	   efficient	  

dissociation	  and	  mobility	  of	  the	  counterions.	  

The	  key	  challenge	  for	  all	  electrolytes	  in	  electrochemical	  applications	  is	  the	  combination	  

of	  good	  mechanical	  properties	  and	  high	  (sometimes	  selective)	  ion	  transport.	  [3]	  In	  light	  of	  

this	  challenge,	  polyelectrolytes	  offer	  several	  advantages	  over	  classical	  salt-‐solutions	  or	  

polymer	  electrolytes,	   such	  as	   the	   covalent	  attachment	  of	   either	  anion	  or	   cation	   to	   the	  

polymerbackbone	   resulting	   in	   only	   one	   kind	   of	   mobile	   charge	   carrier;	   often	   these	  

materials	   are	   termed	   single-‐ion	   conductors.[4][5]	   In	   addition	   polyelectrolytes	  

intrinsically	   offer	   a	   pronounced	   mechanical	   strength	   due	   to	   their	   macromolecular	  

nature.	   However,	   there	   is	   a	   lack	   of	   understanding	   how	  microscopic	   features	   such	   as	  

chemical	   structure,	   specific	   interactions	   or	   microconformation	   determine	   the	  

macroscopic	  transport	  and	  mechanical	  properties.	  	  

In	  the	  following	  the	  principle	  of	  two	  of	  these	  applications,	  a	  PEM-‐FC	  and	  a	  lithium-‐ion	  

battery	   are	   given	  with	   a	   special	   focus	  on	   role	   and	  development	  of	  polyelectrolytes	   as	  

well	  as	  the	  studied	  specific	  class	  of	  materials	  is	  introduced	  and	  a	  detailed	  motivation	  of	  

this	  work	  is	  given	  at	  the	  end	  of	  this	  chapter.	  	  

	  

1.2 PEM	  fuel	  cell	  

A	  fuel	  cell	  is	  an	  electrochemical	  device	  that	  converts	  chemical	  into	  electrical	  energy.	  The	  

commercialization	  of	  PEM	  FCs	  as	  power	  sources	   for	  cars	   is	  about	  to	  start	   this	  year,	  at	  

least	  in	  small	  automotive	  series	  productions	  of	  Toyota[6]	  and	  Daimler[7].	  In	  this	  type	  of	  

fuel	  cell,	  a	  polymer	  membrane	  is	  placed	  between	  two	  porous	  carbon	  electrodes	  loaded	  

with	  platinum	  (Figure	  2).	  The	  electrochemical	  reactions	   taking	  place	  at	   the	  electrodes	  

are:	  

Cathode:	  	   ½O2	  +	  2	  H+	  +	   2e-‐	  →	  H2O	  

Anode:	  	   H2	  →	  2H+	  +	  2e−	  	  
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Overall:	  	   H2	  +	  ½O2	  →	  H2O	  	  

	  

Figure	  2:	  Schematic	  of	  a	  PEM-‐fuel	  cell	  with	  platinum	  on	  carbon	  electrodes.	  The	  membrane	  (orange)	  separate	  the	  
electrodes	  and	  mediate	  the	  electrochemical	  reactions	  by	  conducting	  protons.	  

	  

One	  of	  the	  most	  critical	  components	  in	  such	  an	  FC	  is	  the	  proton	  conducting	  membrane	  

which	  is	  required	  to	  conduct	  protons	  while	  being	  impermeable	  to	  gases	  and	  electrically	  

insulating.	   State	   of	   the	   art	   membrane	   materials	   are	   perfluorosulfonic	   acid	   polymers	  

with	  Nafion®	  as	  the	  most	  prominent	  member	  of	  this	  family.[8][9]	  This	  material,	  actually	  

developed	   for	   the	   chlor-‐alkali	   electrolysis	   about	   60	   years	   ago,	   unfortunately	   shows	  

severe	  drawbacks	   in	   active	   fuel	   cells,	   such	   as	  mechanical	   failure	   at	   high	   temperature,	  

inefficient	  proton	  conductivity	  at	  low	  degrees	  of	  hydration	  as	  well	  as	  high	  cost.	  	  

These	   issues	   prompted	   the	   development	   of	   various	   alternatives	   mainly	   based	   on	  

fluorine	   free	   super-‐acidic	   sulfonated	   aromatic	   hydrocarbon	   ionomers	   and	  

polyelectrolytes.	  A	  number	  of	  different	  synthetic	  strategies	  towards	  these	  materials	  are	  

known:	   statistical	   post-‐sulfonation	   of	   polymers[10],	   polymerization	   of	   pre-‐sulfonated	  

monomers[11][12],	   sulfonation	  of	   radiation-‐grafted	   films	   [13]	  and	  more	  sophisticated	  

block	  synthesizes	  [14],[15],[16](e.g.	  block-‐copolymers	  and	  microblocks).	  An	  important	  

finding	  during	   this	  development	  was	   the	  benefit	  of	  a	  high	   local	   concentration	  of	   ionic	  

groups	   on	   the	   transport	   properties.	   Therefore	   one	   of	   the	  main	   current	   trends	   in	   the	  
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PEM	   FC	   community	   is	   to	   locally	   increase	   the	   concentration	   of	   ionic	   groups	   on	   the	  

polymerbackbone	   i.e.	   going	   from	   ionomers	   to	   polyelectrolytes.[2][17]	   Most	   of	   these	  

materials	   already	   show	   good	   or	   excellent	   ion	   conducting	   properties	   in	   the	   hydrated	  

state	   but	   very	   poor	   mechanical	   properties,	   such	   as	   brittleness	   in	   the	   dry	   state	   and	  

extensive	   swelling	   or	   dissolution	   in	   the	   wet	   state.	   Besides	   the	   improvement	   of	  

mechanical	  properties	  the	  understanding	  of	  the	  physicochemical	  conductivity	  limits	  of	  

such	   sulfonic	   acid	   based	   systems	   is	   of	   particular	   interest	   not	   only	   for	   a	   fundamental	  

understanding	  but	  also	  for	  future	  materials	  developments.	  	  

	  

1.3 Lithium-‐ion	  battery	  

The	   principle	   of	   the	   lithium-‐ion	   battery	   is	   based	   on	   the	   reversible	   insertion	   and	  

extraction	   of	   lithium	   ions	   in	   and	   out	   of	   the	   electrode	   materials.	   The	   role	   of	   the	  

electrolyte	   is	   to	   mediate	   the	   electrochemical	   reactions	   taking	   place	   at	   the	   electrode	  

interfaces	  via	  the	  conduction	  of	  lithium-‐ions.[18]	  

	  

Figure	  3:	  Schematic	  of	  a	  lithium-‐ion	  battery	  with	  negative	  graphite	  and	  positive	  LiMO2	  electrodes.	  Electrolytes	  
(orange)	  separate	  the	  electrodes.	  
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The	  reactions	  at	  the	  electrodes	  (discharge)	  in	  a	  conventional	  lithium-‐ion	  battery	  (Figure	  

3)	  made	  from	  a	  carbon	  anode	  and	  a	  metal	  oxide	  cathode	  are:	  

Anode:	  	   LixC6	  →	  xLi+	  +	  xe−	  +	  C6	  	  

Cathode:	  	   xLi++xe-‐	  +	  LiyMO2	  →	  Lix+yMO2	  

	  

The	   commonly	   used	   electrolytes	   are	   aprotic,	   carbonate	   based	   solvents	   with	   high	  

lithium-‐salt	   concentrations.	   Aqueous	   and	   protic	   electrolytes	   are	   not	   suitable	   due	   to	  

their	  reaction	  with	  the	  electrodes	  causing	  immediate	  decomposition.	  [19]	  While	  aprotic	  

electrolytes	   also	   do	   not	   show	   an	   intrinsically	   thermodynamic	   stability,	   they	   are	  

kinetically	  stabilized	  e.g.	  by	  the	  formation	  of	  protective	  layers	  on	  the	  electrodes.	  Apart	  

from	  stability	   issues	  also	   transport	  aspects	  have	   to	  be	  considered,	   i.e.	   the	  presence	  of	  

contact	   ion	   pairs	   and	   higher	   aggregates	   lead	   to	   correlations	   in	   the	   ionic	  motion.[20]	  

Polyelectrolytes	  offer	  a	  significant	  advantage	  in	  this	  regard	  as	  the	  fixed	  anionic	  groups	  

(Figure	  4)	  only	  allow	  the	  cations	  to	  diffuse,	  corresponding	  to	  in	  a	  transference	  number	  

of	   t+	   =	   1.	   In	   contrast	   to	   conventional	   salt-‐containing	   electrolytes,	   no	   significant	  

concentration	   polarization	   (anion	   accumulation	   close	   to	   the	   electrode	   over	   time)	   and	  

associated	  decreasing	  electrical	  performance	  is	  expected	  in	  battery	  application.	  	  

	  

	  

Figure	  4:	  Schematic	  representation	  of	  immobilized	  anions.	  Polymer	  (black),	  anion	  (blue)	  and	  cation	  (red).	  	  

	  

Polyelectrolytes	   are	   a	   rather	   new	   class	   of	   electrolytes	   for	   battery	   applications	   and	   in	  

contrast	  to	  the	  protonic	  form,	  little	  is	  known	  about	  the	  properties	  of	  such	  materials	  in	  

lithium	   (sodium)	   form	   especially	   in	   aprotic	   and	   apolar	   solvents.	   A	   recent	   study	   on	  

lithium	  exchanged	  sulfonated	  poly(phenylen	  sulfones)	  showed	  single	  ion	  conductivities	  
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of	  more	   than	  𝜎	   =	   1	  mS	   cm-‐1	  with	   dimethylsulfoxide	   as	   solvent.[5]	   The	   approach	  was	  

based	   on	   ionomers	   and	   polyelectrolytes	   originally	   developed	   for	   PEM	   fuel	   cell	  

applications	  having	  highly	  acidic	   sulfonic	  acid	  groups.	   It	  was	   realized	   that	   the	  kind	  of	  

solvents	   is	   critical	   to	   obtain	   efficient	   dissociation,	   but	   there	   is	   still	   no	   clear	  

understanding	  of	  what	  are	  the	   important	  parameter	  and	   interaction	  between	  solvents	  

and	  polyelectrolyte.	  	  

	  

1.4 Motivation	  

The	   transport	   and	   structure	   formation	   of	   polyelectrolytes	   is	   influenced	   by	   a	   complex	  

relationship	  of	   short-‐range	  and	   long-‐range	   interactions.	  A	   fundamental	  understanding	  

of	   the	   underlying	   mechanisms	   and	   identifying	   the	   relevant	   interactions	   is	   of	   high	  

importance.	   Current	   theoretical	   descriptions	   of	   polyelectrolyte	   systems	   rely	   only	   on	  

simple	   electrostatic	   considerations	   and	   do	   not	   include	   influences	   of	   molecular	  

conformations	  and	  short-‐range	  specific	  chemical	  interactions	  between	  solvent,	  polymer	  

and	  counterion.	  	  

Aim	   of	   this	  work	  was	   to	   identify	   and	   explore	   the	   effects	   of	   these	   interactions	   on	   the	  

charge	   carrier	   formation,	   the	   mobility	   and	   the	   microstructure	   on	   a	   class	   of	  

polyelectrolytes	   based	   on	   different	   sulfonated	   poly(phenylen	   sulfones)	   (Figure	   5).	  

Especially	   the	   influence	   of	   the	   kind	   of	   solvents,	   counterion	   and	   local	   ion	   density	   is	  

studied	  using	  a	   combined	  approach	  of	   experimental	   techniques	   (mainly	  PFG-‐/E-‐NMR,	  

EIS	  and	  SAXS)	  and	  simulations	  (in	  collaboration	  with	  the	  University	  of	  Stuttgart).	  	  

Additional	  efforts	  were	  made	  to	  improve	  the	  mechanical	  properties	  of	  highly	  sulfonated	  

poly(phenylen	   sulfones)	   using	   a	   novel	   acid-‐base	   blending	   concept.	   The	   influences	   of	  

blending	  a	  weak	  basic	  modified	  polymer	  with	  a	  highly	  acidic	  polymer	  are	  studied	  with	  a	  

special	  focus	  on	  mechanical	  stability	  under	  different	  conditions	  (relative	  humidity	  and	  

temperature).	   Finally,	   all	   findings	   are	   discussed	   in	   context	   of	   the	   key	   challenges	   for	  

separator	  materials	  in	  fuel	  cell	  and	  battery	  applications.	  
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1.5 Materials	  background	  

The	  here	   investigated	  class	  of	  polyelectrolytes	   is	  based	  on	  sulfonic	  acid	   functionalized	  

polysulfones.	  In	  principle	  two	  main	  synthetic	  routs	  to	  obtain	  such	  materials	  are	  known:	  

postsulfonation	  of	  poly(arylenes)	  or	  the	  polymerization	  of	  pre-‐sulfonated	  units[10].	  The	  

first	  approach	  allows	  only	  for	  low	  degrees	  of	  functionalization	  up	  to	  an	  IEC	  of	  1.8	  -‐	  2.4	  

meq	  g-‐1	  and	  the	  electrophilic	  substitution	  of	  electron-‐poor	  poly(arylenes)	   is	  extremely	  

difficult	  [20].	  However,	  the	  latter	  approach	  e.g.	  realized	  by	  a	  polycondensation	  reaction	  

made	  it	  possible	  to	  obtain	  a	  material	  with	  each	  phenylene	  ring	  of	  the	  backbone	  mono-‐

sulfonated	   and	   exclusively	   connected	   by	   electron-‐withdrawing	   sulfone	   linkages,	  

resulting	  in	  extremely	  high	  IECs	  up	  to	  4.55	  meq	  g-‐1.[12]	  The	  maximum	  functionalization	  

using	   this	   strategy	   is	   limited	   to	   monosubtituted	   phenyl	   rings,	   as	   still	   conventional	  

sulfonation	   procedures	   e.g.,	   sulfuric	   acid	   or	   chlorosulfonic	   acid,	   are	   used	   to	   form	   the	  

sulfonated	  monomer.	  As	  we	  will	  see	  later,	  (in	  close	  collaboration	  with	  MPI	  for	  polymer	  

research	   and	   Lund	  University)	   it	  was	   recently	   even	   possible	   to	   synthesize	   a	   polymer	  

having	  four	  sulfonic	  acid	  groups	  on	  a	  single	  phenyl	  ring.	  Key	  to	  success	  was	  to	  form	  the	  

C-‐S	   bonds	   with	   an	   efficient	   substitution	   reaction	   in	   which	   highly	   activated	   fluorine	  

atoms	  are	  displaced	  by	  strongly	  nucleophilic	  thiolate	  anions	  and	  subsequently	  oxidized	  

to	  form	  the	  sulfonic	  acid	  groups.[22]	  

	  

Figure	  5:	  Basic	  unit	  of	   in	  this	  thesis	   investigated	  polyelectrolytes.	  A	  poly(phenylen	  sulfone)	  backbone	  with	  sulfonic	  

acid	  group	  attached	  to	  the	  phenyl	  ring.	  

	  

The	   simple	   architecture	   of	   sulfonated	   poly(phenlyen	   sulfones)	   (Figure	   5)	   allows	   for	  

different	  local	  ion	  densities,	  polymerization	  degrees	  and	  positioning	  of	  the	  sulfonic	  acid	  

groups,	   therefore	   making	   it	   an	   ideal	   model.	   Furthermore,	   the	   extremely	   electron-‐
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deficient	  aromatic	  rings	  make	  the	  attached	  sulfonic	  acid	  groups	  very	  acidic	  and	  lead	  to	  

high	   thermal,	   oxidative	   and	   hydrolytic	   stabilities	  when	   compared	   to	   other	   sulfonated	  

poly(arylene)s.[10]	  
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Chapter	  2	  	  

Theoretical	  background	  

In	  the	   following	  some	  background	  for	  the	  understanding	  of	   the	  results	  and	  discussion	  

part	   is	   presented.	   This	   includes	   a	   detailed	   description	   of	   the	   relevant	   interactions	  

between	  solvent	  and	  ions	  in	  liquid	  electrolytes	  and	  polyelectrolyte	  solutions.	  

	  

2.1 Liquid	  salt	  electrolytes	  	  
Liquid	  electrolytes	  are	  used	  for	  many	  electrochemical	  applications.	  The	  ion-‐conducting	  

solutions	  comprise	  salts	   in	  solvents,	  which	  can	  vary	  from	  aqueous	  to	  nonaqueous	  and	  

from	   polar	   to	   unpolar.	   Generally	   a	   salt	   MX	   will	   dissolve	   in	   a	   solvent	   forming	   ions,	  

according	  to	  the	  dissociation	  reaction:	  

MX(!)     ⇌       M(!"#$)
!   +   X(!"#$)!   

The	  dissolution	  process	  of	   ions	   is	  very	  complex	  and	   the	  dissociation	   is	   far	   from	  being	  

complete.	  Especially	  in	  organic	  solvents[23],	  as	  we	  will	  see	  later,	  a	  high	  concentration	  of	  

free	   ions	   is	   one	   of	   the	   keys	   to	   obtain	   high	   ionic	   conductivity	   in	   electrolytes[24].	  

Therefore	   the	   main	   interactions	   between	   solvents	   and	   ions	   driving	   dissociation	   are	  

introduced	  in	  this	  chapter.	  They	  can	  be	  divided	  into	  short	  range,	  long	  range	  and	  specific	  

chemical	  interactions.	  	  

	  

2.1.1 Electrostatic	  interactions	  

The	   Coulomb	   interactions	   between	   charged	   particles	   occur	   over	   comparatively	   long	  

distances.	   The	   potential	   energy	   U(r)	   between	   two	   charged	   particles	   with	   charge	  

numbers	  z1	  and	  z2	  separated	  by	  a	  distance	  r	  is	  described	  by	  the	  the	  Coulomb	  law[25]:	  
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𝑈 𝑟 =   
𝑒  !

4𝜋𝜀!𝜀!
𝑧!𝑧!
𝑟 	  

where	   e	   is	   the	   elementary	   charge	   𝜀!	   is	   the	   vacuum	   permittivity	   and	   𝜀! 	   the	   dielectric	  

constant	   of	   the	   solvents.	   In	   1923	   Debye	   and	   Hückel	   developed	   a	   theory[26]with	   the	  

basic	  idea	  that	  the	  ions,	  since	  they	  are	  free	  to	  move	  in	  the	  solution,	  will	  arrange	  in	  such	  a	  

way	   as	   to	   lower	   the	   potential	   energy.	   Thus,	   an	   ion	   of	   a	   charge	   z	   will	   always	   be	  

surrounded	  by	  a	  higher	  than	  average	  density	  of	  ions	  of	  the	  opposite	  charge	  (see	  Figure	  

2.1).	  The	  enhanced	  local	  density	  of	  opposite	  charges	  will	  lead	  to	  a	  partly	  neutralization	  

of	  ions.	  

	  

	  

Figure	  2.1:	  Charge	  distribution	  in	  solution.	  

	  

The	   Debye-‐Hückel	   theory	   gives	   the	   correct	   Coulomb	   screening	   on	   long-‐length	   scales	  

with	  several	  assumptions:	  	  

• Salts	  are	  completely	  dissociated	  into	  ions.	  

• Ionic	  interactions	  are	  described	  by	  the	  Coulomb	  law.	  

• Solvents	  are	  treated	  as	  continuous	  dielectric	  medium.	  

	  

Especially	   the	   treatment	   of	   the	   solvent	   as	   continuum	   neglects	   important	   ion-‐solvent	  

interactions.	  Additional	   to	   intermolecular	   forces	   (e.g.	  Waals	   forces)	   other	   short	   range	  
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interactions	   between	   ions	   and	   neutral	   molecules	   have	   to	   be	   discussed	   for	   a	   more	  

accurate	  description	  of	  an	  electrolytes.	  	  

	  

2.1.2 Short	  range	  interactions	  

Ion-‐dipole	  forces	  

Solvent	  molecules	  with	   unsymmetrical	   charge	   distribution	   (polar	   solvents)	   possess	   a	  

permanent	  dipole	  moment	  𝜇! .	  Such	  permanent	  dipoles	  orient	  themselves	  with	  respect	  

to	   an	   ion	   in	  order	   to	  minimize	   the	  potential	   energy.	  The	  attractive	  end	  of	   the	   solvent	  

directs	  toward	  the	  ion	  and	  the	  repulsive	  end	  orients	  itself	  away	  from	  the	  ion.	  The	  ion-‐

dipole	  interaction	  energy	  U	  is	  given	  by	  

𝑈!"#!!"#$! = −
1

4𝜋 ∙ 𝜀!
𝑧 ∙ 𝑒 ∙ 𝜇! ∙ 𝑐𝑜𝑠𝜃

𝑟!   

where	  𝜀!	  is	  the	  permittivity	  of	  a	  vacuum,	  z	  .	  e	  the	  charge	  on	  the	  ion,	  r	  the	  distance	  from	  

the	   ion	   to	   the	   center	   of	   the	   dipole,	   and	  𝜃	   the	   angle	   between	   ion	   and	   the	   dipole.	   This	  

interaction	  mainly	  occurs	  in	  the	  solvation	  shell	  of	  an	  ion.	  

Dipole-‐dipole	  forces	  

Solvent	  molecules	  with	  permanent	  dipole	  moments	  not	  only	  interact	  with	  the	  ions	  but	  

also	  with	  each	  other.	  The	  positive	  side	  of	  a	  polar	  molecule	  attracts	  the	  negative	  side	  of	  

another	   polar	   molecule.	   This	   dipole-‐dipole	   orientation	   is	   strongly	   temperature	  

dependent	  and	  is	  described	  by	  

𝑈!"#$%!!"#$% = −
1

4𝜋 ∙ 𝜀! !
2𝜇!!! ∙ 𝜇!!!

3𝑘! ∙ 𝑇 ∙ 𝑟!
	  

where	  kB	  is	  the	  Boltzmann	  constant,	  and	  T	  is	  the	  absolute	  temperature.	  The	  appearance	  

of	  such	  an	  interaction	  is	  mainly	  limited	  to	  solvents	  only.	  	  
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Dipole-‐induced	  dipole	  forces	  

A	  solvent	  with	  permanent	  dipole	  moment	  can	   induce	  a	  dipole	  moment	   in	  neighboring	  

solvent	   molecules.	   The	   magnitude	   of	   the	   induced	   dipole	   moment	   depends	   on	   the	  

polarizability	  𝛼! 	  of	  the	  solvents	  and	  is	  defined	  as	  

𝜇!"#$%&# = 4𝜋 ∙ 𝜀! ∙ 𝛼! ∙ 𝐸	  

with	   E	   as	   the	   electric	   field	   strength.	   The	   induced	   moment	   directs	   along	   the	   dipole	  

moment.	  The	  energy	  of	  dipole-‐induced	  dipole	  interaction	  U	  between	  solvent	  molecules	  

is	  given	  by	  the	  following	  equation	  

𝑈!"#$%&!!!"#$%"  !"#$%& =   
1

4𝜋 ∙ 𝜀! !
𝛼!! ∙ 𝜇!!! + 𝛼!! ∙ 𝜇!!!

𝑟!   

Ion-‐induced	  dipole	  forces	  

In	  addition	  to	  the	  solvent	  induced	  dipole	  moment,	  there	  also	  can	  be	  an	  induced	  solvent	  

polarization	   by	   ions	   in	   the	   electrolyte.	   The	   magnitude	   of	   the	   ion-‐solvent	   induced	  

polarization	  depends	  on	  the	  polarizability	  𝛼	  of	   the	  solvent	  molecules.	  The	  energy	  U	  of	  

ion-‐induced	  dipole	  interaction	  is	  	  

𝑈!"#!!"#$%&#  !"#$%& =   
1

4𝜋 ∙ 𝜀! !
𝑧! ∙ 𝑒! ∙ 𝛼
2𝑟!   

The	   importance	   of	   both	   the	   dipole-‐	   and	   ion-‐induced	   dipole	   Forces	   is	   limited	   to	  

situations	   such	   as	   mixtures	   of	   dipolar	   and	   nonpolar	   solvents	   or	   solutions	   of	   ionic	  

compounds	  in	  nonpolar	  solvents.	  

