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A st a t 

The self-e ha ge ea tio  of the edo  ouples [TTF/TTF•+] a d [TCNE/TCNE•-] has ee  

i estigated  E“‘ li e oade i g e pe i e ts i  diffe e t Io i  li uids a d o ga i  

sol e ts  a iatio  of te pe atu e a d p essu e. The uestio  hethe  e isti g theo ies 

of o ga i  sol e ts, espe iall  the Ma us Theo , a e appli a le also to io i  li uids as 

the ai  of this o k. 

Te pe atu e depe de t E“‘- e pe i e ts ielded ate o sta ts fo  the ele t o  t a sfe  

ea tio  a d a ti atio  e e gies. The self- e ha ge ea tio  of the edo  ouple 

[TTF/TTF•+] i  io i  li uids is diffusio  o t olled a d the efo e pe its o o lusio s 

a out the appli a ilit  of the Ma us theo . The sol e t d a i s of the ele t o  t a sfe  

ea tio  of [TCNE/TCNE•-] i  io i  li uids see s to e o pa a le to o ga i  sol e ts, ut 

the al ulatio  of the f ee Gi s e e g  ΔG* ia the oute  o  a d i e  i  sphe e 

eo ga izatio  e e g , as suggested  Ma us, see s to fail. 

A high p essu e E“‘ ell that offe s E“‘- easu e e ts u de  ele ated p essu e up to  

a  has ee  o st u ted. Measu e e ts of the ate o sta ts of the edo  ouple 

[TTF/TTF•+] at ele ated p essu e deli e  i sights i to the st u tu e of io i  li uids.  

Additio all  easu ed as the ele t o  t a sfe  ates of the edo  ouples [TCNE/TCNE•-] 

a d [DDQ/DDQ•-] i  a spe ial sol e t i tu e hat offe s the sta ilizatio  of sol e t 

p ope ties, like ef a ti e i de  D a d is osit  η  a iatio  of the sol e t diele t i  

o sta t “. 

 

  



  



)usa e fassu g 

 

Mittels E“R Li ie e eitu gse pe i e te u de  Elekt o e  “el staustaus h eaktio e  

de  Redo paa e [TTF/TTF•+] u d [TCNE/TCNE•-] Te pe atu a hä gig u d D u ka hä gig i  

e s hiede e  Io is he  Flüssigkeite  u d o ga is he  Lösu gs ittel  u te su ht. I  

Rah e  diese  A eit galt es he auszufi de , o  aktuell gültige Theo ie  fü  o ga is he 

Lösu gs ittel, i  “pezielle  die Ma us Theo ie, au h fü  Io is he Flüssigkeite  

a e d a  ist. 

Die Te pe atu a hä gige  E“R- E pe i e te liefe te  Ges h i digkeitsko sta te  u d 

Akti ie u gse e gie  fü  de  Elekt o e t a sfe . Die “el staustaus h eaktio  des 

Redo paa es [TTF/TTF•+] ist i  Io is he  Flüssigkeite  diffusio sko t ollie t as ei e 

I te p etatio  ü e  die Ma us Theo ie u ögli h a ht. Die Lösu gs itteld a ik de  

Elekt o e t a sfe eaktio  o  [TCNE/TCNE•-] s hei t i  de  Io is he  Flüssigkeite  

e glei h a  it o ga is he  Lösu gs ittel  zu sei , a e  die Be e h u g de  f eie  Gi s 

E e gie  ΔG* ü e  die o  Ma us o ges hlage e  äuße e o  u d i e e i  

Reo ga izatio se e gie s hei t fehlzus hlage . 

Ei e Ho hd u k-E“R-zelle u de ge aut u d e ögli hte da it d u ka hä gige E“R-

Messu ge  ei e höhte  D u k is  a . Die ge esse e  Ges h i digkeits ate  de  

“el staustaus h eaktio  o  [TTF/TTF•+] ei höhe e  D ü ke  liefe t Ei li ke i  die 

“t uktu eige s hafte  de  Io is he  Flüssigkeite . 

)usätzli h u de die “el staustaus h eaktio  de  Redo paa e [TCNE/TCNE•-] u d 

[DDQ/DDQ•-] i  ei e  spezielle  Lösu gs ittelge is h u te su ht. Dieses 

Lösu gs ittelge is h e ögli ht ei  Ko sta thalte  esti te  

Löu gs itteleige s hafte  ie B e hu gsi de  D u d Viskosität η äh e d die 

Dielekt izitätsko sta te “ a iie t. 
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1. I t odu tio  

Withi  the p ese t o k the si plest ki d of ele t o  t a sfe  ea tio s a e i estigated, 

the so alled self-e ha ge ea tio s. These ea tio s des i e the ele t o  t a sfe  of o e 

si gle ele t o  et ee  t o pa t e s of a edo  ouple he e the ea ta ts a d p odu ts 

a e ide ti al. The ea tio  appea s ithout eaki g o  fo i g he i al o ds. T o 

e sio s of ele t o  self-e ha ge ea tio s a e ele a t fo  this thesis. The ele t o  self-

e ha ge of o e ele t o  et ee  a eut al ole ule a d its o e ele t o  edu ed fo  

adi al a io  a d the ea tio  et ee  a eut al ole ule a d its o e ele t o  o idized 

fo  adi al atio . The ea tio  s he es elo  sho  the self-e ha ge ea tio s of the 

i estigated edo  ouples. Rea tio s et ee  tet a a oeth le e TCNE  a d its adi al 

a io  TCNE•- see . , et ee  , -di hlo o- , -di a o e zo ui o e DDQ  a d its 

adi al a io  DDQ•-  see .  a d et ee  tet athia ul ale e TTF  a d its adi al a io  

TTF•+  see . . 

+ •− ⇌ •− +  
(1.1) 

+ •− ⇌ •− +  
(1.2) 

+ •+ ⇌ •+ +  
(1.3) 

Ele t o  t a sfe  ea tio s pla  a  i po ta t ole i  o ga i  s thesis as ell as i  

iologi al p o esses like photos thesis o  ele t o he ist , et . The hoi e of the sol e t 

fo  the ele t o  t a sfe  ea tio s is i po ta t. This has ee  esta lished  the he ist  

No el P ize i e  i  , R. A. Ma us. He des i ed the ele t o  t a sfe  ea tio  

o side i g sol e t p ope ties su h as the ef a ti e i de  o  the diele t i  p ope ties of 

the sol e t. “ol e t effe ts o  the ele t o  t a sfe  ea tio  a  e i estigated  oth 

i ple e tatio  of suita le la  e pe i e ts i  diffe e t sol e ts a d  a iatio  of the 

o ditio s like p essu e a d te pe atu e. The e pe i e tal o se a les like ate o sta ts 

a d a ti atio  e e gies a  afte a ds e elated to the o espo di g e uatio s of the 

theo . The appli a ilit  of the Ma us Theo