	  

2.1.3 Specific	  chemical	  interactions	  

Hydrogen	  bonding	  

Generally	  hydrogen	  bonding	   is	   the	  attraction	  of	  a	  covalently	  bound	  hydrogen	  atom	  to	  

another	   atom.[27]	   A	   hydrogen	   bond	   is	   a	   type	   of	   polar	   interaction	   with	   the	  

electropositive	   hydrogen	   atom	   located	   between	   two	   electronegative	   atoms.	   Such	   an	  

interaction	   occurs	   when	   a	   proton	   donor	   (electronegative	   atom	   with	   a	   covalent	  
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hydrogen	   bond)	   attracts	   a	   lone	   electron	   pair	   of	   an	   acceptor	   group,	   forming	   and	  

directional	  bond	  to	  the	  acceptor	  group.	  	  

The	  most	   important	   electron	   pair	   donors	   (hydrogen	   bond	   acceptors)	   are	   the	   oxygen	  

atoms	   in	   ethers,	   and	   carbonyl	   compounds,	   as	   well	   as	   nitrogen	   atoms,	   whereas	  

compounds	  with	  easy	  polarizable	  groups	  such	  as	  acid-‐,	  amino-‐,	  and	  amide	  groups	  are	  

the	  most	  important	  proton	  donors.	  The	  hydrogen	  bond	  formation	  can	  be	  regarded	  as	  a	  

first	  step	  in	  a	  Brönsted	  acid-‐base	  reaction,	  but	  the	  full	  transfer	  of	  the	  proton	  requires	  a	  

higher	  electronegativity	  difference	  between	  donor	  and	  acceptor	  groups.	  

	  

Electron	  donor-‐acceptor	  interactions	  

An	  electron	  pair	  donor-‐acceptor	  complex	   is	   formed	  between	  molecules	  with	  occupied	  

orbitals	  of	  high	  energy	  (donor)	  and	  molecules	  with	  unoccupied	  orbitals	  of	  sufficiently	  

low	  energy	  (acceptor).	  The	  strength	  of	  this	  interaction	  is	  typically	  referred	  to	  as	  Lewis	  

basicity	  (nucleophiles)	  or	  Lewis	  acidity	  (electrophiles).	  

Gutmann	   et	   al.	   have	   developed	   a	   semi-‐quantitative	   scale	   for	   the	   Lewis	   basicity	   (LB)	  

[28]and	   acidity	   (LA)[29]of	   solvents.	   The	   degree	   of	   nucleophilicity	   (LB)	   of	   solvents,	  

called	   the	   donor	   number	   (DN)	   is	   defined	   as	   the	   negative	   Δ𝐻	   value	   for	   1:1	   adduct	  

formation	   between	   the	   antimony	   pentachloride	   (SbCl5)	   and	   the	   solvent	   molecules	   in	  

question	   in	   a	   dilute	   solution	   of	   non-‐coordinating	   1,2-‐dichloroethane.	   A	   semi-‐

quantitative	   electron	   acceptor	   ability	   (accepting	   number,	   AN)	   for	   electrophilic	   (LA)	  

solvents	  has	  also	  been	  developed	  based	  on	  31P-‐NMR	  chemical	  shift	  of	  triethyphosphine	  

oxide	  (Et3P=O)	  in	  presence	  of	  the	  solvents	  in	  1,2-‐dichloroethane.	  The	  chemical	  shift	  for	  

n-‐hexane	   is	   as	   reference.	   The	   following	   table	   gives	   the	   DN,	   AN	   and	   the	   dielectric	  

constant	  ε	  for	  solvents	  investigated	  in	  this	  thesis:	  

	  

2.1.4 Solvation	  

The	  above	  described	   interactions	  between	   ions	  and	  solvent	  molecules	  are	   involved	   in	  

the	   thermodynamics	   of	   ion	   solvation.	   The	   free	   energy	   of	   solvation	   Δ𝐺!"#$%&'"(  is	   the	  
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change	   in	   Gibbs	   energy	  when	   an	   ion	   is	   transferred	   from	   vacuum	   into	   a	   solvent	   (see	  

Figure	  2.2).	  A	  salt	  will	  dissolve	  only	  if	  the	  stabilizing	  interactions	  of	  solvents	  in	  solution,	  

including	  entropic	  effects	  overcome	  the	  free	  energy	  of	  ions	  in	  the	  crystalline	  state.	  

	  

Table	  2.1:	  Solvent	  properties	  and	  chemical	  structure.[23]	  

solvents	  
chemical	  

structure	  

donor-‐

number	  (DN)	  

acceptor	  

number	  (AN)	  

dielectric	  	  

constant	  𝜺	  

water	   	   18	   54.8	   80.1	  

dimethylsulfoxide	  (DMSO)	  
	  

29.8	   19.3	   47.2	  

N,N-‐dimethyl-‐acetamide	  (DMAc)	  
	  

27.8	   13.6	   37.8	  

N-‐Methyl-‐2-‐pyrrolidone	  (NMP)	  

	  

27.3	   13.3	   32.2	  

propylene	  carbonate	  (PC)	  
	  

15.1	   18.3	   64.9	  

ethylene	  carbonate	  (EC)	  
	  

16.4	   -‐	   89.8	  

Chloroform	  

	  

0	   23.1	   2.2	  

	  

	  

Solvation	  number	  

The	  solvation	  number	  is	  the	  number	  of	  solvent	  molecules	  in	  the	  primary	  solvation	  shell	  

of	  the	   ion.	  The	  translational	  and	  rotational	  dynamic	  of	  solvating	  molecules	   is	  different	  

from	  those	   in	  bulk	  solution.	  According	  to	   the	  HSAB	  concept	  higher	  solvation	  numbers	  

are	   found	   for	  harder	   ions	   (small	   size)	   compared	   to	   softer	   ions	   (large	   size).	  The	  alkali	  
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metal-‐ions	   solvation	   number	   increases	   in	   the	   order	   (Cs+)	   <	   (Rb+)	   <	   (K+	   )	   <	   (Na+)	   <	  

(Li+).[31]	  

	  

Figure	  2.2:	  Born	  Haber	  cycle	  of	  dissolution.	  

	  

2.1.5 Ion	  pairing	  

The	   simple	   two	   state	   model	   of	   dissociation	   introduced	   in	   the	   beginning	   can	   be	  

expanded	   by	   including	   different	   intermediate	   states	   between	   the	   condensed	   and	  

dissociated	  state	  (see	  Figure	  2.3)	  as	  to	  obtain	  a	  more	  realistic	  picture.[30][31]	  Salts	  in	  

solution	  will	   form	  contact	   ion	  pairs	  without	  any	  solvent	  molecules	  between	  anion	  and	  

cation.	   Such	   a	   contact	   ion	   pair	   possesses	   an	   electric	   dipole	  moment	   and	   has	   a	   joined	  

solvation	  shell	  for	  both	  ions.	  

	  

Figure	  2.3:	  Schematic	  representation	  from	  left	  to	  right	  of	  a	  solvated	  contact	  ion	  pair,	  a	  solvent-‐shared	  ion	  pair	  and	  a	  
solvent-‐separated	  ion	  pair	  and	  solvated	  dissociated	  ions.	  
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In	  the	  next	  step	  the	   ion	  pair	   is	  separated	  by	  only	  one	  solvent	  molecule	  and	   is	  called	  a	  

solvent	   shared	   ion	   pair.	   In	   such	   a	   solvent-‐shared	   ion	   pair,	   the	   two	   ions	   already	   have	  

their	   own	   primary	   solvation	   shells	   with	   some	   overlap.	   Further	   dissociation	   leads	   to	  

solvent	   separated	   ion	  pairs	  with	  a	  primary	  solvation	  shell	   for	  each	   ion	  separately	  but	  

the	  two	  ions	  are	  still	  close	  to	  each	  other.	  By	  further	  increasing	  the	  spatial	  separation	  the	  

ions	  are	  completely	  dissociated.	  All	  this	  intermediate	  states	  may	  appear	  in	  electrolytes	  

at	  the	  same	  time	  and	  depend	  on	  the	  solvation	  ability	  of	  the	  solvent.	  	  

	  

2.2 Polyelectrolytes	  	  
Just	  as	  the	  properties	  of	  salt	  solution	  also	  polyelectrolyte	  solutions	  are	  governed	  by	  an	  

intricate	  balance	  of	   interactions	  on	  different	   length	   scales	   but	   additionally	  dependent	  

on	  the	  polymer	  chain	  properties.	  The	  macro-‐ions	  in	  polyelectrolyte	  solutions	  show	  both	  

intramolecular	   and	   intermolecular	   interactions.	   This	   makes	   the	   description	   of	  

polyelectrolyte	  systems	  very	  complex	  and	  the	  main	  reason	  why	  theoretical	  models	  are	  

less	  developed	  than	  for	  salt	  solutions.	  	  

	  

2.2.1 Counterion	  condensation	  theory	  

In	   1969	   Manning	   introduced	   the	   concept	   of	   counterion	   condensation[32][33][34],	  

which	  still	  is	  the	  most	  often	  used	  model	  to	  describe	  the	  interaction	  of	  polyions	  and	  their	  

counterions	  in	  solution.	  The	  model	  assumes	  the	  polyion	  to	  be	  an	  infinitely	  long	  rigid	  rod	  

with	   equally	   spaced	   charges.	   The	   counterions	   are	   either	   electrostatically	  

bound/condensed	  to	  the	  polyelectrolyte	  backbone	  or	  unbound/free.	  

For	   a	   quantification	   of	   counterion	   condensation	   the	   electrostatic	   screening	   length	  

(Bjerrum	  length	  λB)	  is	  introduced:	  

𝜆! =
𝑒!

4𝜋 ∙ 𝜀! ∙ 𝜀 ∙ 𝑘𝑇
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The	  Bjerrum	   length	  λB	   is	   a	   function	  of	   the	   solvent	  permittivity	   and	  gives	   the	  distance	  

between	  two	  charges,	  at	  which	  the	  electrostatic	  energy	  equals	  thermal	  energy	  kT.	  The	  

ratio	  of	  Bjerrum	  length	  and	  charge	  spacing	  b,	  gives	  the	  so-‐called	  Manning	  parameter	  𝜉!:	  

𝜉! =
𝜆!
𝑏 	  

Evaluation	   of	   the	   populations	   of	   condensed	   and	   free	   counterions	   then	   leads	   to	   the	  

simple	  finding	  that	  𝜉! 	  correlates	  to	  the	  fraction	  of	  condensed	  counterions.	  Counterion	  

condensation	   is	   expected	   to	  occur	   for	  𝜉! 	   ≥	  1	   (see	  Figure	  2.4).	  Usually,	   the	   fraction	  of	  

condensed	  counterions	  𝑓! 	  is	  expressed	  as:	  

𝑓! = 1−
1
𝜉	  

	  

	  

Figure	  2.4:	  Schematic	  illustration	  of	  the	  concept	  of	  Manning	  counterion	  condensation	  for	  different	  charge	  spacing	  b,	  
black	  line	  represents	  a	  still	  linear	  polyelectrolyte	  with	  positive	  charges.	  

	  

In	   recent	   years	   further	   developments	   of	   the	   theoretic	   description	   of	   dissociation	   in	  

polyelectrolytes	   have	   been	  made.	   For	   example,	   the	   cylindrical	   cell	   model	   or	   charged	  

cylindrical	  cell	  model[35][36]	  uses	  a	  cylindrical	  volume	  around	  the	  polyelectrolytes	  in	  

which	  counterions	  are	  distributed.	  Another	  prominent	  theory	  developed	  by	  Mutukumar	  

[37]	   even	   allows	   for	   flexible	   polyelectrolyte	   backbones.	   However,	   these	   theories	  

entirely	   treat	   the	   surrounding	   solvents	   as	   countinous	   medium	   and	   only	   interactions	  

within	   the	  Debye-‐Hückel	   theory	   are	   considered.	   Furthermore	   all	  models	   only	   rely	   on	  
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single	   chains	   without	   the	   possibility	   of	   intermolecular	   interactions.	   But	   despite	   all	  

assumptions	  made	  in	  Mannings	  counterion	  condensation	  theory	  this	  simple	  approach	  is	  

still	  the	  most	  successfully	  concept	  to	  estimate	  dissociation	  in	  diluted	  polyelectrolytes.	  	  

	  

2.2.2 Microconformation	  and	  microstructure	  	  

The	   complex	   interplay	   of	   different	   interactions	   in	   polyelectrolyte	   solutions	   (e.g.	   van-‐

der-‐Waals	  forces,	  ionic,	  steric	  and	  dipole-‐dipole	  interactions	  within	  the	  polymer	  as	  well	  

as	  to	  the	  surrounding	  solvents)	  leads	  to	  a	  structural	  organization	  of	  the	  polymer	  chains.	  

Specific	   stable	   local	   conformations,	   also	   called	  microconformations	   lead	   to	   preferred	  

structural	  organization	  of	  single	  polymer	  chains	  into	  coil	  or	  coil-‐like	  shape.[38]	  

At	   high	   concentration	   or	   in	   the	   solid	   form	   not	   only	   intramolecular	   but	   additional	  

intermolecular	  interactions	  between	  different	  polymer	  chains	  need	  to	  be	  considered	  as	  

well.	  For	  example	  in	  the	  membrane	  form,	  most	  polyelectrolytes	  show	  a	  microstructural	  

separation	   between	   the	   polymer	   and	   the	   solvent	   phase.[39]	   Both	   the	  

microconformation	  and	   the	  microstructure	  of	  polyelectrolytes	   influence	   the	   transport	  

of	  solvents	  and	  ions	  as	  well	  as	  the	  mechanical	  properties.	  	  

	   	  



	   35	  

	  

	  

Chapter	  3	  	  

Experimental	  background	  

The	   following	   chapter	   gives	   information	   for	   the	   understanding	   of	   the	   main	  

characterization	   techniques:	   pulsed	   field	   gradient	   NMR,	   electrophoretic	   NMR	   and	  

impedance	  spectroscopy.	  All	  experimental	  details	  are	  given	  in	  the	  appendix	  at	  the	  end	  

of	  this	  thesis.	  	  

	  

3.1 Impedance	  spectroscopy	  

The	   complex	   AC-‐Impedance	   spectroscopy	   (IS)	   is	   one	   of	   the	   standard	   techniques	   in	  

determine	  electrical	  and	  ionic	  conductivities	  in	  the	  solid	  and	  the	  liquid	  phase,	  since	  the	  

use	   of	   alternating	   currents	   (AC)	   overcomes	   all	   problems	   related	   to	   concentration	  

polarization	  and	  stability	  effects	  at	  the	  electrodes	  present	  in	  direct	  current	  experiments.	  

[40][41]	   The	   IS	   measurements	   can	   be	   done	   non-‐destructively	   and	   close	   to	   the	  

thermodynamic	   equilibrium.	   Classical	   direct	   current	   measurements	   only	   reveal	   an	  

effective	  overall	  resistance	  while	  frequency	  dependent	  measurements	  often	  give	  more	  

detailed	   information	   on	   specific	   processes.	   For	   example	   the	   influence	   of	   the	  

electrode/electrolyte	  interface	  can	  be	  separated	  from	  the	  electrolyte	  properties.	  	  

In	   an	   AC-‐IS	   experiment	   the	   current	   response	   I	   on	   a	   sinusoidal	   applied	   voltage	   U	   is	  

evaluated	  for	  different	  frequencies	  from	  the	  mHz	  up	  to	  the	  MHz	  regime.	  The	  resulting	  

complex	  resistance	  Z	  (also	  called	  impedance)	  is	  similar	  to	  the	  ohmic	  resistance	  given	  by:	  

𝑍 =
𝑈
𝐼 =

𝑈! ∙ 𝑒!"#

𝐼! ∙ 𝑒! !"!!
=
𝑈!
𝐼!
𝑒!!" 	  

with	   𝛼	   being	   the	   phase	   angle.	   The	   impedance	   Z	   then	   can	   be	   separated	   in	   real	   and	  

imaginary	  part.	  	  
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𝑍 = 𝑍 ∙ cos𝛼 − 𝑖 𝑍 ∙ sin𝛼	  

The	   negative	   imaginary	   part	   of	   the	   impedance	   is	   plotted	   versus	   the	   real	   part	   of	   the	  

impedance	  resulting	  in	  the	  so-‐called	  Nyquist	  diagram	  (see	  Figure	  3.6).	  To	  evaluate	  the	  

spectra	   equivalent	   circuits	   are	   used.	   In	   the	   simplest	   case	   of	   a	   pure	   charge	   transfer	  

reaction	  it	  consists	  of	  an	  oscillating	  circuit	  containing	  a	  parallel	  connection	  of	  an	  ohmic	  

resistor	  with	  a	  capacitor	  in	  series	  with	  a	  capacitor	  for	  the	  electrode	  polarization.	  In	  this	  

work	  mainly	   the	  ohmic	  resistance	  of	   the	  electrolyte	  between	   two	  platinum	  electrodes	  

was	  evaluated.	  Then	  the	  ionic	  conductivity	  𝜎	  can	  be	  calculated	  from	  the	  resistance	  using	  

a	  geometrical	  cell	  constant	  (d(thickness)/A(electrode	  surface))	  

𝜎 =
1
𝑅 ∙

𝑑
𝐴	  

The	   ionic	   conductivity	   is	   typically	   strongly	   temperature	   dependent	   and	   often	   shows	  

Arrhenius	  like	  behavior.[25]	  

	  

3.2 NMR	  techniques	  

Different	   setups	   of	   nuclear	   magnetic	   resonance	   (NMR)	   spectroscopy	   are	   used	   as	  

techniques	  for	  structure	  determination	  and	  studies	  of	  molecular	  dynamics.[42]	  Thereby	  

a	  major	  advantage	  of	  NMR	  is	  it	  sensitivity	  to	  different	  nuclei	  including	  the	  influence	  of	  

their	  chemical	  environment.	  	  

	  

3.2.1 General	  principle	  

A	   spin	   of	   particles	   with	   non-‐zero	   quantum	   spin	   number	   I	   will,	   when	   placed	   in	   an	  

external	  magnetic	   field	  B0,	   split	   into	  different	  energy	  states	  Ez	   (Zeeman	  splitting).	  The	  

different	  magnetic	  quantum	  mI	  numbers	  correspond	  to	  different	  energy	  states	  

𝐸! = 𝑚! ∙ 𝛾 ∙ ℏ ∙ 𝐵!	  
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with	  E	  the	  energy,	  B	  the	  local	  magnetic	  field	  strength,	  γ	  is	  the	  gyromagnetic	  ratio	  and	  ℏ	  

the	   reduced	  Planck	   constant.	  The	  energy	  difference	  ∆𝐸!	   between	  different	   spin	   levels	  

depends	  on	  the	  Larmor	  frequency	  𝜔!	  and	  is	  given	  by	  

∆𝐸! = ℏ ∙ 𝜔!	  

The	  description	  of	  spin	  systems	  is	  commonly	  done	  by	  the	  Bloch	  equations[43]	  using	  a	  

simplified	  model	  of	  magnetic	  moment	  vectors	  𝜇!.	  The	  net	  magnetization	  𝑀	  for	  a	  sample	  

is	  the	  sum	  of	  the	  individual	  magnetic	  moments	  in	  the	  sample	  volume	  V.	  

𝑀 =
𝜇!!

𝑉 	  

The	  magnetization	  of	  a	  nucleus	  in	  equilibrium	  rotates	  along	  the	  z-‐axis.	  It	  is	  possible	  to	  

change	  the	  net	  magnetization	  by	  exposing	  the	  sample	  to	  energy	  with	  a	  frequency	  equal	  

to	   the	   energy	   difference	   between	   the	   spin	   states	   (equaling	   to	   the	   Larmor	   precession	  

rate).	  Enough	  energy	  will	  place	  the	  net	  magnetization	  in	  the	  xy-‐plane	  (usually	  referred	  

to	   as	   90°	   pulse,	   see	   Figure	   3.1	   left).	   Here,	   the	   net	   magnetization	   starts	   to	   dephase	  

(rotation	   at	   different	   Larmor	   frequencies	   for	   each	   spin)	  with	   a	   characteristic	   time	   T2	  

(spin-‐spin	  relaxation)	  caused	  by	  slightly	  different	  magnetic	  field.	  A	  spectrum	  is	  obtained	  

by	  acquiring	  this	  so	  called	  time-‐dependent	  free	  induction	  decay	  FID,	  (see	  Figure	  3.1	  left)	  

followed	   by	   a	   Fourier	   transformation	   into	   the	   frequency	   domain.	   NMR	   spectra	   (see	  

Figure	   3.1	   bottom)	   are	   usually	   given	   in	   chemical	   shifts	   𝛿,	   which	   is	   the	   resonant	  

frequency  𝜈	  of	  a	  nucleus	  relative	  to	  a	  standard:	  	  

𝛿 =
𝜈!"#$%& − 𝜈!"#

𝜈!"#
	  

The	  magnetization	  in	  the	  xy-‐plane	  also	  can	  be	  refocused	  by	  a	  180°	  pulse.	  The	  previously	  

defocusing	  magnetization	  is	  now	  mirrored	  in	  the	  xy-‐plane	  and	  refocused	  at	  the	  original	  

position.	  The	  resulting	  signal	  is	  called	  spin-‐echo.	  	  

Magnetization	   can	   also	   be	   stored	   along	   the	   z-‐axis	   for	   some	   time	   in	   between	   the	  

defocusing	  and	  refocusing	  pulses;	   the	  resulting	  signal	   is	   then	  called	  a	  stimulated-‐echo	  

(see	  Figure	  3.1	  right).	   In	  such	  an	  experiment	  the	  conversion	  of	  the	  non-‐equilibrium	  to	  

the	   equilibrium	   spin	   population	   underlies	   a	   longitudinal	   relaxation	   process	   with	   the	  
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characteristic	   time	  T1	  affecting	   the	  components	  of	  𝑀	  parallel	   to	   the	  external	  magnetic	  

field	   (also	   called	   spin-‐lattice	   relaxation).	   For	   large	   and	   rigid	   molecules,	   such	   as	  

polymers,	  the	  longitudinal	  relaxation	  typically	  is	  slower	  than	  transverse	  relaxation.	  This	  

is	  important,	  as	  the	  faster	  transversal	  relaxation	  with	  characteristic	  time	  T2	  would	  not	  

always	  allow	   for	   long	  enough	  experiment	   times	   to	  study	  molecular	  motion.	  Therefore	  

all	   PFG-‐	   and	   E-‐NMR	   experiments	   in	   this	   thesis	   are	   carried	   out	   using	   stimulated	   echo	  

pulse	  sequences.	  	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  

	  

Figure	   3.1:	   top	   left:	   90°	   RF-‐pulse	   and	   FID.	   Top	   right:	   Stimulated-‐echo	   pulse	   sequence.	   Bottom	   typical	   1H-‐polymer	  
NMR	  spectra	  of	  sulfonated	  polysulfone	  dissolved	  in	  dimethylsulfoxide.	  	  

	  

3.2.2 Pulsed	  field	  gradient	  (PFG)	  NMR	  	  

The	   addition	   of	   controlled	  magnetic	   field	   gradients	   to	   the	   sample	   space	   during	   NMR	  

experiments	  introduced	  a	  way	  to	  spatially	  label	  and	  probe	  the	  spins	  at	  different	  times.	  

[44][45][46]	  The	  combination	  of	  spin-‐echo	  pulse	  sequences	  and	  short-‐pulsed	  magnetic	  
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field	   gradient	   makes	   it	   possible	   to	   probe	   molecular	   displacement	   of	   both	   spatially	  

incoherent	  and	  coherent	  nature.	  

Pulsed	   field	  gradient	  NMR	   is	  a	  modification	  of	  a	   spin	  echo	  experiment[47].	   Instead	  of	  

keeping	   the	  magnetic	   field	  B0	   constant	   a	   gradient	   is	   applied	   along	   the	   field	   direction.	  

Nuclei	   in	   the	  sample	  are	  spatially	   labeled	  by	  a	   first	  gradient	  pulse	  and	  after	  a	  defined	  

diffusion	   time	   Δ	   decoded	   by	   a	   second	   gradient	   pulse,	   which	   is	   equal	   in	   length	   and	  

duration	  to	  the	  first	  pulse	  (see	  Figure	  3.2a).	  	  

	  

Figure	  3.2:	  a)	  PFG-‐stimulated-‐echo	  pulse	  sequence.	  b)	  Additional	  applied	  electric	  field	  of	  E-‐NMR	  pulse	  sequence.	  	  

	  

During	  the	  time	  between	  the	  two	  gradient	  pulses	  the	  nuclei	  randomly	  diffuse.	  After	  the	  

second	   pulse	   each	   spin	   shows	   a	   phase-‐error	   proportional	   to	   displacement	   in	   z-‐

direction,	  which	  depends	  on	  the	  gyromagnetic	  ratio	  𝛾,	  the	  gradient	  field	  strength	  𝑔,	  the	  

duration	  of	  the	  magnetic	  field	  pulse	  𝛿!,	  the	  time	  between	  the	  two	  gradient	  pulses	  ∆  and	  

the	  particle	  displacement	  	  

∆𝛷  ~  𝛾 ∙ 𝑔 ∙ ∆ ∙ (𝑧! − 𝑧!) ∙ 𝛿!	  

The	   inhomogeneous	  magnetic	   field	   spatially	  modifies	   the	   Larmor	   frequency	   of	   nuclei	  

along	  the	  gradient	  direction.	  Change	  in	  position	  by	  incoherent,	  randomly	  motion	  (self-‐

diffusion)	  corresponds	  to	  an	  offset	  of	  the	  Larmor	  frequency.	  For	  all	  nuclei	  together	  this	  

results	   in	  a	   less	   refocused	  signal	  of	   the	  overall	   signal	   intensity.	  The	  signal	   intensity	   is	  
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varied	   by	   different	   gradient	   strengths	   and	   can	   be	   described	   by	   the	   Stejskal-‐Tanner	  

equation[46]	  

ln
𝐼!
𝐼!
= −𝐷!" ∙ 𝛾! ∙ 𝑔! ∙ 𝛿!

! ∙
∆− 𝛿
3 	  

with	  IG	  is	  the	  signal	  intensity	  with	  magnetic	  field	  gradient	  applied,	  I0	  the	  signal	  intensity	  

without	  magnetic	  field	  gradient	  applied	  and	  Dtr	  the	  diffusion	  coefficient.	  By	  plotting	  the	  

normalized	  signal	   intensity	  as	   function	  of	   the	  NMR	  parameter	  the	  diffusion	  coefficient	  

can	  be	  calculated	  (see	  Figure	  3.3).	  	  

Polymeric	   samples	   usually	   show	   some	   polydispersity	   with	   a	   low	   molecular	   weight	  

fraction	   showing	   higher	   diffusion	   coefficients	   and	   drift	   velocities.	   This	   leads	   to	   a	  

multiexponential	  echo	  attenuation	  in	  the	  PFG-‐NMR	  experiment	  (see	  Figure	  3.3)	  making	  

the	  diffusion	  coefficient	  evaluation	  rather	  complex.	  	  

	  

Figure	   3.3:	   PFG-‐NMR	   spin-‐echo	   1H	   signal	   attenuation	   as	   function	   of	   the	   applied	   gradient	   strength	   for	   aqueous	  

monomer	  (green)	  and	  polyelectrolyte	  (blue)	  solution.	  Linear	  regression	  for	  high	  gradient	  strengths	  (>	  85	  G	  cm-‐1)	  is	  

given	  in	  red.	  
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An	   inverse	   Laplace	   transformation	   and	   nonlinear	   least-‐square	   fitting	   can	   be	   used	   to	  

describe	  the	  distribution	  function	  of	  Dtr.[48]	  Species	  of	  low	  molecular	  weight	  diffuse	  fast	  

compared	  to	  high	  molecular	  weight	  species.	  This	   leads	  to	  a	  strong	  signal	  decay	  at	   low	  

gradient	  strength	  which	  flattens	  for	  higher	  gradient	  strength.	  This	  made	  it	  possible,	  at	  

least	   for	   the	  here	   studied	  polymeric	   samples,	   to	  only	   take	  data	  at	  high	   field	  gradients	  

leaving	  a	  single	  exponential	  decay.	  	  

	  

3.2.3 Electrophoretic	  (E)	  NMR	  

If	   an	   electric	   field	   E	   is	   applied	   over	   a	   solution	   with	   charged	   particles	   between	   two	  

electrodes,	  the	  particles	  i	  start	  to	  move	  relative	  to	  the	  solution.	  This	  movement	  is	  called	  

electrophoresis	  and	  is	  proportional	  to	  the	  drift	  velocity	  vi	  and	  the	  electric	  field	  strength	  

E.	  Hence,	  the	  electrophoretic	  mobility	  𝜇! 	  of	  a	  particle	  is	  given	  as:	  

𝜇! =
𝑣!
𝐸 	  

The	  mobility	  𝜇! 	  and	  the	  diffusion	  coefficient	  Di	  of	  a	  charged	  mobile	  particle	  are	  related	  

via	  the	  Nernst-‐Einstein	  relation[25]:	  

𝐷! =
𝑘! ∙ 𝑇
𝑧! ∙ 𝑒

∙ 𝜇! 	  

where	   e	   is	   the	   elementary	   charge,	   zi	   the	   number	   of	   charges	   per	   particle,	   kB	   the	  

Boltzmann	  constant	  and	  T	  the	  absolute	  temperature.	  If	  the	  Haven	  ratio	  is	  close	  to	  unity	  

this	   relation	   also	   holds	   for	   the	   tracer	   diffusion	   coefficient	   DTr	   of	   a	   simple	   particle.	  

However,	   for	   various	   particles	   or	   different	   charged	   particles	   the	   Nernst-‐Einstein	  

equation	  only	  gives	  an	  average	  value	   for	  µ/z.	  Knowing	   the	  electrophoretic	  mobility	  𝜇! 	  

and	  the	  tracer	  diffusion	  coefficient	  DTr,	   therefore,	  allows	  one	  to	  determine	  the	  number	  

of	  charges	  per	  particle.	  This	  is	  only	  true	  for	  diluted	  solutions	  where	  possible	  correlation	  

effects	  can	  be	  assumed	  identical	  for	  mobility	  and	  diffusion	  processes.	  Scheler	  et	  al.	  first	  

determined	  the	  effective	  charge	  of	  polyelectrolytes	  in	  solution	  by	  measuring	  the	  tracer	  

diffusion	   coefficient	  DTr	  with	  PFG-‐NMR	  and	   the	  mobility	  µ	   through	  an	  electrophoretic	  

(E)	  NMR	  experiment.	  
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E-‐NMR	   is	   a	   PFG-‐NMR	   experiment	  with	   applied	   electric	   field	   in	   the	   same	   or	   opposite	  

direction	  as	  the	  magnetic	  field	  gradient	  (see	  Figure	  3.2	  a,b).[49][50][51]	  Background	  of	  

this	  experiment	  is	  that	  superimposed	  to	  incoherent	  thermal	  motion	  the	  coherent	  drift	  of	  

charged	  particles	  in	  an	  electric	  field	  leads	  to	  a	  phase	  shift	  of	  the	  signal	  (see	  Figure	  3.4).	  

This	   phase	   shift	   depends	   on	   the	   applied	   electric	   field	   strength	   and	   contains	   the	  

information	  about	  the	  displacement	  per	  time	  (drift	  velocity)	  of	  the	  charged	  particles.	  	  

	  

	  

Figure	   3.4:	   Effect	   of	   motion	   in	   PFG-‐NMR	   spin-‐echo	   experiments.	   Static	   situation	   showing	   complete	   refocusing	   of	  

transverse	  magnetization,	   diffusive	  motion	   showing	   signal	   of	   reduced	   intensity	   but	  with	   the	   same	  phase	   and	   flow	  

casing	  a	  signal	  of	  the	  same	  amplitude	  but	  with	  shifted	  phase	  relation.(from	  Ref.	  [52])	  

	  

3.2.4 Experimental	  considerations	  

The	  basic	  principle	  of	  E-‐NMR	  is	  known	  for	  more	  than	  40	  years,	  and	  measurements	  were	  

first	   carried	   out	   on	   electrolytes	   containing	   simple	   ionic	   species	   such	   as	   quaternary	  
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ammonium	   ions.[49][50][51]	   More	   recently	   the	   methodology	   was	   adapted	   to	   bigger	  

and	   more	   complex	   systems	   such	   as	   ionomers	   and	   charged	   complexes.	  

[53][54][55][57][58][59]	  	  

	  

Figure	  3.5:	  Top:	  1H-‐NMR	  signal	  for	  different	  applied	  fields,	  left	  peak	  (polymer)	  with	  phase	  shift,	  right	  peak	  (residual	  

solvents)	  without	  phase	   shift.	   Bottom:	   1H	   signal	   for	  different	  magnetic	   gradient	   strengths	   at	   100V	  applied	   field	   as	  

function	  of	  applied	  time.	  
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A	   few	  points	  have	  not	  been	  considered	   in	  detail	   so	   far.	   In	  an	  E-‐NMR	  experiment	  with	  

applied	  electric	  field	  the	  signal	  of	  uncharged	  diffusing	  species	  (e.g.	  solvent	  molecules)	  is	  

expected	   to	   show	   only	   reduced	   signal	   intensity	   but	   no	   phase	   shift	   (figure	   3.5	   top).	  

However,	  for	  the	  here	  studied	  polyelectrolyte	  solutions	  this	  is	  only	  observed	  as	  long	  as	  

the	  electric	  currents	  and	  the	  time,	   the	  current	   is	   flowing	  remains	   in	  a	  certain	  window	  

(figure	  3.5	  bottom).	  The	  applied	  voltages	  reach	  up	  to	  U	  =	  300	  V	  which	  is	  well	  above	  the	  

decomposition	  potential	  of	  liquid	  samples.	  Nevertheless,	  a	  linear	  increase	  of	  the	  phase	  

shift	  ΔΦ	  of	  the	  polyelectrolyte	  signals	  is	  observed	  until	   it	  reaches	  a	  plateau	  (figure	  3.5	  

right)	  and	  a	  phase	  shift	  of	  the	  solvent	  signals	  is	  emerging.	  	  

There	  is	  no	  clear	  explanation	  for	  this	  effect.	  However,	  the	  impedance	  spectrum	  (figure	  

3.6)	   shows	   the	   beginning	   of	   electrode	   polarization	   in	   the	   same	   time	   regime.	   This	  

suggests	  that	  the	  current	  is	  purely	  capacitive	  and	  no	  decomposition	  is	  occurring	  at	  the	  

electrodes.	  At	  low	  frequencies	  (long	  times)	  electrode	  polarization	  starts	  and	  electrolytic	  

decomposition	   may	   lead	   to	   the	   formation	   of	   gas	   bubbles	   inducing	   coherent	  

displacements	  in	  the	  sample.	  Therefore	  it	  is	  important	  to	  chose	  a	  reasonably	  short	  time	  

for	  E-‐NMR	  experiments	  in	  the	  capacitive	  current	  regime.	  

	  

Figure	  3.6:	  Nyquist	  plot	  of	  polymer	  solution	  in	  E-‐NMR	  cell,	  start	  of	  electrode	  polarization	  around	  υ	  =	  25	  Hz	  (40	  ms).	  
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Chapter	  4	  	  

Results	  and	  discussion	  

4.1 Dissociation	  of	  sulfonated	  polyelectrolytes	  in	  solution	  

In	   the	   last	   5	   -‐	   10	   years,	   a	   large	   number	   of	   sulfonated	   polysulfone	   materials	   with	  

different	  ion	  exchange	  capacities	  IECs	  (number	  of	  sulfonic	  acid	  groups	  on	  the	  polymer	  

backbone)	   have	   been	   developed	   (see	   Figure	   4.1).	   This	   was	   mainly	   motivated	   by	   the	  

quest	  for	  higher	  proton	  conductivities	  in	  PEM-‐fuel	  cell	  membranes.	  [2]	  

	  

Figure	   4.1:	   Chemical	   structures	   of	   investigated	   materials.	   From	   top	   to	   bottom:	   structure	   1:	   3,3′-‐disulfonate-‐4,4′-‐

difluorodiphenylsulfone	  sMSO2-‐207(M207),	  meta	  form;	  structure	  2:	  monosulfonated	  poly(phenylene	  sulfone)	  sPSO2-‐

220	   (S220),	   ortho	   form;	   structure	  3:	   hypersulfonated	   poly(phenylene	   sulfone)	   sPSO2-‐142	   (S142),	   containing	   fully	  

octasulfonated	  biphenyl	  units	  and	  structure	  4:	  half	  sulfonated	  poly(phenylene	  sulfone)	  sPSO2-‐360	  (S360).	  Numbers	  

give	  the	  equivalent	  weight	  (eq)	  in	  g	  eq-‐1.	  
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A	   recently	  developed	  material	   (in	   close	   collaboration	  with	   a	   group	  of	   the	  Max-‐Planck	  

Institute	   for	   Polymer	   Research)	   is	   a	   hypersulfonated	   poly(phenylene	   sulfone)	   sPSO2-‐

142	  (3).[15]	  This	  polyelectrolyte	  contains	  octasulfonated	  biphenyl	  units	  and	  currently	  

exhibits	  the	  highest	  IEC	  of	  all	  known	  sulfonated	  polymers.	  Such	  high	  concentrations	  of	  

sulfonic	  acid	  groups	  were	  obtained	  by	  moving	  away	  from	  classical	  sulfonation	  reactions	  

(see	   section	  1.5).	   Instead,	   a	   substitution	   reaction	  was	  used,	   in	  which	   reactive	   fluorine	  

atoms	   are	   replaced	   by	   strongly	   nucleophilic	   thiolate	   anions,	   which	   are	   subsequently	  

oxidized	  to	  sulfonic	  acid	  groups.	  With	  the	  right	  fluorinated	  starting	  material,	  IECs	  up	  to	  

8	  meq	  g-‐1	  were	  obtained.	  	  

	  

Figure	  4.2:	  Synthetic	  route	  to	  the	  hypersulfonated	  polymers.	  

	  

So	   far	   it	  was	  observed	   that	   the	   conductivity	   increases	  with	   the	   concentration	  of	   ionic	  

groups	  in	  a	  highly	  nonlinear	  fashion.	  However,	  the	  proton	  conductivity	  of	  3	  turned	  out	  

to	   be	   even	   lower	   compared	   to	   sulfonated	   polysulfones	   with	   only	   half	   of	   the	  
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concentration	   of	   sulfonic	   acid	   groups	   (2).	   The	   reasons	   for	   both	   effects,	   the	   nonlinear	  

increase	  followed	  by	  a	  decrease	  in	  conductivity	  are	  not	  yet	  fully	  understood.	  Therefore,	  

one	   of	   the	   main	   tasks	   of	   this	   thesis	   was	   to	   identify	   the	   parameters	   controlling	  

conductivity	   in	   environments	   with	   high	   concentrations	   of	   sulfonic	   acid	   groups.	   This	  

includes	   the	   charge	   carrier	   formation,	   the	   transport	   of	   ions	   and	   solvents	   as	   well	   as	  

microstructural	  aspects.	  In	  the	  following,	  results	  of	  three	  aspects	  influencing	  the	  charge	  

carrier	   formation	   (dissociation)	   are	   presented	   and	   discussed	   separately:	   The	   IEC,	   the	  

kind	  of	  counterion	  (H+,	  Li+	  and	  Na+)	  and	  the	  kind	  of	  solvent	  (DMSO	  and	  H2O).	  

 

4.1.1 Influence	  of	  IEC	  

In	  order	  to	  study	  the	  influence	  of	  IEC	  on	  the	  proton	  dissociation	  behavior,	  structure	  1	  -‐	  

3	  (Figure	  4.1)	  were	  used	  in	  diluted	  aqueous	  solution.	  The	  diphenylene	  sMSO2-‐207	  1	  has	  

one	  sulfonic	  acid	  functional	  group	  per	  phenyl	  ring,	  both	  in	  meta	  position	  with	  respect	  to	  

the	   sulfone	   (SO2)	   linker.	   This	   structure	   is	   a	   model	   system	   for	   the	   polymer	   structure	  

sPSO2-‐360	  4	  as	  the	  separation	  (and	  chemical	  structure)	  of	  the	  two	  sulfonic	  acid	  groups	  

is	   the	   same,	   while	   1	   in	   contrast	   to	   4	   still	   is	   water	   soluble	   (important	   for	   the	  

measurements).	  Different	   from	  1,	   the	   sulfones	   in	   the	  monosulfonated	  poly(phenylene	  

sulfone)	   sPSO2-‐220	  2	   have	   two	  nonequivalent	   sulfone	   linkers	   (-‐SO2-‐)	  with	   either	   two	  

sulfonic	  acid	  functions	  in	  ortho	  or	  in	  meta	  position.	  This	  means	  that	  such	  a	  structure	  has	  

at	   least	   two	   different	   characteristic	   separation	   lengths	   between	   neighboring	   sulfonic	  

acid	   groups.	   In	   hypersulfonated	   poly(phenylene	   sulfone)	   sPSO2-‐142	   3	   each	   available	  

position	  in	  the	  4,4’diphenylene	  units	  is	  sulfonated.	  The	  main	  difference	  to	  1	  and	  2	  is	  the	  

fixed	  minimum	  separation	  of	  sulfonic	  acid	  groups	  in	  the	  octasulfonated	  units,	  while	  for	  

1	  and	  2	  this	  is	  affected	  by	  conformational	  changes.	  

Degrees	  of	  dissociation	  of	  1-‐3	  in	  their	  protonic	  form	  are	  obtained	  from	  combined	  PFG-‐	  

and	   E-‐NMR	   experiments	   as	  well	   as	   from	   conductivity	  measurements.	   The	   results	   are	  

then	  discussed	  considering	  electrostatic	  interactions	  before	  including	  specific	  chemical	  

interactions	   and	  micro	   conformations	  with	   input	   of	  MD-‐simulations	   (in	   collaboration	  

with	  Jens	  Smiatek	  from	  the	  University	  of	  Stuttgart).	  
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Effective	  charge	  of	  polyelectrolytes	  determined	  by	  combined	  PFG-‐	  and	  E-‐NMR	  

The	  number	  of	  charges	  zeff	  per	  polymer	  object	  drifting	  in	  an	  electric	  field	  is	  obtained	  as	  

described	   in	   section	   3.2.3	   according	   to	   the	   Nernst-‐Einstein	   equation	   by	   the	   tracer	  

diffusion	   coefficient	  Dtr	   (form	   PFG-‐NMR)	   and	   the	   electrophoretic	  mobility	  𝜇	   (form	   E-‐

NMR,	  see	  Figure	  4.3).	  This	  provides	  the	  portion	  of	  dissociated	  ionic	  groups	  per	  object.	  

For	   the	   degree	   of	   dissociation	   α,	   the	   number	   of	   dissociated	   groups	   zeff	   needs	   to	   be	  

compared	   to	   total	   number	   of	   ionic	   groups	   z	   on	   the	   polymer,	   𝛼 = 𝑧!""/𝑧.	   The	   total	  

number	   z	   is	   calculated	   from	   the	   equivalent	   weight	   (measured	   by	   titration)	   and	   the	  

molecular	  weight	  Mn	  (measured	  by	  gel	  permeation	  chromatography	  GPC,	  see	  Table	  4.1)	  

𝑧 = 𝑀!/𝐸𝑊.	  

	  

Figure	  4.3:	  Linear	  trend	  of	  the	  phase	  angle	  as	  function	  of	  the	  applied	  electric	  field	  of	  1,	  2	  and	  3	  in	  protonic	  form	  and	  

dissolved	  in	  D2O.	  Slope	  gives	  the	  electrophoretic	  mobility	  𝜇.	  

	  

The	   results	   for	   1	   -‐	   3	   using	   the	   NMR	   approach	   are	   summarized	   in	   Table	   4.1.	   The	  

dissociation	   α	   shows	   a	   trend	   of	   decreasing	   dissociation	   for	   an	   increasing	   IEC.	   The	  

diphenylene	   structure	  1	   does	   not	   show	   any	   counterion	   condensation.	   For	   polymer	  2	  

only	   about	   half	   of	   the	   ions	   are	   dissociated,	   the	   other	   half	   remains	   condensed	   to	   the	  

sulfonic	   acid	   groups.	   At	   first	   glace	   this	   observation	   is	   quite	   unexpected	   as	  2	   is	   just	   a	  
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sequence	  of	  several	  units	  of	  1.	  However,	  only	  structure	  2	  has	  two	  sulfonic	  acid	  groups	  in	  

ortho	  position	  to	  a	  sulfone	  group,	  which	  causes	  shorter	  distances	  between	  neighboring	  

sulfonic	   acid	   groups.	   The	   effects	   of	   this	  will	   be	   discussed	   in	  more	   detail	   in	   the	  micro	  

conformation	  section,	  with	  support	  from	  MD-‐simulation.	  The	  low	  degree	  of	  dissociation	  

in	  3	   containing	   octasulfonated	   biphenyl	   units	   is	   quite	   expected,	   as	   the	   separation	   of	  

neighboring	   sulfonic	   acid	   is	   fixed	   and	   their	   distance	   is	   well	   below	   the	   electrostatic	  

screening	  length	  of	  water	  (0.71	  nm	  at	  RT).	  

	  

Table	  4.1:	  Proton	  dissociation	  of	  sulfonated	  monomer	  and	  polymers	  by	  the	  combined	  PFG-‐	  and	  E-‐NMR	  approach.	  

	  	  

Mn	  /	  	  

g	  mol-‐1	  

EW	  /	  	  

g	  eq-‐1	  

total	  number	  of	  

ionic	  groups	  z	  
DT	  /	  cm2	  s-‐1	   µ	  /	  cm2	  V-‐1	  s-‐1	  

effective	  	  

charge	  zeff	  
α	  /	  %	  

1-‐	  sMSO2-‐

207	  
414	   207	   2	   5.84E-‐06	   4.73E-‐04	   2	   104	  

2	  -‐	  sPSO2-‐	  

220	  
44000	   220	   200	   1.99E-‐07	   8.30E-‐04	   107	   54	  

3	  -‐	  sPSO2-‐	  

142	  
5700	   142	   40	   2.05E-‐06	   1.04E-‐03	   13	   33	  

	  

Proton	  dissociation	  from	  conductivity	  at	  high	  dilution	  	  

Support	  for	  the	  previous	  dissociation	  results	  was	  obtained	  by	  a	  different	  method,	  which	  

does	   not	   require	   the	   knowledge	   of	   the	   molecular	   weight	   of	   the	   polymers	   as	   for	   the	  

combined	  PFG-‐/E-‐NMR	  approach.	  

The	  method	  is	  based	  on	  the	  comparison	  of	  the	  apparent	  proton	  mobility	  μ	  extrapolated	  

to	  infinite	  dilution	  of	  the	  polyelectrolyte	  to	  the	  limiting	  proton	  mobility	  μ∞	  (taken	  form	  

textbooks[60]).	  For	  completely	  dissociated	  systems,	  μ	  approaches	  μ∞.	   If	   this	   is	  not	  the	  

case,	   the	   ratio	   between	   the	   two	   values	   gives	   the	   degree	   of	   dissociation	  

𝛼 = 𝜇(H+)! 𝜇(𝑠𝑎𝑚𝑝𝑙𝑒)→!	  (see	  Figure	  4.4).	  In	  other	  words	  this	  method	  determines	  the	  

number	   of	   ionic	   charge	   carriers	   n	   with	   known	   mobility	   μ	   from	   the	   conductivity	  

𝜎 = 𝑛 ∙ 𝑞 ∙ 𝜇.	   This	   experiment	   is	   only	   applicable	   for	   polymers	   because	   the	   anionic	  

conductivity	  contributions	  from	  the	  polymer	  backbone	  are	  negligible	  (several	  orders	  of	  

magnitude	   lower)	   and	   the	   overall	   conductivity	   stems	   only	   from	   protonic	   charge	  
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carriers.	   1	   is	   not	   a	   polymer;	   therefore	   the	   contribution	   of	   the	   anion	   was	   separately	  

measured	   by	   PFG-‐NMR	   and	   subtracted	   from	   the	   overall	   mobility	   μ	   assuming	   full	  

dissociation.	  

	  

Figure	   4.4:	   Room	   temperature	   diffusion	   coefficients	   as	   a	   function	   of	   water	   volume	   fraction	  Φ	   for	   poly(phenylene	  

sulfone)-‐220	   (2).	   Black	   circles:	   conductivity	   diffusion	   coefficients	  Dσ,	   calculated	   via	  Nernst-‐Einstein	   equation	   from	  

conductivity	   data	   assuming	   complete	   dissociation.	   Protonic	   charge	   carrier	   diffusion	   coefficient	   at	   infinite	   dilution	  

(top)	  is	  given	  as	  comparison.	  	  

	  

Table	  4.2:	  Degree	  of	  proton	  dissociation	  for	  different	  sulfonated	  materials	  from	  the	  conductivity	  approach	  

	  
Dσ(H+)∞	  /	  cm2	  s-‐1	  

lit.	  

Dσ(H+)→∞	  /	  cm2	  s-‐1	  

exp.	  
α	  /	  %	  

1	  -‐	  sMSO2-‐	  

207	  

9.31E-‐05	  

9.30E-‐05	   100	  

2	  -‐	  sPSO2-‐	  

220	  
5.72E-‐05	   61	  

3	  -‐	  sPSO2-‐	  

142	  
2.30E-‐05	   25	  
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The	   conductivity	   diffusion	   coefficient	   of	   2	   remains	   about	   40	   %	   below	   the	   limiting	  

proton	   conductivity	  diffusion	   coefficient	   for	   aqueous	  media	  which	   is	  9.31E-‐05	   cm2	   s-‐1	  

(see	  Figure	  4.4)	   suggesting	   in	  a	  degree	  of	  dissociation	  of	   about	  α	  =	  60	  %.	  The	   results	  

(Table	  4.2)	  are	  in	  good	  agreement	  to	  the	  degree	  of	  dissociation	  obtained	  from	  NMR	  for	  

all	  structures.	  The	  small	  errors	  may	  be	  a	  result	  of	   the	  difficulty	   for	  polyelectrolytes	   in	  

molecular	  weight	  determination	  by	  gel	  permeation	  chromatography.	  

	  

Electrostatic	  considerations	  	  

As	   already	   mentioned	   in	   the	   experimental	   background	   section	   Manning	   counterion	  

condensation	   theory	   is	   still	   the	   most	   prominent	   model	   to	   describe	   polyelectrolyte	  

dissociation	   in	   solution.	   It	   purely	   relies	   on	   electrostatic	   interaction	  between	   ions	   in	   a	  

dielectric	  continuum.	  The	  minimum	  distance	  between	  charges	  on	  a	  polymer	  backbone	  

in	   water	   is	   according	   to	   Manning	   0.71	   nm,	   for	   shorter	   distances	   counterion	  

condensation	   start.	   Generally,	   the	   theory	   works	   well	   in	   aqueous	   media	   for	   many	  

polyelectrolytes.	   Implying	   that	   the	   electrostatic	   forces	   are	   the	   dominant	   interactions	  

controlling	  dissociation	  of	  polyelectrolytes	  in	  polar	  media.	  Another	  simplification	  of	  the	  

model	   is	   the	   consideration	   of	   the	   polymer	   as	   infinite	   thread	   with	   equidistant	   point	  

charges.	   These	   are	   very	   strong	   assumptions,	   which	   are	   not	   suitable	   for	   the	   complex	  

structures	   of	   sulfonated	   polyelectrolytes	   having	   diverse	   conformational	   freedom.	  

Another	   approach	   is	   the	   consideration	   of	   the	   IEC	   and	   the	   density	   of	   the	   water	   free	  

polyelectrolytes	   only,	   the	   separation	   of	   ionic	   groups	   with	   this	   can	   be	   calculated	   for	  

equidistant	  separation	  (ionic	  groups	  on	  a	  cubic	  lattice).	  This	  results	  in	  distances	  of	  0.59,	  

0.60	   and	   0.52	   nm	   for	   structure	   1,	   2,	   3.	   All	   these	   ion-‐ion	   separations	   are	   below	   the	  

Bjerrum	   length	   of	   water	   and	   therefore,	   the	   experimentally	   found	   incomplete	  

dissociation	   of	   2	   and	   3	   is	   expected	   even	   from	   electrostatics	   only.	   In	   addition,	   also	  

structure	  3	  being	  less	  dissociated	  than	  structure	  2	  is	  reproduced.	  	  

In	  the	  case	  of	  structure	  1	  the	  situation	  is	  more	  complex	  and	  complete	  dissociation	  was	  

found	  experimentally,	  but	   the	  above	  consideration	  points	  already	   towards	   counterion	  

condensation.	   The	   consideration	   of	   the	   limiting	   molecular	   conformations	  with	  

minimum	   and	   maximum	   distance	   between	   the	   sulfonic	   acid	   groups	   (Figure	   4.5	   top)	  
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reveals	   separations	   larger	   than	   the	   average	   separation	   in	   dry	   bulk	   material.	   This	   is	  

because	   the	   two	   ionic	  groups	  are	   in	  meta	  position	   to	   the	  central	   sulfone	  group	  which	  

allows	   the	   neighboring	   sulfonic	   groups	   to	   cover	   separations	   in	   the	   range	   (MD-‐

simulation)	   from	   0.53	   (cis	   form)	   to	   1.13	   nm	   (trans	   form),	   which	   makes	   the	  

experimentally	  found	  complete	  dissociation	  more	  reasonable.	  The	  same	  considerations	  

are	   true	   for	  polymer	  2,	  however,	   the	  sulfonic	  groups	  are	   in	  ortho	  position	   to	   the	  next	  

sulfone	  group.	  This	  leads	  to	  separation	  between	  next	  neighboring	  sulfonic	  acid	  groups	  

(Figure	  4.5	  bottom)	  in	  the	  range	  from	  0.41	  nm	  (cis	  form)	  to	  0.73	  nm	  (trans	  form),	  which	  

is	  in	  the	  range	  of	  the	  Bjerrum	  length.	  Simple	  electrostatic	  repulsion	  of	  the	  sulfonic	  group	  

would	  favor	  the	  trans	  form,	  but	  conformational	  effects	  such	  as	  electrostatic	  stabilization	  

of	  protons	  between	  two	  close	  sulfonic	  groups	  may	  stabilize	  the	  cis	  form.	  	  

	  

Figure	  4.5:	  Sketch	  of	  structural	  units:	  limiting	  conformations,	  maximum	  anion-‐anion	  distance	  trans	  conformation	  of	  

a)	  meta	  form,	  c)	  ortho	  form	  and	  bridging	  cis	  conformation	  of	  b)	  meta	  form,	  d)	  ortho	  form.	  

	  

The	  bridging	  of	  one	  positive	  ion	  between	  two	  negative	  groups	  corresponds	  to	  a	  partially	  

neutralized	  situation	  with	  a	  degree	  of	  dissociation	  close	  to	  the	  experimental	  values	  of	  α	  

=	  0.5	  for	  2.	  For	  short	  ion-‐ion	  distances	  simple	  electrostatic	  considerations,	  such	  as	  the	  
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Debye-‐Hückel	   approaches	   fail.	   In	   addition,	   details	   of	   the	   water	   structure	   and	   the	  

sulfonic	  acid	  group,	  and	  also	   ion-‐dipole,	  dipole-‐dipole,	  dispersive	   interactions	  and	   the	  

backbone	  energetics	  need	  to	  be	  considered	  as	  well.	  To	  investigate	  the	  idea	  of	  a	  bridging	  

conformation	   in	   more	   detail,	   a	   molecular	   dynamics	   simulation	   was	   performed	   (in	  

collaboration	  with	  the	  University	  of	  Stuttgart)	  which	  produces	  all	  thermally	  accessible	  

configurations	  and	  entropic	  effects	  of	  two	  model	  structures,	  one	  having	  the	  sulfonic	  acid	  

groups	  in	  ortho	  and	  the	  other	  in	  meta	  position	  to	  a	  sulfone	  linker.	  	  

	  

Specific	  interactions	  –	  micro	  conformation	  

To	   gain	   a	   more	   detailed	   insight	   into	   the	   effects	   of	   micro	   conformation	   on	   the	  

dissociation	  behavior	  of	  1	  and	  2,	  small	  model	  systems	  (sulfonated	  diphenylene	  in	  meta	  

and	  ortho	  form)	  in	  a	  large	  number	  of	  explicit	  water	  molecules	  were	  investigated.	  Since	  

simulation	  of	  protons	  as	  counterions	  is	  very	  difficult,	  sodium	  was	  chosen	  for	  the	  model	  

systems.	   The	   distance	   between	   the	   sulfur	   atoms	   of	   neighboring	   sulfonic	   groups	   was	  

chosen	  as	  reaction	  coordinate	  in	  the	  metadynamics	  evaluation.	  	  

	  

Figure	  4.6:	  Free	  energy	   landscapes	  evaluated	  by	  well-‐tempered	  metadynamics	  of	  ortho	   form	  (blue)	  and	  meta	   form	  

(red)	  of	  sulfonic	  acid	  dimer	  for	  different	  sulfur-‐sulfur	  distances	  of	  the	  sulfonic	  acid	  groups.	  Wide	  and	  flat	  distribution	  

for	  the	  meta	  form,	  narrow	  distribution	  at	  lower	  energies	  for	  the	  ortho	  form.	  
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In	   other	   words,	   the	   total	   free	   energy	   change	   for	   different	   angles	   between	   the	   two	  

sulfonic	  acid	  groups	  for	  a	  rotation	  around	  the	  sulfone	  linker	  were	  evaluated.	  For	  more	  

simulation	  details	  see	  [61][62].	  

The	  total	   free	  energy	  change	  ΔF	  shows	  a	  higher	  configurational	   freedom	  in	  the	  region	  

r/rmax	   ~	   0.5	   to	   0.7	   for	   the	  meta	   form	  whereas	   the	   ortho	   form	   shows	   a	   conformation	  

which	  is	  constrained	  by	  the	  presence	  of	  a	  global	  minimum	  at	  r/rmax	  ~	  0.62	  (Figure	  4.6).	  

This	   exactly	   corresponds	   to	   the	   conformation	   in	  which	   both	   sulfonic	   groups	   interact	  

with	  a	  single	  ion,	  i.e.	  a	  triple-‐ion	  is	  formed	  (Figure	  4.7	  left).	  On	  the	  other	  hand	  the	  meta	  

form	  shows	  no	   such	   stabile	   explicit	   conformation	   (Figure	  4.6),	   because	   the	  molecular	  

structure	  can	  not	  take	  any	  conformation	  where	  the	  two	  sulfonic	  acid	  groups	  are	  close	  

enough	  to	  form	  such	  triple-‐ions	  (Figure	  4.7	  right).	  

	  

	  

Figure	   4.7:	   Snapshots	   of	   the	  well-‐tempered	  metadynamics	   simulation	   at	   the	   global	   energetic	  minima	   of	   the	  ortho	  

(left)	   dimer	   at	   r/rmax	  ~	  0.62	   (left	   side)	   and	   the	  meta	   dimer	   (right)	   at	   r/rmax	  ~	  0.72	   (right	   side).	  Only	   sodium	   ions	  

(blue)	  within	  a	  distance	  of	  0.7	  nm	  to	  the	  dimer	  center	  are	  illustrated.	  [61]	  

	  

4.1.2 Influence	  of	  counterions	  

A	   high	   concentration	   of	   mobile	   charge	   carrier	   is	   crucial	   to	   obtain	   high	   ionic	  

conductivities	  not	  only	  for	  the	  protonic	  form	  but	  also	  for	  sodium	  and	  lithium	  exchanged	  
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polyelectrolytes.	   Therefore	   also	   the	   dissociation	   behavior	   of	   different	   ionic	   forms	  

especially	  lithium	  and	  sodium	  is	  of	  importance.	  

The	   polyelectrolytes	   were	   ion-‐exchanged	   into	   the	   different	   forms	   by	   ion-‐exchange	  

resins	   or	   submerging	   the	   polymer	   in	   corresponding	   salt	   solutions	   and	   subsequent	  

dialysis	  (further	  details	  can	  be	  found	  in	  the	  experimental	  appendix	  A1).	  To	  separate	  the	  

solvent	   effect	   from	   properties	   of	   the	   kind	   of	   counterion	   only	   aqueous	   solutions	   are	  

considered	   in	   this	   chapter,	  while	   the	   influence	   of	   the	   solvent	   is	   discussed	   in	   the	   next	  

section.	  

	  

Figure	   4.8:	   1H-‐NMR	   signal	   (without	   ppm	   scale)	   for	   different	   applied	   fields	   between	   +350	   and	   -‐350V,	   left	   peak:	  

sulfonated	   poly(phenylene	   sulfone)-‐220	  2	   in	   lithium	   form	  with	   phase	   shift,	   right	   peak:	   residual	   solvents	   without	  

phase	  shift.	  	  
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Effective	  charge	  of	  polyelectrolytes	  determined	  by	  combined	  PFG-‐	  and	  E-‐NMR	  

The	  effective	  charge	  is	  determined	  by	  the	  phase	  shift	  of	  an	  E-‐NMR	  experiment	  and	  the	  

signal	   attenuation	   in	   a	   PFG-‐NMR	   experiment.	   The	   phase	   shift	   for	   different	   applied	  

electric	   field	   strengths	   are	   shown	   in	   Figure	  4.8	   for	   the	   lithium	   form	  of	   structure	  2	   in	  

water.	   It	   shows	   a	   360°	   phase	   shift	   for	   the	   polyelectrolyte	   signal,	  whereas	   the	   solvent	  

(water)	   signal	   phase	   remains	   the	   same	   for	   all	   applied	   electric	   fields.	   The	   degree	   of	  

dissociation	  (Table	  4.3)	  decreases	  in	  the	  order	  (H+)	  >	  (Li+)	  >	  (Na+).	  In	  the	  protonic	  form	  

about	  half	  of	  the	  counterions	  are	  involved	  in	  condensation	  to	  the	  sulfonic	  acid	  groups,	  

while	   in	   the	   lithium	   form	   around	   two	   third,	   and	   for	   the	   sodium	   form	   slightly	   more	  

counterions	  are	  found	  to	  be	  condensed	  to	  the	  polyelectrolyte.	  

	  

Table	  4.3:	  Dissociation	  of	  sulfonated	  poly(phenylene	  sulfone)-‐220	  (2)	  in	  water	  and	  different	  ionic	  forms	  by	  NMR	  

	  	  

total	  number	  of	  

ionic	  groups	  z	  
DT	  /	  cm2	  s-‐1	   µ	  /	  cm2	  V-‐1	  s-‐1	  

effective	  	  

charge	  zeff	  
α	  /	  %	  

2	  -‐	  sPSO2-‐220	  

H+-‐form	  
	  

200	  

	  

1.99E-‐7	   8.30E-‐04	   107	   54	  

2	  -‐	  sPSO2-‐220	  

Li+-‐form	  
1.89E-‐7	   5.10E-‐04	   69	   34	  

2	  -‐	  sPSO2-‐220	  

Na+-‐form	  
3.26E-‐7	   7.70E-‐04	   61	   30	  

	  

The	  trend	  in	  the	  dissociation	  behavior	  of	  the	  different	  counterions	  in	  the	  same	  solvent	  is	  

quite	  expected	  as	  the	  ionic	  radius	  increases,	  while	  the	  hardness	  (according	  to	  the	  HSAB	  

concept)	   of	   the	   ions	   decreases	   in	   the	   same	   manner,	   as	   the	   effective	   charge	   on	   the	  

polymer	  decreases	   from	  proton	   to	  sodium.	  This	   leads	   to	   less	  solvent	  coordinating	   the	  

counterions,	   resulting	   in	   lower	   solvation	   energies	   from	   solvent-‐ion	   interactions.	   In	  

addition,	   the	  observed	  stabilizing	  bridging	  conformation	  of	   ions	  between	   two	  sulfonic	  

acid	  groups	  (previous	  section	  4.1.1)	  is	  involved	  in	  reducing	  the	  dissociation.	  
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4.1.3 Influence	  of	  solvent	  

The	   ionic	  conductivity	  of	  structure	  2	   in	   lithium	  form	  solvated	  with	  DMSO	  (Figure	  4.9)	  

shows	  a	  more	  than	  an	  order	  of	  magnitude	  lower	  conductivity	  compared	  to	  water	  (at	  the	  

same	   lambda	   values).	   This	   effect	   can	   not	   only	   be	   explained	   by	   the	   different	   solvent	  

dynamics	  as	  the	  mobility	  for	  water	  (DTr	  =	  2.29	  .	  10-‐5	  cm2s-‐1)	  since	  it	  is	  only	  a	  factor	  of	  2	  

higher	  compared	  to	  DMSO	  (DTr	  =	  1	   .	  10-‐5	  cm2	  s-‐1).	  The	  additional	  discrepancy	  may	  also	  

result	  from	  a	  reduced	  dissociation	  for	  DMSO,	  because	  the	  dielectric	  constant	  of	  water	  is	  

about	   2	   times	   higher.	   It	   is	   generally	   assumed	   that	   a	   higher	   dielectric	   solvent	   more	  

efficiently	  screens	  the	  charges	  leading	  to	  higher	  degrees	  of	  dissociation.	  	  

	  

Figure	  4.9:	  Lithium	  conductivity	  at	  λ	  =	  20	  water	  (red)	  and	  DMSO	  (blue)	  as	  a	  function	  of	  temperature.	  	  

	  

Effective	  charge	  of	  polyelectrolytes	  determined	  by	  combined	  PFG-‐	  and	  E-‐NMR	  

In	  contrast	  the	  above	  considerations,	  a	  higher	  effective	  charge	  of	  the	  polyelectrolyte	  in	  

lithium	  form	  was	  observed	  with	  DMSO	  (α	  =	  46	  %)	  compared	  to	  water	  (α	  =	  34	  %).	  The	  

effective	  charge	  determined	  by	  the	  electrophoretic	  mobility	  (Figure	  4.10)	  and	  the	  tracer	  

diffusion	  coefficient	  of	  the	  polyelectrolyte	  in	  different	  solvents	  is	  given	  in	  Table	  4.4.	  

	  



	   58	  

Table	  4.4:	  Lithium	  dissociation	  of	  sulfonated	  poly(phenylene	  sulfone)-‐220	  (2)	  in	  different	  solvents	  by	  NMR	  

	  	  

total	  number	  of	  

ionic	  groups	  z	  
DT	  /	  cm2	  s-‐1	  

µ	  /	  

	  cm2	  V-‐1	  s-‐1	  

effective	  	  

charge	  zeff	  
α	  /	  %	  

2	  -‐	  sPSO2-‐220	  

Li+-‐form	  

in	  H2O	  
200	  

1.89E-‐7	   5.10E-‐04	   69	   34	  

2	  -‐	  sPSO2-‐220	  

Li+-‐form	  

in	  DMSO	  

6.94E-‐8	   2.50E-‐04	   93	   46	  

	  

The	   result	   suggests	   that	   the	   assumption	   of	   solvents	   as	   continuous	   dielectric	  medium	  

does	  not	  hold	  here;	  additional	  local	  molecular	  interactions	  between	  the	  solvent	  and	  ions	  

need	   to	   be	   considered.	   A	   number	   of	   additional	   experimental	   observations	   further	  

support	   this	   finding.	   For	   example,	   neither	   high	   dielectric	   solvents	   such	   as	   ethylene	  

carbonate	  (𝜀	  =	  89.8)	  and	  propylene	  carbonate	  (𝜀	  =	  64.9)	  nor	  low	  dielectric	  solvents	  such	  

as	   chloroform	   (𝜀	   =	   2.2)	   did	   lead	   to	   the	   dissolution	   of	   the	   polyelectrolyte.	   To	   further	  

investigate	  this,	  MD-‐simulations	  (in	  collaboration	  with	  the	  University	  of	  Stuttgart)	  using	  

a	  model	  sulfonated	  polyelectrolyte	  were	  performed	  in	  different	  solvents.	  

	  

Figure	  4.10:	  Linear	  trend	  of	  the	  phase	  angle	  as	  function	  of	  the	  applied	  electric	  field	  of	  poly(phenylene	  sulfone)-‐220	  

(2)	  in	  lithium	  form	  dissolved	  in	  water	  (black)	  and	  DMSO	  (red)	  at	  room	  temperature.	  	  
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MD-‐simulation	  of	  a	  sulfonated	  polysulfone	  model	  structure	  

The	   model	   polyelectrolyte	   mod-‐sPSO2-‐220	   (Figure	   4.11)	   has	   a	   similar	   chemical	  

structure	  to	  the	  sulfonated	  poly(phenylene	  sulfone)-‐220	  (2)	  with	  the	  same	  main	  chain	  

equivalent	  weight	  of	  220	  g	  eq-‐1.	  Structure	  2	  has	  two	  nonequivalent	  sulfone	  linkers	  with	  

either	  two	  sulfonic	  acid	  functions	  in	  ortho	  or	  in	  meta	  position.	  Different	  from	  that,	  the	  

model	  polyelectrolyte	  has	  only	  equivalent	  sulfone	  linkers	  with	  always	  one	  sulfonic	  acid	  

function	  in	  ortho	  and	  another	  in	  meta	  position.	  	  

	  

Figure	  4.11:	  Structure	  of	  simulated	  polysulfone	  mod-‐sPSO2-‐220.	  

	  

The	  number	  of	  repeating	  units	  in	  mod-‐sPSO2-‐220	  is	  n	  =	  9,	  which	  is	  in	  the	  order	  of	  the	  

sulfonated	   subunits	   in	   recently	   developed	   block	   copolymers	   [Titvinidze	   2012].	   Two	  

methyl	  groups	  form	  the	  ends	  of	  the	  model	  polyelectrolyte,	  to	  avoid	  any	  influence	  of	  the	  

end	   capping	   on	   the	   solvation	   properties.	   For	   electroneutrality,	   9	   sodium	   counterions	  

were	  randomly	  placed	  in	  the	  simulation	  box.	  

The	  molecular	  dynamics	  simulations	  were	  performed	  in	  water,	  chloroform	  and	  DMSO	  at	  

room	  temperature	  (T	  =	  300K)	  with	  the	  topologies	  and	  force	  field	  parameters	  included	  

in	   GROMOS53A6[64].	   The	   box	   sizes	   were	   chosen	   to	   contain	   4691	   explicit	   solvent	  

molecules	   for	   water,	   4756	   for	   DMSO	   and	   4704	   molecules	   for	   chloroform.	   This	  

corresponds	  to	  a	  cation	  concentrations	  between	  0.02	  mol	  l−1	  and	  0.03	  mol	  l−1,	  which	  is	  

in	   the	   range	   of	   the	   experimental	   studied	   concentrations	   and	  matches	   to	   λ	   =	   521	   for	  
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water,	  λ	  =	  528	  for	  DMSO	  and	  λ	  =	  523	  for	  chloroform.	  For	  further	  simulation	  details	  see	  

reference	  [61]. 	  

	  

Electrostatic	  considerations	  	  

Figure	  4.12	  shows	  typical	  simulation	  snapshots	  for	  conformations	  of	  mod-‐sPSO2-‐220Na	  

in	   water,	   DMSO	   and	   chloroform.	   The	   snapshots	   show	   variations	   in	   the	   polymer	  

conformation	  for	  the	  different	  solvents.	  DMSO	  and	  water	  lead	  to	  elongated	  (stretched)	  

conformations	  while	  chloroform	  forms	  a	  coil-‐like	  (collapsed)	  configuration.	  The	  fraction	  

of	   condensed	   counterions	   can	   be	   analyzed	   by	   the	   cumulative	   number	   distribution	  

function	  (Figure	  4.13).	  

	  

Figure	  4.12:	  Simulation	  snapshots	  of	  mod-‐sPSO2-‐220	  Na+	  in	  water	  (left),	  DMSO	  (middle)	  and	  chloroform	  (right).	  The	  

sodium	  ions	  are	  shown	  as	  blue	  spheres.	  [61]	  

	  

Almost	   no	   dissociation	   of	   sodium	   ions	   is	   found	   in	   chloroform	   in	   accordance	   with	  

Manning	   theory.	   Since	   the	   larger	   Bjerrum	   length	   of	   chloroform	   leads	   to	   a	   Manning	  

parameter	   𝜉! 	   significantly	   larger	   1.	   The	   situation	   is	   less	   clear	   for	   the	   condensation	  

behavior	  in	  DMSO	  and	  water.	  Figure	  4.13	  shows	  that	  more	  ions	  are	  close	  to	  the	  polymer	  

backbone	  for	  water	  compared	  to	  DMSO,	  although	  water	  has	  a	  smaller	  Bjerrum	  length.	  
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Figure	   4.13:	   The	   cumulative	   number	   distribution	   function	   for	   sodium	   ions	   around	   the	  molecular	   surface	   of	  mod-‐

sPSO2-‐220Na	   for	   water,	   DMSO	   and	   chloroform	   as	   solvents	   (f(r)	   =	   9	   comprises	   all	   counterions	   of	   the	   model	  

polyelectrolyte).	  [61]	  

	  

The	  fraction	  of	  condensed	  ions	  fc	  can	  be	  obtained	  by	  dividing	  the	  number	  of	  counterions	  

within	  the	  distance	  of	  the	  Bjerrum	  length	  NλB	  the	  total	  number	  of	  counterions	  N	  	  

𝑓! =
𝑁!!
𝑁 	  

For	  water	  fc	  =	  0.86,	  while	  DMSO	  leads	  to	  a	  constant	  of	  fc	  =	  0.38	  (chloroform	  fc	  =	  1).	  	  

So	  far	  only	  electrostatic	  aspects	  were	  discussed	  but	  the	  situation	  is	  more	  complex	  and	  

the	  detailed	  chemical	  structure	  of	  the	  polyelectrolyte	  and	  the	  solvents	  has	  to	  be	  taken	  

into	  account.	  	  

	  

Chemical	  structure	  of	  polyelectrolyte	  and	  solvent	  

The	   binding	   free	   energy	   between	   solvent	   molecules	   and	   the	   different	   groups	   of	   the	  

polyelectrolyte	  is	  shown	  in	  Figure	  4.14.	  The	  overall	  binding	  energy	  of	  DMSO	  to	  the	  SO3-‐	  

group	  is	   larger	  than	  water	  but	  both	  form	  explicit	  solvation	  shells,	  while	  the	  binding	  of	  

chloroform	  is	  unfavorable	  for	  all	  distances.	  A	  nearly	  identical	  behavior	  is	  observed	  for	  

the	   SO2-‐group.	   This	   means	   that	   the	   solvent	   not	   only	   interacts	   to	   the	   charged	   ionic	  
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groups	  alone,	  also	  neighboring	   functional	  groups	  are	   involved.	  The	  binding	  properties	  

of	  the	  different	  solvents	  to	  the	  phenyl	  ring	  were	  also	  analyzed	  (not	  shown)	  and	  a	  small	  

free	  energy	  minimum	  was	  observed	  for	  chloroform	  while	  the	  other	  two	  solvents	  show	  

no	   interaction.	   The	   strong	   dipole–dipole	   interactions	   between	   DMSO	   and	   the	   polar	  

groups	  (SO3-‐	  and	  SO2)	  of	  the	  polyelectrolyte	  are	  found	  to	  be	  the	  main	  driving	  forces	  for	  

the	  good	  solvation	  properties	  of	  DMSO.	  Therefore,	  the	  DMSO	  orientation	  was	  analyzed	  

between	  the	  sulfur	  atoms	  of	  the	  SO3-‐	  and	  SO2-‐groups	  and	  the	  corresponding	  carbon	  and	  

oxygen	  atoms	  of	  DMSO.	  The	  results	  are	  presented	  on	  the	  right	  side	  of	  Figure	  4.15.	  The	  

spatial	  distribution	  function	  illustrates	  a	  well-‐ordered	  orientation	  for	  the	  methyl	  groups	  

(carbon	  atoms)	  of	  DMSO	  toward	  the	  sulfur	  atoms	  of	  the	  polyelectrolyte	  with	  a	  preferred	  

position	  of	  the	  methyl	  group	  between	  SO3-‐	  and	  SO2-‐groups.	  

	  

Figure	   4.14:	   Binding	   free	   energy	   for	   solvent	   molecules	   around	   SO3	   (left)	   and	   SO2	   (right)	   of	  mod-‐sPSO2-‐220.	   The	  

distance	  r	  is	  defined	  by	  the	  sulfur	  atom	  of	  the	  DMSO	  molecules,	  the	  carbon	  atom	  of	  the	  chloroform	  molecules	  and	  the	  

oxygen	  atom	  of	  the	  water	  molecules,	  to	  the	  corresponding	  sulfur	  atoms	  of	  the	  sulfonic	  acid	  groups	  on	  the	  polymer.	  

[61]	  

	  

The	   solvation	   behavior	   for	   the	   sodium	   ions	   was	   also	   evaluated	   by	   pair	   radial	  

distribution	  function.	  The	  number	  of	  solvent	  molecules	  in	  the	  first	  shell	  for	  DMSO	  was	  

found	  to	  be	  5.9	  and	  for	  water	  4.5.	  Furthermore	  the	  binding	  free	  energy	  of	  sodium	  ions	  

to	   solvent	   molecules	   was	   around	   1	   kJ	   mol-‐1	   lager	   for	   DMSO	   (ΔG	   =	   -‐5.3	   kJ	   mol-‐1)	  

compared	  to	  water	  (ΔG	  =	  -‐4.2	  kJ	  mol-‐1).	  Therefore,	  DMSO	  can	  be	  considered	  as	  a	  strong	  

coordinating	   solvent.	   This	   is	   expressed	   by	   the	   donor	   numbers,	   which	   is	   the	   electron	  
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donor	  strength	  and	  is	  for	  water	  DN	  =	  18	  kcal	  mol−1	  and	  for	  DMSO	  DN	  =	  29.8	  kcal	  mol−1,	  

whereas	  chloroform	  shows	  a	  small	  donor	  number	  of	  DN	  =	  4	  kcal	  mol−1.	  

	  

Figure	  4.15:	  Left:	  DMSO	  molecules	  (center-‐of-‐mass	  in	  blue)	  around	  the	  monomers	  of	  mod-‐sPSO2-‐220	  (≤	  0.8	  nm	  from	  

the	  macromolecular	  surface).	  The	  sulfur-‐oxygen	  atoms	  (red)	  on	  the	  left	  side	  belong	  to	  a	  SO2	  group.	  The	  two	  groups	  

are	  SO3-‐groups.	  Right	  side:	  the	  radial	  distribution	  function	  between	  the	  sulfur	  atoms	  of	  the	  SO3-‐group	  and	  the	  carbon	  

and	  oxygen	  side	  (atoms)	  of	  DMSO.[61]	  

	  

The	   found	   fractions	  of	   condensed	   ions	   fc	   are	   in	  good	  agreement	   to	   the	  donor	  number	  

concept.	   However,	   this	   does	   not	   explain	   the	   higher	   sodium	   conductivity	   for	   water	  

compared	  to	  DMSO.	  Most	  probably,	  the	  strong	  coordination	  of	  solvent	  molecules	  leads	  

to	  less	  mobility	  of	  the	  free	  counterions	  and	  together	  with	  the	  higher	  diffusion	  coefficient	  

for	  water	  this	  results	  in	  the	  observed	  conductivities.	   	  
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4.2 Solvent	  mixtures	  in	  polyelectrolyte	  solutions	  

The	  experimentally	  observed	  conductivities	  of	  solvated	  polyelectrolytes	  in	  lithium	  (and	  

sodium)	  form	  are	  extremely	  high	  due	  to	  the	  high	  concentration	  of	  super	  acidic	  sulfonic	  

acid	  groups[5],	  but	  the	  previous	  results	  revealed	  low	  degrees	  of	  dissociation,	  which	  still	  

allows	  for	  further	  conductivity	  enhancement	  by	  increasing	  the	  number	  of	  mobile	  charge	  

carriers.	  This	  may	  be	  achieved	  by	  using	  solvent	  mixtures,	  which	  provide	  the	  freedom	  of	  

specifically	  solvating	  cation,	  immobilized	  anion	  and	  even	  polymer	  backbone	  by	  different	  

but	  still	  miscible	  solvents.	  In	  the	  following	  two	  approaches	  are	  presented,	  the	  first	  uses	  

mixtures	  of	  high	  and	  low	  dielectric	  constant	  and	  the	  second	  mixtures	  of	  high	  donor	  and	  

acceptor	  solvents.	  

	  

4.2.1 High	  and	  low	  dielectric	  solvents	  

It	  was	  shown	  (section	  4.1),	  that	  a	  high	  dielectric	  constant	  alone	  is	  not	  enough	  to	  ensure	  

efficient	   solvation.	   Especially	   carbonate	   based	   solvents,	   which	   are	   commonly	   used	   in	  

salt	  electrolytes	  for	  battery	  applications,	  did	  not	  dissolve	  the	  polymer.	  

	  

Figure	  4.16:	  Ionic	  conductivity	  of	  2	  in	  lithium	  form	  with	  solvents	  mixtures	  as	  a	  function	  of	  temperature.	  Pure	  DMSO	  

with	   λ	   =	   20	   and	   10	  DMSO	  molecules	   per	   lithium	   ion	   (black,	   open	   symbols),	   DMSO/EC	  mixture	   (green),	  DMSO/PC	  

mixtures	  and	  DMSO/chloroform	  mixtures	  (pink).	  
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Instead	  a	  high	  Lewis	  acidity	  and	  basicity	  of	  the	  solvent	  appeared	  to	  be	  necessary	  for	  an	  

efficient	   interaction	  between	  solvent	  and	  ions.	   In	  order	  to	  verify	   if	   this	   is	  also	  true	  for	  

solvent	  mixtures,	   the	   conductivity	   of	   a	   number	  of	   different	   solvent	   combinations	  was	  

investigated.	   All	   studied	   mixtures	   (see	   Figure	   4.16)	   contained	   λ	   =	   10	   DMSO,	   which	  

allowed	   the	  dissolution	  of	   the	   solvent,	   and	  λ	  =	  10	  of	   solvents	  with	  high	  and	  very	   low	  

dielectric	  constants.	  The	  resulting	  conductivities	  were	  always	  below	  the	  conductivity	  of	  

the	  same	  amount	  (λ)	  of	  pure	  DMSO	  and	  no	  positive	  effect	  of	  the	  high	  dielectric	  solvents	  

was	  observed.	  

	  

4.2.2 Lewis	  acid	  and	  base	  solvent	  mixtures	  

The	  following	  approach	  is	  based	  on	  the	  result	  of	  section	  4.1	  that	  electron	  pair	  donor	  and	  

acceptor	   interactions	   play	   a	   major	   role	   in	   the	   charge	   carrier	   formation	   process	   of	  

polyelectrolytes.	   On	   the	   one	   hand	   electron	   acceptor	   solvents	   strongly	   coordinate	   to	  

anions,	  while	  electron	  donor	  solvent	  on	  the	  other	  hand	  favorably	  binds	  to	  cations.	  

	  

Figure	   4.17:	   Ionic	   conductivity	   of	   sulfonated	   poly(phenylene	   sulfone)-‐220	   (2)	   in	   lithium	   form	   in	   water-‐DMSO	  

mixtures	  with	   fixed	  λ	  =	  20	  as	   a	   function	  of	  mole	   fraction	  of	  DMSO	   for	  different	   temperatures.	  The	  values	   increase	  

from	  pure	  DMSO	  (right)	  to	  pure	  water	  (left)	  in	  a	  nonlinear	  fashion.	  
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The	   idea	   is	   to	   use	   a	   combination	   of	   both	   in	   a	   solvent	   mixture,	   leading	   to	   a	   strong	  

coordination	   of	   anions	   and	   cations	   is	   expected	   to	   result	   in	   increased	   degree	   of	  

dissociation	  and,	  as	  a	  consequence,	  a	  higher	  ionic	  conductivity.	  As	  a	  model	  system	  water	  

and	   DMSO	   exactly	  match	   the	   requirements	   of	   high	   donor	   (DMSO)	   and	   high	   acceptor	  

(water)	  solvent.	  For	  the	  sulfonated	  polyelectrolyte	  this	  means	  the	  sulfonic	  acid	  group	  is	  

coordinated	  by	  water	  and	  the	  counterion	  by	  DMSO.	  The	  conductivity	  data	  for	  different	  

mole	   fractions	   and	   of	   the	   pure	   solvents	   are	   shown	   in	   Figure	   4.17.	   A	   decreased	  

conductivity,	   lower	   than	   the	   linear	   extrapolation	   between	   the	   pure	   solvents,	   is	  

observed,	  which	  is	  opposite	  to	  the	  expected	  behavior.	  This	  finding	  points	  even	  towards	  

reduced	  dissociation	  in	  the	  mixture.	  To	  clarify	  this	  in	  more	  detail	  the	  solvent	  dynamics	  

were	  investigated	  with	  PFG-‐NMR.	  	  

	  

Figure	  4.18:	  1H-‐tracer	  diffusion	  coefficient	  of	  water	  and	  solvent	  mixtures	  with	  and	  without	  added	  polyelectrolytes	  as	  

a	   function	  of	  mole	   fraction	  of	  DMSO	   for	  at	  T	  =	  305	  K.	  A	  distinct	  minimum	  at	  a	  2:1	  mixture	   (~	  33	  mol%	  DMSO)	  of	  

water	  and	  DMSO	  is	  observed	  for	  both	  solvents.	  	  

	  

This	   technique	  allows	   the	  determination	  of	   the	   tracer	  diffusion	  coefficient	  DTr	   of	   each	  

solvent	  in	  the	  mixture	  simultaneously.	  The	  results	  (Figure	  4.18)	  show	  a	  decrease	  in	  the	  

solvent	  mobility	  both	  in	  water	  and	  DMSO,	  even	  without	  added	  polyelectrolyte,	  implying	  

the	  effect	  is	  due	  to	  the	  solvents	  alone.	  A	  minimum	  in	  DTr	  for	  both	  solvents	  can	  be	  found	  
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at	   a	   water:DMSO	   ratio	   of	   2:1.	   This	   corresponds	   to	   a	   situation	   where	   two	   water	  

molecules	  coordinate	  to	  one	  DMSO	  molecule	  (see	  Figure	  4.19).	  

	  

	  

Figure	  4.19:	  Schematic	  representation	  of	  water-‐DMSO	  complex	  with	  a	  2:1	  ratio.	  	  

	  

Selective	  solvation	  in	  a	  mixture	  of	  high	  donor	  and	  acceptor	  solvents	  leads	  to	  a	  reduced	  

overall	   solvent	   mobility	   due	   to	   donor-‐acceptor	   interactions	   between	   the	   solvents.	  

Although	  some	  increased	  dissociation	  need	  to	  be	  present	  at	  high	  DMSO	  contents	  as	  the	  

conductivity	  stays	  constant	  (see	  Figure	  4.17)	  until	  a	  water:DMSO	  ratio	  of	  1:1	  while	  the	  

solvent	   mobility	   already	   decreases.	   Therefore	   a	   higher	   mobile	   charge	   carrier	  

concentration	  needs	  to	  be	  present	  in	  order	  to	  compensate	  for	  the	  decreasing	  mobility.	  
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4.3 Dissociation	   and	   transport	   at	   high	   concentrations	   of	  

sulfonated	  polyelectrolytes	  	  
4.3.1 Proton	  form	  

The	  proton	  conductivity	  in	  the	  membrane	  form	  at	  low	  water	  contents	  (T	  =	  120	  °C,	  RH	  =	  

50	   %)	   varies	   non-‐monotonically	   with	   increasing	   IEC	   (see	   Figure	   4.20).	   The	  

hypersulfonated	   polymer	   (3)	   shows	   a	   reduced	   conductivity	   under	   these	   conditions	  

compared	  to	  2,	  which	  only	  has	  about	  half	  of	  the	  sulfonic	  acid	  concentration.	  The	  major	  

cause	  of	  such	  a	  finding	  only	  can	  be	  explained	  by	  a	  reduced	  charge	  carrier	  concentration	  

because	   of	   counterion	   condensation,	   although	   other	   effects	   such	   as	   microstructural	  

organization	  may	  play	  a	  minor	  role.	  	  

	  

Figure	  4.20:	  Proton	  conductivity	  of	  sulfonated	  poly(phenylene	  sulfones)	  at	  T	  =	  120	  °C,	  RH	  =	  50	  %	  as	  a	  function	  of	  IEC,	  

lines	  are	  shown	  to	  guide	  the	  eye.	  

	  

Additional	   indications	   for	   reduced	   dissociation	   come	   from	   the	  water	   tracer	   diffusion	  

coefficient	  DH2O	  and	  the	  diffusion	  coefficient	  Dσ	  (mobility	  of	  protonic	  charge	  carriers	  as	  

obtained	  from	  the	  conductivity	  via	  the	  Nernst–Einstein	  relationship)	  recorded	  down	  to	  

low	  water	  concentrations	  (see	  Figure	  4.21).	  Dσ	   is	  expected	  to	  closely	   follow	  the	  water	  
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diffusion	   coefficient	   at	   least	   for	   low	   water	   volume	   fractions,	   because	   here	   proton	  

conductivity	   essentially	   takes	   place	   via	   the	   vehicle	   mechanism	   without	   significant	  

contributions	   from	   structure	   diffusion	   (Grotthuss	   mechanism[9]).	   For	   high	   water	  

contents	   Dσ	   exceeds	   DH2O	   since	   sufficient	   amount	   of	   water	   allows	   for	   additional	  

intermolecular	   proton	   transfer	   between	  water	  molecules.	   However,	   in	   sPSO2-‐220	   (2)	  

the	  mobility	  of	  protonic	   charge	   carriers	   at	   low	  water	   contents	   falls	  below	   the	   solvent	  

diffusion	  coefficient,	  which	  also	  points	  towards	  incomplete	  dissociation.	  	  

	  

Figure	  4.21:	  Room	  temperature	  diffusion	  coefficients	  as	  a	  function	  of	  water	  volume	  fraction	  for	  sPSO2-‐220	  (2).	  Open	  

symbols:	   conductivity	   diffusion	   coefficients	   Dσ,	   calculated	   via	   Nernst-‐Einstein	   equation	   from	   conductivity	   data	  

assuming	   complete	  dissociation.	   Filled	   symbols:	  water	  diffusion	   coefficients	  DH2O	   from	  PFG-‐NMR	   (data	   taken	   from	  

[17]).	  	  

	  

The	   incomplete	   dissociation	   of	   protons	   is	   also	   reflected	   in	   the	   hygroscopicity.	   The	  

reduced	  dissociation	  is	  expected	  to	  reduce	  the	  water	  uptake	  because	  a	  large	  part	  of	  the	  

heat	   of	   hydration	   stems	   from	   the	   hydration	   of	   dissociated	   protons.	   The	   hydration	  

number	   λ	   is	   usually	   similar	   for	   most	   of	   the	   sulfonated	   polyelectrolytes	   especially	   at	  

moderate	  relative	  humidity,	  but	  the	  water	  content	  of	  the	  highest	  sulfonated	  polymer	  3	  

is	   only	   about	   half	   of	   that	   of	   all	   the	   other	   ionomers	   and	   polyelectrolytes	   (see	   Figure	  

4.22).	  Important	  to	  note	  is	  that	  at	  higher	  water	  contents,	  where	  the	  hydration	  is	  mainly	  

of	  entropic	  nature	  (osmosis),	  2	  and	  3	  dissolve.	  
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Figure	   4.22:	   Hydration	   isotherms	   of	   Nafion	   (data	   taken	   from	   [65])	   and	   of	   sulfonated	   polyelectrolytes	   of	   different	  

equivalent	  weights	  (IECs)	  at	  T	  =	  65	  °C.	  Number	  of	  water	  molecules	  per	  sulfonic	  acid	  as	  a	  function	  of	  relative	  humidity.	  

(detailed	  experimental	  description	  see	  ref.	  [65]).	  

	  

4.3.2 Lithium	  and	  sodium	  form	  	  

Lithium	   conductivity	   in	   the	   sulfonated	   polyelectrolytes	   2	   and	   4	   was	   shown	   to	   be	   a	  

single	  ion	  conductivity	  as	  the	  comparison	  of	  7Li	  tracer	  diffusion	  coefficient	  Dtr	  (by	  PFG-‐

NMR)	  fully	  matches	  the	  conductivity	  diffusions	  𝐷! 	  (via	  the	  Nernst–Einstein	  relationship	  

with	   the	   total	   Li-‐concentration	   as	   the	   charge	   carrier	   concentration)	   measured	   by	  

impedance	   spectroscopy.[5]	   In	   other	   words	   only	   positive	   (Li+)	   charge	   carriers	  

contribute	  to	  the	  overall	  conductivity.	  	  

The	  comparison	  between	  lithium	  and	  sodium	  conductivity	  (see	  Figure	  4.23)	  shows	  only	  

a	   small	   difference,	   which	   most	   probably	   stems	   from	   the	   different	   degrees	   of	  

dissociation.	  The	  concentration	  dependence	  of	  the	  conductivity	  (see	  Figure	  4.24)	  shows	  

an	  increase	  with	  increasing	  solvent	  content	  for	  polyelectrolytes	  with	  the	  same	  IEC	  until	  

a	  maximum.	  At	  the	  beginning	  not	  enough	  solvent	  is	  present	  to	  efficiently	  solvate	  all	  ions,	  

but	   with	   decreasing	   concentration	   of	   lithium	   (increasing	   solvent	   content)	   also	  
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dissociation	   increases.	   Along	  with	   faster	   solvent	   dynamics	   caused	   by	   less	   interaction	  

with	  the	  polymer,	  this	  explains	  the	  increasing	  in	  conductivity.	  	  

	  

Figure	   4.23:	   Ionic	   conductivity	   of	   sPSO2-‐220	   (2)	   with	   λ	   =	   20	   DMSO	   in	   lithium	   and	   sodium	   form	   as	   a	   function	   of	  

temperature.	  

	  

Figure	  4.24:	  Ionic	  conductivity	  of	  sulfonated	  poly(phenylene	  sulfone)-‐S220	  (2)	  and	  -‐360	  (4)	  in	  lithium	  form	  solvated	  

with	   DMSO	   as	   a	   function	   of	   lithium	   concentration	   (calculated	   form	   the	   polyelectrolyte)	   at	   T	   =	   25	   °C.	   High	   ionic	  

conductivities	  are	  observed	  even	  for	  concentration	  below	  1	  mol	  l-‐1	  lithium	  .	  
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The	  conductivity	  decrease	  is	  simply	  caused	  by	  the	  dilution	  of	  the	  systems;	  the	  maximum	  

mobility	   of	   the	   charge	   carrier	   is	   already	   reached	   but	   the	   concentration	   decreases.	   It	  

should	  be	   specially	  noted	   that	  high	   conductivities	   are	   found	   for	   a	  wide	   concentration	  

range,	  which	  strongly	  affects	  the	  viscosity	  of	  the	  solution.	  

Most	   lithium	   based	   batteries	   use	   salt	   solutions	   (e.g.	   LiPF6	   in	   carbonate	   solvents)	   as	  

electrolytes.	  They	  are	  known	  to	  show	  extremely	  high	  ionic	  conductivities	  of	  more	  than	  

10	  mS	  cm-‐1	  at	  RT.[66]	  In	  comparison,	  sulfonated	  polyelectrolytes	  in	  lithium	  form	  exhibit	  

conductivities	  an	  order	  of	  magnitude	  lower	  (see	  Figure	  4.25).	  

	  

Figure	   4.25:	   Ionic	   conductivity	   of	   sulfonated	   poly(phenylene	   sulfone)-‐220	   (2)	   in	   lithium	   form	  with	   λ	   =	   20	   DMSO	  

compared	  to	  1	  M	  LiPF6	  in	  a	  EC/DMC	  (commonly	  used	  Li-‐battery	  electrolyte)	  as	  a	  function	  of	  temperature.	  

	  

The	   solvating	   properties	   of	   common	   battery	   solvents	   (EC,	   PC,	   DMC,	   PEO)	   for	   lithium	  

salts	  are	  rather	  poor	  and	  dissociation	  in	  such	  systems	  is	  far	  from	  complete.	  The	  residual	  

ionic	   interactions	   lead	  to	  correlations	  of	  the	   ionic	  motion	  of	  cations	  and	  anions	  by	  the	  

formation	  of	  contact	   ion	  pairs,	   triple	   ions	  and	  higher	  aggregates.	  Such	  electrolytes	  are	  

more	   efficient	   anion	   than	   cation	   conductors,	   which	   translates	   into	   a	   lithium	  

transference	   number	   even	   below	   t+	   =	   0.5.	   The	   lithium	   conductivity	   of	   such	  

polyelectrolyte	   solutions	   in	   lithium	   form	   is	   found	   to	   be	   similar	   to	   salt	   solutions.(see	  

Figure	  4.26).	  
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Figure	   4.26:	   Lithium	   ion	   conductivity	   fraction	   from	   the	   total	   conductivity	   as	   a	   function	   of	   transference	   number	   at	  

room	  temperature	  for	  different	  lithium	  electrolytes.	  	  

	  

Apart	  from	  that,	  the	  transference	  number	  of	  t+	  =	  1	  for	  polyelectrolyte	  solutions	  reduces	  

polarization	  effects	  within	   the	  electrolyte,	  which	  allows	   for	  high	  power	  batteries	  with	  

extremely	   fast	   charge	   and	   discharge	   rates	   (see	   section	   1.3).	   Most	   other	   approaches	  

toward	  high	   transference	  numbers	  either	  obtain	  a	   transference	  number	  clearly	  below	  

unity	  [67]	  or	  a	  tremendously	  reduced	  conductivity[68].	  	  

Although	  conductivities	  of	  the	  polyelectrolytes	  are	  extremely	  high,	  more	  than	  half	  of	  the	  

lithium-‐ions	   in	   DMSO	   remain	   condensed	   to	   the	   fixed	   anionic	   groups.	   This	   still	   leaves	  

some	   space	   for	   a	   conductivity	   enhancement	   by	   increasing	   the	   degree	   of	   dissociation.	  

Unfortunately,	  solvents	  with	  higher	  dielectric	  constants	  and	  also	  mixtures	  of	  high	  Lewis	  

basic	  and	  acidic	  solvent	  could	  not	  increase	  the	  conductivity.	  	  

When	  it	  comes	  to	  the	  application	  of	  such	  electrolytes	   in	  real	  electrochemical	  cells,	   the	  

tunability	   of	   viscosities	   makes	   them	   very	   interesting	   for	   filling	   porous	   separator	   or	  

electrode	  structures,	  such	  as	  in	  Li-‐O2	  batteries[69].	  These	  batteries	  have	  extremely	  high	  

specific	  energies,	  but	  an	  efficient	  electrolyte	  for	  the	  gas	  diffusion	  cathode	  is	  needed.	  The	  

electrode	   structure	   needs	   to	   accommodate	   substantial	   amounts	   of	   LiO2	   and	   Li2O2	  

without	  blocking	   the	  solid,	   liquid	  and	  gaseous	   interface	  or	   the	  supporting	  catalyst.	  To	  
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allow	   efficient	   ion	   transport,	   liquid	   salt	   electrolytes	   based	   on	   carbonates	   have	   been	  

used,	   however,	   recent	   studies	   showed	   a	   fast	   decomposition	   under	   battery	  

conditions.[70]	   Two	   proposed	   alternative	   solvents	   were	   DMSO	   and	   DMAc[71][72],	  

which	  both	  lead	  to	  high	  conductivities	  in	  the	  polyelectrolyte	  (see	  Figure	  4.27).	  

	  

Figure	  4.27:	   Ion	  conductivity	  of	   sulfonated	  poly(phenylene	  sulfones)-‐220	  (2)	  Li-‐form	  with	  DMAc	  (blue)	  and	  DMSO	  

(black)	  as	  solvents	  both	  at	  λ	  =	  60	  as	  a	  function	  of	  temperature.	  

	  

Figure	  4.28:	  Thermo	  gravimetric	  weight	  loss	  of	  DMSO	  in	  sulfonated	  poly(phenylene	  sulfones)-‐220	  (2)	  Li-‐form	  with	  λ	  

=	  5	  (red)	  and	  10	  (blue)	  DMSO.	  Pure	  DMSO	  (black)	  is	  given	  for	  comparison.	  
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Most	  organic	  solvents	  have	  a	  high	  vapor	  pressure,	  causing	  fast	  evaporation	  rates	  in	  gas	  

diffusion	  electrodes	  and	   less	   solvent	   leads	   to	  decreased	   ionic	   conductivities.	  Different	  

from	   that,	   the	   evaporation	  of	  DMSO	   in	  polyelectrolytes	   is	   greatly	   reduced	   (see	  Figure	  

4.28).	   This	   finding	   is	   probably	   connected	   to	   the	   strong	   interaction	   of	   the	   solvent	  

molecules	  with	  the	  counterion	  and	  the	  functional	  groups	  on	  the	  polymer	  backbone.	  
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4.4 Microstructure	  of	  sulfonated	  polyelectrolytes	  

In	   addition	   to	   the	  microconformation	   in	   diluted	   solution	  discussed	   in	   in	   section	  4.1.1	  

and	   4.1.3	   influences	   of	   intermolecular	   interactions	   between	   different	   polymer	   chains	  

need	   to	   be	   consider	   at	   high	   polyelectrolytes	   concentrations	   The	   formation	   of	   distinct	  

microconformations	   is	   the	   first	   step	   in	   the	   microstructure	   formation	   process	   of	  

membranes,	   as	  most	  of	   the	   sulfonated	  poly(phenylene	   sulfone)	   films	  are	  prepared	  by	  

solution	   casting.	   In	   this	   technique,	   the	   evaporation	   of	   solvent	   leads	   to	   an	   increase	   in	  

polymer	   concentration	   causing	   additional	   interpolymer	   interactions.	   The	   resulting	  

microstructure	   depends	   on	   the	   amount	   of	   residual	   solvent.	   However,	   the	   complete	  

microstructure	   formation	   is	   very	   complex	   and	   still	   poorly	   understood,	   especially	   the	  

relevant	   interactions	   are	   not	   fully	   resolved.	   Therefore,	   a	   few	   aspects	   (IEC,	   kind	   of	  

solvent	  and	  counterion)	  are	  discussed	  in	  this	  section.	  	  

	  

4.4.1 Influence	  of	  IEC	  

Experimentally,	   a	   distinct	   correlation	   between	   the	   IEC	   of	   sulfonated	   polyelectrolytes	  

and	   the	   characteristic	   correlation	   length	   of	   their	   nanomorphology	   in	   the	   protonic	  

hydrated	  membrane	  form	  is	  found	  (see	  Figure	  4.29).	  The	  increase	  in	  IEC	  leads	  to	  a	  more	  

dispersed	   water	   phase	   in	   the	   membrane	   corresponding	   to	   a	   decreasing	   correlation	  

length	   between	   primary	   polymeric	   objects.	   The	   correlation	   length	   d	   (also	   called	  

ionomer	  peak)	  is	  in	  the	  order	  of	  a	  few	  nanometers	  and	  is	  the	  characteristic	  separation	  

length	  between	   the	  polymer	  and	  water	  phase.	  The	  width	  of	   this	  peak	  depends	  on	   the	  

disorder	   between	   these	   two	   phases.	   For	   higher	   IECs	   narrower	   and	   more	   ordered	  

structures	  with	   lower	   correlations	   length	   are	   found.	   The	   narrower	   and	  more	   distinct	  

morphological	  evolution	  with	  increasing	  IEC	  of	  sulfonated	  poly(phenylene	  sulfones)	   is	  

reversed,	  when	  moving	   to	   the	  extremely	  high	   IEC	  of	   sPSO2-‐142	   (3)	   (see	  Figure	  4.30).	  

This	   is	   actually	   quite	   expected	   because	   of	   the	   severe	   counterion	   condensation	   in	  

structure	  3	  with	   around	  70	  %	  of	   the	   ions	   condensed	   to	   the	   sulfonic	   acid	   groups.	  The	  

found	  correlation	  therefore	  gives	  additional	  support	  for	  counterion	  condensation	  in	  the	  

solid	  membrane	   form	  and	   suggests	   the	   formation	  of	   a	  well-‐ordered	  Coulomb	   “lattice”	  

through	  electrostatic	  interaction.	  
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Figure	   4.29:	   Small	   angle	   X-‐ray	   diffraction	   patterns	   of	   sulfonated	   poly(phenylene	   sulfones)	   and	  Nafion	   of	   different	  

equivalent	  weights	  (IEC)	  at	  RH	  =	  75	  %	  (λ	  ~	  7).	  The	  polyelectrolytes	  show	  a	  distinct	  correlation	  d	  (so	  called	  ionomer	  

peak)	  at	  high	  q	  values.	  Data	  for	  Nafion,	  sPSO2-‐360	  and	  sPSO2-‐1014	  are	  taken	  from	  ref	  [17].	  

	  

Figure	  4.30:	  Evolution	  of	  the	  correlation	  length	  d	  in	  SAXS	  of	  sulfonated	  poly(phenylene	  sulfones)	  as	  a	  function	  of	  ion	  

exchange	  capacity	  (IEC)	  at	  RH	  =	  75	  %	  (λ	  ~	  7).	  	  

Microstructural	   features	  are	  also	  expected	  to	  affect	  solvent	  (water)	  and	   ion	  transport.	  

The	   percolation	   and	   tortuosity	   on	   the	   nanometer	   scale	   reduces	   the	   absolute	  
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(macroscopic)	   value	   of	   the	   diffusion	   coefficient,	   but	   more	   important	   is	   that	   an	  

increasing	  concentration	  of	  dissociated	  sulfonic	  acid	  groups	  for	  constant	  λ	   is	  expected	  

to	  decrease	  the	  local	  water	  diffusion	  coefficient	  because	  an	  increasing	  amount	  of	  water	  

molecules	  are	  involved	  in	  the	  solvation	  of	  the	  immobilized	  groups	  (SO2	  and	  SO3).	  	  

	  

4.4.2 Influence	  of	  counterions	  

The	   influence	  of	   the	  kind	  of	   counterion	  on	   the	   small	   angle	  X-‐ray	   scattering	  pattern	  of	  

sPSO2-‐220	  (2)	  at	  a	  relative	  humidity	  of	  75	  %	  is	  shown	  in	  Figure	  4.31.	  A	  few	  features	  are	  

immediately	  visible	  in	  the	  scattering	  pattern;	  a	  pronounced	  correlation	  peak	  is	  present	  

for	  all	  ion	  forms,	  which	  decrease	  to	  lower	  d	  values	  in	  the	  order	  (H+)	  <	  (Li+)	  <	  (Na+).	  	  

	  

Figure	  4.31:	  Small	  angle	  X-‐ray	  diffraction	  patterns	  of	  sulfonated	  poly(phenylene	  sulfones)-‐220	  (2)	  in	  different	  ionic	  

forms	  (orange:	  protonic	  form,	  blue:	  lithium	  form	  and	  green:	  sodium	  form	  at	  RH	  =	  75	  %).	  The	  ionomer	  peak	  is	  shifting	  

towards	  lower	  d	  from	  H+	  to	  Na+	  (decreasing	  correlation	  length),	  which	  correlates	  to	  the	  water	  uptake.	  

	  

The	   trend	  of	  decreasing	  correlation	   length	  d	  mainly	   is	  caused	  by	  different	  amounts	  of	  

water,	   causing	   shorter	   distances	   between	   primary	   polymeric	   objects.	   The	   different	  

water	   contents	   reflect	   the	   decreasing	  hydration	   enthalpy	   in	   the	   order	  H+	   >	   Li+	   >	  Na+.	  
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Another	  feature	  (peak)	  in	  the	  SAXS	  pattern	  is	  visible	  at	  larger	  correlation	  length	  of	  d	  =	  

10	  -‐	  20	  nm.	  Up	  to	  now	  there	  is	  no	  clear	  explanation	  for	  such	  a	  correlation,	  but	  one	  may	  

speculate	   that	   it	   is	   related	   to	   the	   size	   of	   single	  polymer	   coils	  which	   are	  preformed	   in	  

casting	  process.	  

	  

4.4.3 Influence	  of	  solvents	  

Dissociation	  strongly	  depends	  on	  the	  kind	  of	  solvents.	  Therefore,	  also	  the	   influence	  of	  

different	   solvents	   and	   solvent	   mixtures	   on	   the	   microstructure	   formation	   was	  

investigated.	  Figure	  4.32	  shows	  the	  SAXS	  patterns	  of	  2	  in	  lithium-‐form	  for	  water,	  DMSO,	  

and	  mixtures	  of	  both.	  The	  comparison	  of	  pure	  water	  and	  DMSO	  as	  solvents	  shows	  a	  big	  

difference	  for	  low	  and	  high	  correlation	  length.	  	  

	  

Figure	  4.32:	   Small	   angle	  X-‐ray	  diffraction	  patterns	  of	   sulfonated	  poly(phenylene	   sulfones)-‐220	   (2)	   in	   lithium	   form	  

with	  different	   fixed	  λ	  of	  DMSO	  exposed	   to	  RH	  =	  75	  %.	  For	   comparison	  also	  pure	  DMSO	  λ	  =	  6	  and	  water	  λ	  =	  5	  are	  

shown.	   From	   high	   to	   low	   DMSO	   contents	   a	   correlation	   at	   high	   d	   is	   appearing	   and	   shifting	   towards	   lower	   d	   for	  

increasing	  amount	  of	  water.	  At	  the	  same	  time	  a	  so	  called	  ionomer	  peak	  is	  appearing,	  getting	  sharper	  and	  is	  shifting	  

towards	  lower	  d	  for	  increasing	  water	  content.	  
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Almost	   no	   ionomer	   peak	   is	   observed	   for	   DMSO	   while	   water	   causes	   a	   very	   distinct	  

correlation	   around	   d	   =	   2	   nm.	   The	   previous	   results	   suggest	   a	   higher	   dissociation	  

constant	  for	  DMSO	  compared	  to	  water	  as	  solvent.	  On	  a	  first	  glance,	  this	  contradicts	  the	  

dissociation	  results	  as	  more	  pronounced	  electrostatic	  interactions	  are	  expected	  for	  high	  

degrees	  of	  dissociation.	  However,	  it	  was	  also	  shown,	  that	  DMSO	  strongly	  coordinates	  to	  

the	   counterion	   and	   this	   may	   be	   unfavorable	   for	   the	   formation	   of	   a	   well-‐ordered	  

Coulomb	  “lattice”.	  

For	   solvent	   mixtures	   an	   additional	   very	   pronounced	   correlation	   is	   emerging	   for	  

increasing	  water:	  DMSO	  ratios.	  Again	  no	  clear	  explanation	  for	  such	  a	  correlation	  can	  be	  

given.	  In	  addition	  an	  ionomer	  peak	  is	  appearing	  which	  gets	  sharper	  and	  moves	  towards	  

lower	  correlation	  length	  for	  higher	  water	  contents.	  
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4.5 Acid-‐base	  blend	  membranes	  
4.5.1 General	  aspects	  

The	  state-‐of-‐the-‐art	  perfluorosulfonic	  acid	  based	  PEMs	  have	  severe	  drawbacks,	  such	  as	  

high	  cost,	  high	   fuel	   crossover,	   limited	  chemical	   stability	  and	  most	   importantly	   limited	  

operating	  temperature	  (below	  T	  =	  90	  °C)	  because	  of	  membrane	  softening.	  To	  overcome	  

these	   drawbacks,	   in	   recent	   years	   a	   number	   of	   alternative	   membranes	   have	   been	  

developed	   based	   on	   sulfonated	   aromatic	   polymers.	   A	   major	   trend	   focused	   on	  

hydrophilic–hydrophobic	   multiblock	   copolymers	   to	   combine	   a	   hydrophilic	   proton	  

conducting	  phase	  and	  a	  hydrophobic	  phase	  responsible	   for	  the	  mechanical	  stability	  of	  

the	  membrane.	  The	  synthesis	  of	  these	  multiblock	  copolymers,	  however,	  is	  typically	  very	  

costly,	  difficult	  to	  reproduce	  and	  extremely	  complex	  since	  it	   involves	  several	  synthetic	  

steps.[14][15][16]	  

Another	   approach	   towards	   hydrocarbon-‐based	   membranes	   makes	   use	   of	   classical	  

polymer	   blending.	   The	   goal	   here,	   similar	   to	  multiblocks,	   is	   to	   achive	   a	   bi-‐continuous	  

phase	   separation	   (see	   Figure	   4.33	  middle)	   between	   a	   hydrophilic,	   proton	   conducting	  

polymer	  and	  a	  hydrophobic,	  membrane	  forming	  polymer.	  	  

	  

Figure	   4.33:	   Schematic	   of	   hydrophilic	   (bright)	   and	   hydrophobic	   (dark)	   phase	   separation	   in	   polymer	   blends	   for	  

different	   ratios	  of	  hydrophilic	   to	  hydrophobic	  polymer.	  Left	  and	  right	  picture	  show	  a	  dope	   like	  separation	  without	  

any	   connectivity	   of	   one	   phase.	   The	   center	   picture	   illustrates	   a	   bi-‐continuous	   phase-‐separation	   between	   the	   two	  

polymers.	  	  

	  

A	   film	   formed	   from	   a	   common	   solution	   of	   hydrophilic	   and	   hydrophobic	   polymer	  

inherently	   tends	   to	   separate	   in	   a	  drop	   like	  manner	   (see	  Figure	  4.33	   left	   and	   right)	   to	  

decrease	   the	   contact	   area	   indicating	   a	   high	   interfacial	   energy.	   In	   order	   to	   reduce	   the	  
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interface	  energy,	  interactions	  between	  the	  two	  polymers	  are	  introduced.	  One	  approach	  

uses	   strongly	   basic	   groups	   on	   the	   hydrophobic	   polymer,	   which	   lead	   to	   acid-‐base	  

interactions	  to	  sulfonic	  acid	  groups	  of	  the	  hydrophilic	  polymer	  (ionic	  crosslinking).	  The	  

use	  of	  sulfonated	  polyether	  ketones	  with	  ion	  exchange	  capacities	  of	  less	  than	  1.8	  meq	  g-‐1	  

didn’t	  allow	  for	  sufficient	  proton	  transport.[73]	  

In	   contrast	   to	   this,	   sulfonated	   poly(phenylene	   sulfones)	   show	   excellent	   proton	  

conductivities	   (see	  previous	  4.4).	  However,	  membranes	  made	  of	  such	  polymers	  suffer	  

from	   low	  mechanical	   stability.	   The	   high	   concentration	   of	   sulfonic	   acid	   groups	   on	   the	  

polymer	   backbone	   (important	   for	   the	   conductivity)	   leads	   to	   dissolution	   of	   the	  

polyelectrolyte	  at	  high	  water	  contents	  and	  appears	  to	  be	  responsible	  for	  the	  brittleness	  

in	   the	   dry	   state.	   The	   aim	   is	   to	   preserve	   the	   transport	   properties	   but	   introduce	   a	  

viscoelastic	   behavior	   that	   allows	   for	   deformation	   without	   mechanical	   failure	   of	   the	  

membrane,	  in	  particular	  at	  high	  temperatures	  (T	  >	  100	  °C)	  under	  dry	  conditions	  (RH	  <	  

50%)	   and	   decrease	   the	   water	   uptake	   at	   high	   water	   activities	   (no	   dissolution	   or	  

extensive	  swelling).	  Such	  operating	  conditions	  are	  believed	  to	  need	  less	  catalyst	  loading	  

in	  the	  electrodes,	  and	  smaller	  cooling	  and	  humidification	  systems.	  	  

Similar	   to	   the	   above	   concept,	   also	   sulfonated	   poly(phenylene	   sulfones)	  were	   blended	  

with	   polybenzimidazole	   (PBI).	   In	   these	   polymer	   blends,	   the	   interaction	   between	   the	  

strong	  basic	  benzimidazol	   (pKB	  =	  1	   -‐	  2)	   [74]	  and	   the	  highly	  acidic	  sulfonic	  acid	  group	  

leads	  to	  the	  formation	  of	  strong	  ionic	  cross-‐links.	  Therefore,	  the	  formation	  of	  a	  common	  

casting	  solution	  without	  precipitation	  is	  only	  possible	  if	  the	  protons	  of	  the	  sulfonic	  acid	  

group	   are	   exchanged	   by	   larger	   cations	   (neutralized).	   PBI	   is	   a	   stiff	   polymer	   which	  

suppresses	   the	  microstructure	   formation	   in	   sulfonated	   poly(phenylene	   sulfones)	   and	  

the	  high	  concentration	  of	  basic	  sites	  in	  polybenzimidazole	  leads	  to	  a	  severe	  decrease	  in	  

IEC.	   The	   proton	   conductivity	   of	   the	   blended	   material	   is	   more	   than	   two	   orders	   of	  

magnitude	   lower	   as	   for	   the	   pure	   polyelectrolyte	   and	   additionally	   shows	   a	   severe	  

decrease	  with	  decreasing	  relative	  humidity	  (see	  Figure	  4.34).	  	  
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Figure	  4.34:	  Proton	   conductivity	   of	   sulfonated	  poly(phenylene	   sulfones)-‐220	   (2)	   (orange)	   and	  blend	  with	  20	  wt%	  

polybenzimidazole	  (black)	  at	  given	  water	  pressure	  of	  p	  =	  1	  atm	  as	  a	  function	  of	  temperature	  (data	  taken	  from	  HiPEM	  

project	  report).	  Data	  of	  Nafion	  are	  given	  for	  comparison	  (blue).	  

	  

4.5.2 Concept	  

Different	   from	   all	   previous	   blend	   concepts,	   the	   here	   introduced	   approach	   uses	  

sulfonated	   poly(phenylene	   sulfone)-‐360	   (4),	   with	   an	   intermediate	   IEC	   of	   2.8	  meq	   g-‐1	  

which	  heavily	  swells	  in	  water	  but	  does	  not	  dissolve.	  The	  blending	  with	  an	  unsulfonated	  

polysulfone	   needs	   to	   reduce	   the	   swelling	   and	   has	   to	   introduce	   mechanical	   stability	  

without	  significantly	  decreasing	  transport.	  The	  blend	  membrane	  should	  show	  a	  phase	  

separation	   in	   the	   order	   of	   a	   few	   nanometers	   to	   preserve	   the	   local	   structure	   of	   the	  

sulfonated	  polysulfone,	  which	  is	  responsible	  for	  the	  excellent	  transport	  characteristics.	  

First	  pretest	  with	  pristine	  UDEL,	  a	  polysulfone	  as	  blend	  component	  (detailed	  structure	  

see	   Figure	   4.37	   top),	   known	   for	   its	   high	   chemical	   stability,	   felxibility	   and	   good	   film	  

forming	   properties	   resulted	   in	   an	   unfavorable	   drop-‐like	   separation	   (see	   Figure	   4.35)	  

even	   for	   various	   common	   solvents	   and	   different	   ratios	   of	   hydrophilic-‐to-‐hydrophobic	  

polymer.	  A	  general	  observation	  was	  that	  this	  phase	  separation	  takes	  place	  at	  the	  end	  of	  

the	   film	   forming	   process.	   Therefore	   the	   idea	   was	   to	   introduce	   a	   weak	   interaction	  
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between	  the	  two	  polymers	  to	  overcome	  this	  separation	  at	  high	  polymer	  concentrations.	  

For	  such	  a	  purpose	  an	  acid-‐base	  interaction	  is	  ideal	  as	  its	  strength	  can	  be	  controlled	  by	  

the	   acidity	   and	   basicity	   of	   the	   involved	   groups.	   The	   sulfonic	   acid	   group	   on	   the	  

hydrophilic	   polymer	   can	   not	   be	   changed	   but	   different	   basic	   functionalities	   can	   be	  

introduced	  into	  the	  hydrophobic	  polymer	  without	  to	  much	  experimental	  effort.	  

	  

Figure	  4.35:	  Scanning	  electron	  microscopy	  pictures	  of	  polymer	  blends	  between	  sulfonated	  poly(phenylene	  sulfone)-‐

360	  (4)	  (bright	  regions	  –	  silver	  stained)	  and	  UDEL	  (dark	  regions)	  cast	  from	  a	  common	  solution	  (DMSO)	  at	  different	  

polyelectrolyte/polymer	   ratios	   (left	   30/70,	  middle	  70/30).	  Both	   ratios	   show	  a	  drop	   like	   separation.	  Right	   picture:	  

blend	  with	  Py-‐UDEL	  (30	  mol%,	  20	  wt%)	  with	  no	  separation	  in	  the	  𝜇𝑚-‐scale	  	  

	  

The	   work	   on	   PBI	   blend	   membranes	   showed	   a	   very	   strong	   interaction	   between	  

benzimidazole	  and	  sulfonic	  acid	  (Figure	  4.36	  left).	  Therefore	  a	  weaker	  base	  was	  chosen	  

as	  basic	  functional	  group,	  namely	  pyridine	  with	  a	  pKB	  =	  8.75	  [74]	  (Figure	  4.36	  right).	  

	   	   	  

Figure	  4.36:	  Schematic	  of	  acid-‐base	  interaction	  between	  sulfonated	  polysulfone	  and	  PBI	  (left)	  and	  pyridine	  (right).	  
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In	  the	  following	  a	  short	  description	  of	  the	  basic	  modification	  procedures	  of	  UDEL	  and	  a	  

detailed	  study	  of	  the	  corresponding	  acid-‐base	  blend	  membranes	  is	  given	  with	  a	  special	  

focus	  on	  the	  mechanical	  properties.	  

	  

4.5.3 Synthesis	  of	  pyridine	  modified	  UDEL	  and	  blend	  formation	  

The	  pyridine	  modified	  polymer	  was	  prepared	  by	   substitution	   reaction.	   In	   a	   first	   step,	  

the	  polysulfone	  material	  (UDEL)	  was	  lithiated	  by	  n-‐buthyl-‐lithium	  at	  low	  temperatures	  

(T	  =	  -‐70	  °C)	  followed	  by	  the	  substitution	  of	  a	  ethylether	  having	  a	  pyridine	  residue	  (see	  

Figure	  4.37).[75]	  The	  substitution	  degree	  was	  varied	  from	  16	  mol%	  eg-‐1	  to	  more	  than	  

100	  mol%	  (multiple	  functionalization	  per	  equivalent	  (repeating	  unit)	  by	  using	  different	  

amounts	   of	   lithiation	   agent.	   The	   actual	   obtained	   degree	   of	   modification	   could	   be	  

precisely	  determined	  by	  1H-‐NMR	  (the	  final	  product	  is	  in	  the	  following	  named	  Py-‐UDEL).	  

	  

Figure	   4.37:	   Synthesis	   of	   pyridine	   modified	   UDEL.	   First	   step	   lithiation	   by	   n-‐butyllithium	   followed	   by	   a	   second	  

substitution	  step.	  

	  

The	  Py-‐UDEL	  and	  sPSO2-‐360	  blend	  membranes	  were	  formed	  by	  solution	  casting	  from	  a	  

common	  solution	  (DMAc)	  and	  did	  not	  show	  any	  phase	  separation	  in	  the	  𝜇𝑚	  scale	  (see	  
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Figure	   4.35	   right).	   The	   fraction	   of	   hydrophilic	   to	   hydrophobic	   polymer	   was	   varied	  

between	  10	  -‐	  30	  wt%	  for	  the	  basic	  polymer.	  

	  

4.5.4 Acid-‐base	  interaction	  

The	  acid-‐base	  interaction	  between	  sPSO2-‐360	  and	  Py-‐UDEL	  already	  needs	  to	  be	  present	  

in	  solution	  in	  order	  to	  support	  the	  film	  forming	  process	  by	  avoiding	  phase	  separation	  in	  

the	   𝜇𝑚	   scale.	   In	   order	   preserve	   the	   properties	   of	   the	   two	   components	   in	   a	   blend	  

membrane	  a	  bi-‐continuous	  phase	  separation	  is	  needed.	  

To	  study	  the	  presence	  of	  the	  acid-‐base	  interaction	  in	  solution,	  E-‐NMR	  measurements	  on	  

dilute	   DMSO	   solution	   of	   the	   polymers	   were	   performed.	   In	   the	   E-‐NMR	   measurement	  

charged	  particles	  will	  show	  a	  phase	  shift.	  Figure	  4.38	  presents	  1H-‐NMR	  spectra	  of	  three	  

different	   samples,	   pure	   Py-‐UDEL,	   sPSO2-‐360	   and	   a	   1:2	   mixture	   of	   both,	   for	   different	  

applied	  electric	  field.	  	  

	  

	  

Figure	   4.38:	   1H	   NMR-‐spectra	   in	   DMSO-‐d6	   (without	   ppm	   scale)	   of	   109	   mol%	   pyridine	   modified	   UDEL	   (left),	   pure	  

sulfonated	  poly(phenylene	  sulfone)-‐360	  (4)	  (middle)	  and	  1:2	  mixture	  of	  both	  at	  different	  applied	  electric	  fields	  in	  an	  

PFG-‐NMR	  experiment.	  
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Pure	   Py-‐UDEL	   shows	   no	   phase	   shift	   in	   the	  NMR	   signal.	   This	   is	   expected	   as	   the	  weak	  

basic	  pyridine	  group,	  even	  with	  traces	  of	  water,	  should	  not	  be	  charged.	  Different	  form	  

this	   observation	   is	   the	   result	   for	   sPSO2-‐360,	   here	   a	   clear	   phase	   shift	   is	   present,	  

corresponding	  to	  dissociated	  sulfonic	  acid	  groups.	  The	  mixture	  of	  both	  shows	  the	  same	  

phase	  shift	  for	  the	  NMR	  signal	  related	  to	  sPSO2-‐360	  but	  interestingly	  also	  a	  phase	  shift,	  

in	  the	  same	  direction	  in	  the	  signal	  of	  Py-‐UDEL	  appeared.	  Most	  probably	  the	  interaction	  

between	   the	   two	   polymers	   leads	   to	   a	   coupling	   of	   the	   Py-‐UDEL	   to	   the	   sPSO2-‐360,	  

neutralizing	   the	   sulfonic	  acid	  group.	  The	   residual	   charged	  sulfonic	  acid	  groups	  on	   the	  

sPSO2-‐360	   leads	   to	   a	   movement	   in	   the	   applied	   electric	   field,	   pulling	   along	   the	   basic	  

UDEL.	  Of	  course,	  these	  results	  are	  not	  a	  quantitative	  measure	  but	  at	  least	  they	  show	  the	  

presence	  of	  acid-‐base	  interaction	  in	  solution.	  

	  

4.5.5 Ion	  transport	  and	  water	  uptake	  

Ionic	  conductivity	  	  

	  

Figure	   4.39:	   Proton	   conductivity	   of	   sulfonated	   poly(phenylene	   sulfones)-‐360	   (4)	   blends	   pure	   (orange)	   and	   of	  

different	  wt%	  of	  30	  mol%	  pyridine	  modified	  UDEL	  (10	  wt%	  pink,	  20	  wt%	  light	  blue	  and	  30	  wt%	  green)	  at	  a	  given	  

water	  pressure	  of	  1	  atm	  as	  a	  function	  of	  temperature.	  Data	  of	  Nafion	  are	  given	  for	  comparison	  (dark	  blue).	  	  
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The	  proton	  conductivities	  of	  30	  mol%	  Py-‐UDEL	  sPSO2-‐360	  blends	  only	  slightly	  decrease	  

with	  increasing	  weight	  percent	  (wt%)	  compared	  to	  pure	  sulfonated	  polysulfone	  of	  basic	  

polymer	  (see	  Figure	  4.39).	  For	  10	  and	  20	  wt%	  Py-‐UDEL	  the	  conductivity	  values	  are	  still	  

far	  above	   that	  of	  Nafion.	  The	   temperature	  dependence	  at	  given	  water	  pressure	  of	   the	  

blends,	  different	  for	  PBI	  blends,	  is	  similar	  to	  pure	  sPSO2-‐360,	  which	  is	  a	  first	  indication	  

for	  the	  preserved	  structure	  within	  the	  hydrophilic	  domain.	  	  

The	  same	  trend	  is	  observed	  for	  different	  degrees	  of	  modification	  (see	  Figure	  4.40).	  The	  

conductivity	  decrease	  for	  different	  modification	  degrees	  by	  constant	  weight	  percent	  of	  

basic	  polymer	  is	  not	  reflected	  in	  the	  experimental	  determined	  IECs.	  This	  is	  most	  likely	  

caused	  by	   acid–base	   interactions;	   by	   trapping	   the	  mobile	  protons	  of	   the	   sulfonic	   acid	  

groups,	  the	  mobile	  charge	  carrier	  concentration	  is	  decreased	  and	  the	  “trapped”	  protons	  

no	   longer	   take	   parte	   in	   the	   conduction	  mechanism.	  However,	   the	   protons	   in	   an	   acid-‐

base	  interaction	  seem	  to	  be	  accessible	  for	  hydroxide	  ions	  of	  the	  titration	  base.	  

	  

	  

Figure	   4.40:	   Proton	   conductivity	   of	   different	  wt%	   blended	   sulfonated	   poly(phenylene	   sulfones)-‐360	   (4)	  with	   at	   a	  

given	  water	  pressure	  of	  p	  =	  1	  atm	  and	  T	  =	  145	  °C	  as	  a	  function	  of	  pyridine	  modification	  degree.	  Values	  of	  Nafion	  and	  

pure	  sPSO2-‐360	  are	  given	  for	  comparison	  (dark	  blue).	  	  
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Membrane	  Swelling	  

One	   of	   the	  main	   purposes	   of	   blending	   is	   to	   reduced	   swelling	   at	   high	  water	   activities.	  

This	  was	  determined	  by	  measuring	   the	  weight	   gain	  of	   in	  water	   immersed	  membrane	  

pieces.	   The	   water	   uptake	   (see	   Figure	   4.41)	   expressed	   as	   hydration	   number	   λ	   is	  

significantly	  reduced	  in	  the	  blend	  membranes	  compared	  to	  pure	  sPSO2-‐360	  and	  is	  in	  the	  

order	  of	   that	  of	  Nafion.	  Expressed	  as	  water	  volume	   fraction	   this	   still	   is	   about	  2	   times	  

higher	   as	   for	   Nafion,	   however,	   the	   narrower	   microstructure	   (see	   section	   4.5)	   in	   the	  

sulfonated	  polysulfones	  leads	  to	  higher	  dispersed	  water	  film.	  

	  

Figure	  4.41:	  Water	  uptake	  expressed	  as	  hydration	  number	  λ	  =	  [H2O]/[-‐SO3H]	  of	  sPSO2-‐360	  (4)	  blend	  membrane	  with	  

20	  wt%	  of	  30	  mol%	  pyridine	  modified	  UDEL	  as	  a	  function	  of	  temperature.	  For	  comparison	  also	  the	  water	  uptake	  of	  

pure	  sPSO2-‐360	  (4)	  and	  Nafion	  are	  given.	  sPSO2-‐360	  (4)	  shows	  extreme	  swelling	  while	  the	  water	  uptake	  of	  the	  blend	  

membrane	  is	  reduced	  to	  around	  λ	  =	  25.	  

	  

4.5.6 Mechanical	  properties	  

The	  mechanical	  properties	  of	  pristine	  sPSO2-‐360	  are	  practically	  not	  measurable	  due	  to	  

its	   extreme	   brittleness.	   Therefore	   all	   following	   results	   on	   blend	   membranes	   are	  

compared	   to	  Nafion.	   An	   extremely	   high	   storage	  modulus	  was	   observed	   for	   the	   blend	  

membranes	   up	   to	   temperatures	   of	   T	   =	   220	   °C	   and	   a	   relative	   humidity	   of	   RH	   =	   1	  %,	  
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whereas	  Nafion	  already	  softens	  under	  moderate	  conditions	  of	  around	  T	  =	  100	  °C	  (see	  

Figure	  4.42).	  Surprisingly,	  no	  hysteresis	  was	  found	  for	  sulfonated	  polysulfones.	  	  

Apart	   from	   the	   storage	   modulus,	   an	   important	   parameter	   for	   practical	   use	   is	   the	  

fracture	  toughness.	  The	  stress-‐strain	  behavior	  of	  blends	  for	  different	  conditions	  (T,	  RH)	  

and	  two	  modification	  degrees	  are	  shown	  in	  Figure	  4.43.	  The	  elongation	  at	  break	  as	  well	  

as	   the	   elastic	   and	   plastic	   deformation	   critically	   depends	   on	   temperature	   and	   relative	  

humidity.	   In	   particular,	   the	   maximum	   elongation	   at	   break	   decreases	   with	   increasing	  

temperature	  and	   lower	  water	  activities	  while	   the	   force	  at	  break	  scales	   inversely.	  This	  

can	  be	  attributed	  mainly	  to	  an	  increased	  elastic	  behavior.	  At	  80	  °C	  and	  80%	  RH	  blended	  

membranes	  show	  an	  elongation	  at	  break	  >70	  %,	  which	  is	  to	  the	  best	  of	  my	  knowledge	  

the	  highest	  value	  for	  hydrocarbon	  base	  PEM	  membranes.	  	  

	  

Figure	  4.42:	  Dynamic	  mechanical	  analysis:	  Storage	  modulus	  of	  a	  blend	  membrane	  (sPSO2-‐360	  (4)	  20	  wt%	  16	  mol%	  

Py-‐Udel)	  as	  a	  function	  of	  temperature	  for	  different	  RHs	  (red).	  Data	  for	  Nafion	  are	  given	  for	  comparison	  (blue).	  The	  

blend	  membrane	  shows	  no	  softening	  even	  at	  very	  low	  RH	  and	  high	  temperatures.	  

	  

The	   increasing	   degree	   of	   basic	   modification	   (Figure	   4.44)	   revealed	   a	   more	   brittle	  

(shorter	   elongation	   at	   break)	   behavior	   for	   higher	   concentrations	   of	   pyridine	   groups.	  

However,	   it	   is	  not	   clear	  whether	   the	  maximum	  elongation	   is	   somewhere	  between	   the	  

two	  studied	  materials	  or	  even	  at	  lower	  degrees	  of	  modification.	  	  
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Figure	   4.43:	   Stress-‐strain	   curves	   for	   different	   sPSO2-‐360	   (4)	   Py-‐Udel	   blends	  with	   20	  wt%	   of	   16	  mol%	  Py-‐Udel	   at	  

different	  temperatures	  and	  RHs	  showing	  an	  increase	  in	  stress	  at	  break	  and	  a	  decrease	  of	  the	  elongation	  at	  break.	  

	  

Figure	  4.44:	  Stress-‐strain	  curves	  of	  sPSO2-‐360	  (4)	  20wt%	  Py-‐Udel	  at	  T	  =	  80	  °C	  and	  RH	  =	  80	  %	  for	  16	  und	  109	  mol%	  

modification	  degree.	  The	  increase	  of	  modification	  results	  in	  more	  brittle	  mechanical	  properties.	  
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4.5.7 Microstructure	  

From	  SAXS	  data	   (Figure	   4.45)	   it	   is	   evident	   that	   the	  microstructural	   features	   found	   in	  

pristine	  sPSO2-‐360	  (4)	  (see	  Figure	  4.29)	  are	  preserved	  within	  the	  hydrophilic	  phase	  in	  

blend	  membranes.	  Although	   the	   ionomer	  peak	   intensity	   is	  decreasing	  with	   increasing	  

amount	  of	  basic	  polymer,	  it	  is	  still	  clearly	  visible	  for	  weight	  percent.	  	  

	  

Figure	  4.45:	  Small	  angle	  x-‐ray	  scattering	  patterns	  of	  sPSO2-‐360	  (4)	  with	  72	  mol%	  pyridine	  functionalization.	  	  

	  

Generally,	  the	  presented	  polymer	  blends	  are	  the	  first	  examples	  wherein	  an	  increase	  in	  

mechanical	   properties	   only	   barely	   reduces	   proton	   conductivity.	   The	   combination	   of	  

high	   ion-‐exchange	   capacity,	   high	   ion-‐conductivity	   as	   well	   as	   high	   chemical	   and	  

mechanical	  stability	  is	  unique	  and	  makes	  these	  materials	  a	  real	  alternative	  for	  fuel	  cell	  

and	  other	  electrochemical	  applications.	  

	  

4.5.8 Lithium	  conducting	  membranes	  for	  battery	  applications	  

Liquid	  or	  viscous	  electrolytes	  are	  mostly	  used	  in	  battery	  applications	  but	  a	  solid,	  lithium	  

conducting	  membrane	  would	   have	   some	   advantage	   as	   it	   could	   be	   used	   as	   electrolyte	  
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and	  separator	  at	  the	  same	  time.	  However,	  the	  previously	  described	  blend	  concept	  is	  not	  

suitable	   for	   the	   application	   with	   organic	   solvents	   used	   in	   batteries,	   because	   such	  

solvents	  dissolved	  the	  blend	  membranes.	  Therefore,	   two	  approaches	  to	  overcome	  this	  

problem	  are	  presented	  in	  the	  following.	  

	  

Polybenzimidazole	  sulfonated	  polysulfone	  blends	  

The	  ion	  exchange	  (with	  LiCl)	  of	  PBI/sPSO2-‐220	  blends	  (Figure	  4.46)	  from	  the	  proton	  to	  

the	   lithium	  form,	   leads	  to	  membranes	  stable	   in	  DMSO.	  The	  reason	  for	   this	  may	  be	  the	  

still	  reaming,	  strong	  acid-‐base	  interaction	  between	  the	  two	  polymers,	  where	  H+	  can	  not	  

be	  exchanged	  by	  LiCl.	  However,	  the	  blends	  only	  allows	  for	  small	  amounts	  of	  solvent	  to	  

enter	   the	  membrane,	  which	  results	   in	   lithium	   ion	  conductivities	   in	   the	  order	  of	  10-‐5	  S	  

cm-‐1.	  	  

	  

Figure	  4.46:	  Schematic	  representation	  of	  acid-‐base	  blend	  between	  polybenzimidazole	  and	  sulfonated	  poly(phenylene	  

sulfone)-‐220	   (2).	   Note,	   only	   the	   sulfonic	   acid	   groups	   not	   involved	   in	   the	   acid-‐base	   interaction	   are	   exchanged	   by	  

lithium	  ions.	  	  

	  

Addition	  of	  fumed	  silica	  particles	  	  

Another	  approach	  is	  the	  addition	  of	  a	  small	  fraction	  of	  fumed	  silica	  nanoparticles	  (7	  nm)	  

to	  the	  polyelectrolyte	  solutions.	  Small	  amounts	  (1	  -‐	  5	  wt%)	  of	  added	  particles	  already	  

lead	  to	  solid	  like	  behavior	  without	  losing	  much	  of	  the	  conductivity	  (Figure	  4.47).	  
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Figure	   4.47:	   Lithium	   conductivity	   as	   a	   function	   of	   temperature	   for	   sulfonated	   poly(phenylene	   sulfone)-‐220	   (2)	   in	  

lithium	  form	  solvated	  with	  λ	  =	  20	  DMSO	  molecules	  per	  lithium	  ion,	  pure	  (black),	  with	  1	  wt%	  (green)	  and	  5	  wt%	  (red)	  

of	  fumed	  silica.	  The	  addition	  of	  silica	  particle	  leads	  only	  to	  a	  slight	  decrease	  of	  conductivity.	  
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Chapter	  5	  	  

Summary	  and	  conclusion	  

The	   present	   thesis	   describes	   dissociation	   behavior,	   nanoscale	   ordering	   and	   transport	  

properties	  of	  sulfonated	  polyelectrolytes	  with	  diverse	  molecular	  architectures.	  Different	  

ionic	   forms	   solvated	  with	   different	   solvents	   (polar	   and	   unpolar	   as	  well	   as	   protic	   and	  

aprotic	  solvents)	  are	  investigated	  with	  polyelectrolyte/solvent	  ratios	  varying	  in	  a	  wide	  

range.	  Dilute	  solutions	   in	  which	   the	  polymer	  chains	  are	  well	   separated	  are	  studied	  as	  

well	   as	   membranes	   where	   interactions	   between	   individual	   polymer	   strands	   become	  

increasingly	  important.	  Residual	  ionic	  interactions,	  specific	  directional	  interactions	  and	  

the	  importance	  of	  local	  conformations	  are	  identified	  and	  studied	  under	  conditions	  close	  

to	  those	  of	  electrochemical	  applications.	  

Signatures	   of	   residual	   ionic	   interactions	   are	   observed	   in	   the	   dissociation	   behavior	   of	  

high	   ion	   exchange	   capacity	   polyelectrolytes	   in	   diluted	   solution.	   If	   the	   density	   of	   ionic	  

groups	  on	  the	  polymer	  backbone	  reaches	  a	  point	  where	  the	  average	  separation	  is	  of	  the	  

order	   of	   the	   Bjerrum	   length	   of	   the	   surrounding	   solvent,	   the	   degree	   of	   counterion	  

condensation	  starts	  to	  depend	  on	  details	  of	  the	  molecular	  structure	  as	  well	  as	  accessible	  

conformations	  of	  the	  polymer	  chain.	  In	  the	  protonic	  form	  of	  sulfonated	  poly(phenylene	  

sulfones)	  sPSO2-‐220	  (2)	  the	  residual	  ionic	  interactions	  even	  lead	  to	  well-‐defined	  ionic-‐

aggregates	  with	  pair-‐wise	  neutralization	  of	  sulfonic	  groups,	   i.e.	   triple	  ions	  in	  form	  of	  a	  

bridging	  conformation.	  For	  polyelectrolyte	  architectures	  with	   fixed	  distances	  between	  

neighboring	   ionic	   groups	   (e.g.	   sPSO2-‐142	   (3))	   reduced	   dissociation	   depends	   on	   the	  

screening	  potential	  of	   the	  solvent	  alone.	   Indications	   for	  residual	   ionic	   interactions	  are	  

not	  only	  found	  for	  well-‐separated	  polyelectrolytes	  in	  solution	  but	  also	  between	  polymer	  

chains	   at	   high	   polyelectrolyte	   concentrations.	   As	   a	   result,	   the	   proton	   conductivity	   of	  

hydrated	   solid	   polyelectrolytes	   decreases	   for	   high	   IECs	   where	   severe	   counterion	  

condensation	   was	   found.	   The	   nanoscale	   ordering	   follows	   the	   same	   trend,	   i.e.	   with	  
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increasing	  IEC	  the	  characteristic	  correlation	  length,	  corresponding	  to	  the	  separation	  of	  

primary	   polymeric	   objects	   and	   aqueous	   films,	   again	   increases	   as	   a	   consequence	   of	  

reduced	  dissociation.	  

The	   molecular	   conformation	   of	   the	   polymer	   backbone	   strongly	   influences	   the	  

dissociation	   behavior	   as	   well	   as	   the	   formation	   of	   the	   nanomorphology.	   Classical	   all-‐

atom	  MD	   simulations	   reveal	   elongated	   (stretched)	   polymer	   conformations	   for	   DMSO	  

and	  water	   as	   solvents	  while	   chloroform	   leads	   to	   a	   coil-‐like	   (collapsed)	   configuration.	  

The	  possible	  coordination	  sites	  and	  the	  different	  affinities	  of	  the	  solvents	  to	  coordinate	  

to	   polar	   and	   unpolar	   groups	   on	   the	   polymer	   is	   the	   reason	   for	   the	   observed	  

conformations.	   Locally,	   distinct	   configurations	   of	   the	   sulfonic	   acid	   groups	   are	  

particularly	   stabilized	  by	   a	   balance	   of	   electrostatic,	   solvation	   and	   configurational	   free	  

energies.	  	  

For	  different	  solvents,	  specific	  short-‐range	  interactions	  lead	  to	  strong	  variations	  in	  the	  

dissociation	  behavior	  and	  polyelectrolyte	  conformations	  for	  water,	  dimethyl	  sulfoxide,	  

and	   chloroform.	   The	   nanoscale	   ordering	   of	   the	   membrane	   form	   shows	   different	  

correlations	   depending	   on	   the	   kind	   of	   solvent	   and	   counterion.	   Surprisingly,	   a	   higher	  

fraction	   of	   condensed	   counterion	   was	   found	   in	   polyelectrolytes	   solvated	   with	   water	  

compared	  to	  DMSO,	  both	  experimentally	  and	  in	  simulations.	  These	  values	  do	  not	  follow	  

the	   solvent	   dielectric	   constants	   as	   expected	   from	  Manning’s	   counterion	   condensation	  

theory.	  Nevertheless,	   the	   conductivity	  of	  DMSO	  solvated	  polyelectrolytes	   still	   remains	  

below	   that	   of	   water	   solvated	   polyelectrolytes.	   It	   was	   shown	   that	   local,	   directional	  

properties	  such	  as	  electron	  pair	  donor	  and	  acceptor	  abilities	  between	  solvent	  and	  ions	  

are	   the	   main	   reason	   for	   the	   stronger	   solvation	   properties	   of	   DMSO	   leading	   to	   large	  

solvation	   shells.	   The	   solvated	   lithium	  with	   its	   larger	   solvation	   shell	   shows	   a	   reduced	  

mobility	   as	   compared	   to	   the	   average	   mobility	   of	   DMSO.	   Directional,	   short-‐range	  

interactions	  are	  also	  present	  between	  different	  solvents	   in	  solvent	  mixtures.	   In	  water-‐

DMSO	   mixtures,	   Lewis	   acid-‐base	   interactions	   lead	   to	   the	   formation	   of	   solvent	  

aggregates,	  which	   reduce	   the	   solvent	  mobility.	   Therefore,	   counterion	   condensation	   in	  

polyelectrolytes	  is	  not	  only	  controlled	  by	  the	  solvent	  dielectric	  constant,	  but	  also	  by	  the	  

chemical	   nature	   of	   the	   solvent,	   the	   immobilized	   ionic	   group,	   and	   the	   corresponding	  

counterion.	   For	   pure	   solvents,	   such	   as	   DMSO	   and	   DMAc,	   ionic	   conductivities	   in	   the	  
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lithium	  form	  of	  sPSO2-‐220	  (2)	  of	  more	  than	  1	  mS	  cm-‐1	  (at	  25	  °C)	  are	  obtained	  even	  for	  

low	  polyelectrolyte	  concentrations.	  Most	  important	  is	  the	  finding	  that	  this	  conductivity	  

is	   a	   single	   ion	   conductivity	   with	   an	   alkaline	   ion	   transference	   number	   close	   to	   unity,	  

leading	  one	  to	  expect	  the	  absence	  of	  any	  concentration	  polarization	  effects	  for	  the	  use	  of	  

this	  class	  of	  electrolytes	  in	  battery	  applications.	  	  

Besides	  the	  transport	  properties	  also	  the	  investigation	  of	  the	  mechanical	  properties	  was	  

part	   of	   this	   thesis.	   For	   this,	   a	   new	   polymer	   blending	   concept	   was	   introduced,	   which	  

relies	   on	   the	   compatibilization	   of	   the	   blend	   components	   through	   weak	   acid-‐base	  

interactions	   in	   solution.	   Membranes	   cast	   from	   such	   solutions	   show	   high	   proton	  

conductivity	   and	   good	   mechanical	   properties.	   Key	   to	   success	   was	   the	   use	   of	   a	  

hydrophilic	   polymer	   with	   a	   high	   IEC	   and	   a	   sparsely	   basic	   modified	   hydrophobic	  

polymer.	  In	  the	  blend	  membranes	  the	  water	  uptake	  was	  reduced,	  the	  microstructure	  of	  

the	  hydrophilic	  polymer	  was	  retained	  and	  the	  conductivities	  were	  only	  slightly	  reduced.	  

Such	   pure	   hydrocarbon	   materials	   usually	   show	   very	   poor	   mechanical	   properties.	  

However,	   the	   acid	   base	   blends	   show	   an	   excellent	   stress-‐stain	   behavior	   together	  with	  

very	   high	   strength	   up	   to	   temperatures	   of	   T	   =	   200	   °C.	   These	   properties	   are	   strongly	  

affected	  by	  the	  degree	  of	  modification	  rather	  than	  by	  the	  individual	  polymers	  alone.	  

Generally,	  the	  polymer	  blends	  are	  the	  first	  example	  wherein	  an	  increase	  in	  mechanical	  

properties	   is	  not	  on	  the	  expense	  of	  high	  proton	  conductivity.	  The	  combination	  of	  high	  

ion-‐exchange	   capacity,	   high	   ion-‐conductivity	   also	   at	   low	   RH	   with	   high	   chemical	   and	  

mechanical	  stability	  in	  unique	  and	  makes	  these	  materials	  a	  real	  alternative	  for	  fuel	  cell	  

and	  other	  electrochemical	  applications.	  
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Appendix	  

A1.	   Experimental	  details	  

A1.1 PFG-‐NMR	  
PFG-‐NMR	   measurements	   were	   carried	   out	   on	   a	   Bruker	   400	   MHz	   Avance	   NMR	  

spectrometer	   (9.4	  T)	  equipped	  with	  a	  Bruker	  Diff60	  diffusion	  probe	  head	  providing	  a	  

gradient	  up	  to	  3000	  G	  cm-‐1	  along	  the	  z-‐axis	  of	  the	  polarized	  field.	  A	  selective	  RF	  insert	  

for	  1H	  nuclei	  with	  NMR	  Larmor	  frequencies	  of	  400.1	  MHz	  was	  used.	  Polymer	  solutions	  

were	   filled	   into	   standard	   5	  mm	  NMR	   tubes,	   and	   self-‐diffusion	   coefficients	   of	   1H	  were	  

measured	   using	   pulsed	   field	   gradient	   NMR	   (PFG-‐NMR)	   with	   the	   stimulated	   echo	  

sequence.	   Self-‐diffusion	   coefficients	   were	   determined	   according	   to	   the	   areas	   of	   the	  

signals	   obtained	   with	   and	   without	   gradient	   pulses.	   (see	   experimental	   background	  

section)	  The	  magnitude	  of	  the	  pulsed	  magnetic	  field	  gradient	  was	  varied	  between	  0	  and	  

2300	  G	  cm-‐1;	  the	  diffusion	  time	  Δ	  between	  two	  gradient	  pulses	  was	  fixed	  to	  20	  ms,	  and	  

the	  pulse	  duration	  δ	  was	  set	  to	  1	  ms.	  The	  π/2	  radio	  frequency	  pulse	  length	  was	  adjusted	  

to	  8.0	  μs.	  All	  PFG-‐NMR	  experiments	  were	  performed	  at	  T	  =	  25	  °C.	  

	  

A1.2 E-‐NMR	  
Studies	  were	   carried	   out	   in	   a	  wide	  bore	  Oxford	  4.7	  T	  magnet	   using	   a	  Bruker	  Biospin	  

NMR	  con-‐sole	  operating	  at	  200.1	  MHz.	  Magnetic	  field	  gradients	  were	  generated	  using	  a	  

diff60	  diffusion	  probe	  and	  a	  Great60	  gradient	  amplifier	  (Bruker	  Biospin).	  The	  diffusion	  

time	   was	   typically	   20	   ms	   and	   the	   gradient	   pulse	   width	   1	   ms.	   During	   the	   E-‐NMR	  

measurement	  the	  gradient	  strength	  was	  kept	  constant	  and	  the	  applied	  electric	  field	  was	  

varied.	  The	  electrophoretic	  NMR	  cell	   is	  in-‐house	  built	  and	  similar	  to	  the	  cell	  described	  

by	   Hallberg	   et	   al.[55].	   The	   electric	   field	   is	   generated	   in	   a	   3	   cm	   space	   between	   two	  
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platinum	   ring	   connected	   to	   a	   homebuilt	   DC	   amplifier	   which	   is	   driven	   by	   TTL-‐pulses	  

from	   the	   spectrometer	   and	   controlled	   with	   a	   customized	   pulse	   program.	   The	   time	  

between	  two	  measurements	  was	  set	  to	  at	  least	  5	  s	  to	  avoid	  local	  sample	  heating	  which	  

may	  lead	  to	  convection.	  All	  E-‐NMR	  experiments	  were	  performed	  at	  T	  =	  25	  °C.	  

	  

A1.3 Synthesis	  /	  materials	  preparation	  
Disodium-‐3,3′-‐disulfonate-‐4,4′-‐difluorodiphenylsulfone	  was	  purchased	   from	  Fumatech	  

GmbH	   (Germany)	   and	   ion	   exchanged	   to	   its	   protonic	   form	  using	  Dow	  cation	   exchange	  

resin	   Marathon	   C.	   Fully	   monosulfonated	   poly(phenylen	   sulfone)	   was	   synthesizes	  

according	   to	   [11][12][76].	  Hypersulfonated	  phenylen	   sulfone	  was	   synthesis	   according	  

to	  Ref.	  [15].	  All	  materials	  were	  dried	  in	  a	  vacuum	  oven	  at	  120	  °C	  and	  10-‐5	  bar	  pressure	  

prior	  to	  use.	  Electrolyte	  solutions	  were	  prepared	  with	  double	  distilled	  water.	  Acronyms	  

are	  used	  for	  all	  materials	  according	  to	  their	  corresponding	  equivalent	  weight	  (EW).	  For	  

example,	   fully	  monosulfonated	   poly(phenylene	   sulfone)	   (sPSO2)	   EW	   =	   220	   g	  mol−1	   is	  

named	  sPSO2-‐220.	  

Sulfonated	  polysulfones	  in	  Li+	  and	  Na+-‐form	  were	  prepared	  by	  ion	  exchanging	  of	  their	  

acid	  form	  either	  in	  a	  tenfold	  excess	  of	  aqueous	  1N	  LiOH	  or	  NaOH	  stirred	  solution	  for	  4	  

hours	  or	  by	   ion	  exchange	  resins	  (Marathon	  C).	  The	  products	  were	  purified	  by	  dialysis	  

until	   neutrality.	  After	   evaporation	  of	   the	  water	   in	   a	   rotary	   evaporator,	   the	   exchanged	  

polyelectrolytes	  were	  dried	  in	  vacuum	  (p	  <	  10-‐5	  bar)	  at	  T	  =	  120	  -‐	  180	  °C	  for	  48	  hours.	  

The	   samples	  were	   stored	  under	   dried	  Argon	   gas	   before	   elemental	   analysis.	   Exchange	  

levels	   of	   close	   to	   100	   %	   with	   an	   error	   of	   ±	   2	   %	   were	   found.	   Swelling	   or	   complete	  

dissolution	   with	   solvents	   (purity	   H2O	   <	   10ppm)	   was	   carried	   out	   in	   dry	   argon	  

atmosphere.	  The	  mixtures	  were	  sonicated	  (SONOREX	  SUPER)	  in	  gas	  tight	  glass	  tubes	  for	  

at	  least	  12	  hours	  at	  a	  temperature	  of	  T	  =	  80	  °C	  which	  led	  to	  the	  formation	  of	  gel	  like	  or	  

homogeneous	  highly	  viscous	  materials	  depending	  on	  the	  target	  concentration.	  

	  

A1.4 Conductivity	  
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Cylindrical	  glass	  cuvettes	  (length	  15	  mm,	  diameter	  4	  mm)	  with	  platinum	  disc	  electrodes	  

were	  used	  for	  conductivity	  measurements	  of	  liquid	  samples.	  An	  opening	  at	  the	  top	  was	  

used	   for	   filling	   and	   as	   an	   exit	   for	   residual	   gas	   bubbles	   within	   the	   cell.	   Conductivity	  

measurements	  in	  pure	  water	  vapor	  (pH2O	  =	  105	  Pa)	  were	  carried	  out	  in	  a	  double-‐wall	  

temperature-‐controlled	  glass	  chamber	  with	  an	  open	  outlet	  at	  temperatures	  between	  T	  =	  

110	  and	  150	  °C.	  Liquid	  water	  was	  continuously	  evaporated	  by	  a	  heater	  and	  injected	  into	  

the	  chamber	  with	  a	  constant	  flow	  rate	  using	  a	  digital	  peristaltic	  pump	  (Ismatec).	  Inside	  

the	   chamber	   the	   samples	   pressed	   pellets	   of	   total	   thickness	   of	   2	   -‐	   4	   mm	   and	   6	   mm	  

diameter	  were	  placed	  in	  a	  porous	  cylindrical	  tube	  gold	  electrodes.	  In-‐plane	  membrane	  

conductivities	   were	   measured	   in	   pure	   water	   vapor	   (pH2O	   =	   105	   Pa)	   with	   a	   four-‐

electrode	   set-‐up	   between	   T	   =	   110	   °C	   and	   150	   °C	   using	   a	   modified	   commercial	  

conductivity	  cell	  (Fumatech).	  Complex	  impedance	  spectroscopy	  was	  carried	  out	  using	  a	  

HP	  4192A	  LF	  impedance	  analyzer	  in	  the	  frequency	  range	  10-‐2	   -‐	  107	  Hz	  using	  a	  voltage	  

output	  of	  0.1	  V.	  Specific	  conductivities	  was	  obtained	  from	  the	  high-‐frequency	  intercept	  

of	  the	  complex	  impedance	  with	  the	  real	  axis	  and	  the	  dimensions	  of	  the	  stacks.	  

	  

A1.5 Swelling	  and	  water	  uptake	  	  
Swelling	   in	  water	  was	  measured	   by	   immersing	   a	   piece	   of	  membrane	   (0.2	   –	   0.5	   g)	   in	  

liquid	   water	   at	   different	   temperatures.	   The	   water	   uptake	   was	   calculated	   from	   the	  

weight	   difference	   of	   hydrated	   and	   dried	   polymer	   (T	   =	   120	   °C	   and	   p	   <	   10-‐5	   bar).	   The	  

water	  uptake	  was	  measured	  thermogravimetrically	  by	  weighing	  the	  sample	  in	  situ	  at	  T	  

=	   65	   °C	   as	   a	   function	   of	   relative	   humidity	   (RH).	   This	  was	   possible	   through	   a	   balance	  

(Mettler	   AT20),	   which	   is	   magnetically	   coupled	   (Rubotherm)	   to	   a	   Teflon	   crucible	  

containing	  0.3	  –	  0.5	  g	  of	  polymer	  (the	  sample	  is	  physically	  decoupled	  from	  the	  balance	  

through	   a	  magnetic	   coupling).	   The	   relative	   humidity	  was	   adjusted	   using	   a	   humidifier	  

with	  a	  nitrogen	  flow	  of	  40	  ml	  min−1,	  the	  equilibration	  time	  at	  each	  RH	  was	  between	  30	  –	  

40	  h.	  The	  weight	  gain	  was	  calculated	  with	  respect	  to	  the	  weight	  of	  the	  dried	  sample	  (30	  

h	  in	  pure	  nitrogen	  at	  T	  =	  180	  °C).	  	  

	  

A1.6 Mechanical	  testing	  
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Dynamical	  Mechanical	  Analysis	  (DMA)	  was	  recorded	  on	  a	  DMA	  Q	  800	  (TA	  Instruments)	  

connected	   to	   a	  homebuilt	   humidifier	  with	   temperature	   and	   relative	  humidity	   (RH)	   as	  

parameters.	  For	  each	  set	  of	  conditions,	  temperature	  and	  RH	  were	  kept	  constant	  for	  5	  h	  

while	   continuously	   recording	   data.	   The	   measurements	   were	   performed	   by	   applying	  

oscillatory	  sinusoidal	  tensile	  deformation	  with	  a	  frequency	  of	  v	  =	  1	  Hz,	  an	  amplitude	  of	  

A	  =	  20	  𝜇m	  and	  a	  preload	  force	  of	  F	  =	  0.01	  N	  on	  a	  rectangular	  film	  sample	  of	  20	  ×	  5.3	  ×	  

0.05	  –	  0.2	  mm.	  	  

Stress–strain	  curves	  were	  obtained	  by	  the	  same	  setup	  described	  above	  in	  a	  controlled	  

force	  mode.	   The	   samples	  were	   equilibrated	   at	   the	   target	   temperature	   and	  RH	  until	   a	  

constant	  storage	  modulus	  was	  reached.	  Then	  a	  force	  ramp	  of	  1	  N	  min–1	  with	  a	  preload	  

force	   of	   0.001	   N	   was	   applied	   and	   the	   elongation	   was	   monitored.	   The	   corresponding	  

stress	  was	  normalized	  to	  the	  cross-‐section	  of	  the	  membrane	  at	  ambient	  conditions.	  

	  

A1.7 SAXS	  
SAXS	  measurements	  of	  sPSO2-‐220	  and	  sPSO2-‐142	  in	  H+-‐form	  were	  carried	  out	  at	  75	  %	  

RH	   equilibrated	   samples	   at	   25	   °C	   (diameter:	   0.6	   cm,	   thickness:	   0.02	   -‐	   0.03	   cm).	   The	  

scattering	   experiments	   were	   performed	   by	   using	   a	   SAXSess	   camera	   (Kratky,	   Anton	  

Paar)	   equipped	  with	  a	  CCD	  detector.	  CuKa	   radiation	  with	  a	  wavelength	  of	  0.1542	  nm	  

was	  generated	  by	  a	  PANalytical	  PW3830	  X-‐ray	  generator	  operating	  at	  40	  kV	  and	  50	  mA.	  

The	  other	  protonic	  forms	  and	  the	  blends	  were	  also	  equilibrated	  at	  RH	  =	  75	  %	  and	  then	  

transferred	   into	   gas	   tight	   cell	   with	   two	   thin	   Mylar	   sheet	   windows.	   For	   the	   DMSO	  

containing	  samples,	  30	  mg	  of	  viscous	  electrolytes	  were	  transferred	  into	  the	  cells.	  SAXS	  

experiments	   were	   performed	   at	   the	   DUBBLE	   beam	   line	   (BM26B)	   at	   the	   European	  

Synchrotron	   Radiation	   Facility	   (ESRF)	   in	   Grenoble	   (France).	   The	   data	   were	   collected	  

using	  a	  2D	  multiwire	  gas-‐filled	  detector	  with	  pixel	  array	  dimensions	  of	  512	  ×	  512.	  The	  

exposure	  time	  for	  each	  sample	  was	  about	  60	  s	  and	  a	  wavelength	  of	  λ	  =	  1.54	  Å	  was	  used.	  

The	  experimental	  data	  were	  corrected	  for	  the	  background	  scattering	  and	  transformed	  

into	  1D-‐plots	  by	  azimuthal	  angle	  integration.	  	  
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A2.	  List	  of	  Abbreviations	  and	  Symbols	  

A2.1 Abbreviations	  	  
AC	   	   alternating	  current	  
AN	   	   acceptor	  number	  
DMAc	   	   N,N-‐dimethyl-‐acetamide	  
DMC	   	   dimethyl	  carbonate	  
DMSO	   	   dimethylsulfoxide	  
DN	   	   donor	  number	  
EC	   	   ethylene	  carbonate	  
EIS	   	   electrochemical	  impedance	  spectroscopy	  
E-‐NMR	   electrophoretic	  NMR	  
FC	   	   fuel	  cell	  
FID	   	   free	  induction	  decay	  
HSAB	   	   hard	  and	  soft	  acids	  and	  bases	  (also	  known	  as	  Pearson	  acid	  base	  concept)	  
IEC	   	   ion	  exchange	  capacity	  	  
IS	   	   impedance	  spectroscopy	  	  
LA	   	   Lewis	  acidity	  
LB	   	   Lewis	  basicity	  
MD	   	   molecular	  dynamics	  	  
NMP	   	   N-‐methyl-‐2-‐pyrrolidone	  
NMR	   	   nuclear	  magnetic	  resonance	  
PBI	   	   polybenzimidazole	  	  
PC	   	   propylene	  carbonate	  
PEM	   	   polymer-‐electrolyte-‐membrane	  
PEO	   	   polyethylene	  oxide	  
PFG-‐NMR	   pulsed	  field	  gradient	  NMR	  
PFSA	   	   perfluorosulfonic	  acid	  
Py	   	   pyridine	  
RH	   	   relative	  humidity	  
SAXS	   	   small-‐angle	  X-‐ray	  scattering	   	  
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A2.2 Symbols	  
µμ!	   	   magnetic	  moment	  vector	  
D!"	   	   tracer	  diffusion	  coefficient	  
I!/!	   	   NMR	  signal	  intensity	  

M	   	   net	  magnetization	  vector	  
M!	   	   number	  average	  molecular	  weight	  
f!	   	   fraction	  of	  condensed	  ion	  
f!	  	   	   fraction	  of	  condensed	  counter-‐ions	  

k!	   	   Boltzmann	  constant	  
α!	   	   polarizability	  	  
δ!	   	   duration	  of	  magnetic	  field	  pulse	  
ε!	  	   	   vacuum	  permittivity	  
ε!	   	   dielectric	  constant	  (of	  solvent)	  
µμ!	   	   dipole	  moment	  
µμ!	   	   electrophoretic	  mobility	  
ξ!	  	   	   Manning	  parameter	  
ω!	   	   Larmor	  frequency	  
b	   	   charge	  spacing	  on	  polymerbackbone	  
B	   	   magnetic	  field	  strength	  
d	   	   SAXS	  correlation	  length	  
DH2O	   	   water	  tracer	  diffusion	  coefficient	  
Di	  	   	   diffusion	  coefficient	  
Dσ	   	   conductivity	  diffusion	  coefficient	  	  
E	   	   electric	  field	  
e	   	   elementary	  charge	  
EW	   	   equivalent	  weight	  	  
Ez	   	   spin	  energy	  states	  
g	   	   magnetic	  gradient	  field	  strength	  
ℏ	   	   reduced	  Planck	  constant	  
I	   	   electric	  current	  
mI	   	   magnetic	  quantum	  numbers	  
pH2O	   	   water	  pressure	  	  
q	   	   SAXS	  scattering	  vector	  
r	   	   distance	  	  
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RH	   	   relative	  humidity	  	  
T	   	   absolute	  temperature	  
t+/-‐	   	   transference	  number	  	   	  
T1	   	   longitudinal	  relaxation	  time	  
T2	   	   transversal	  relaxation	  time	  
U	   	   voltage	  
V	   	   sample	  volume	  
vi	   	   drift	  velocity	  
γ	   	   gyromagnetic	  ratio	  
Δ	   	   NMR	  diffusion	  time	  
𝛥𝐺  	  	   	   Gibbs	  free	  energy	  change	  
𝛥𝐹	   	   free	  energy	  change	  (MD-‐simulation)	  
λ	   	   solvent	  molecules	  per	  ionic	  group	  
λB	   	   Bjerrum	  length	  
Φ	   	   NMR	  signal	  phase	  shift	  
𝛼	   	   degree	  of	  dissociation	  
𝛿	   	   NMR	  chemical	  shifts	  
𝜈	   	   NMR	  resonant	  frequency	  
σ	   	   ionic	  conductivity	  
𝑍	   	   complex	  resistance	  (impedance)	  
z	   	   number	  of	  charges	  per	  particle	  
zeff	   	   effective	  charge	  of	  a	  particle	  in	  an	  electric	  field	  	  
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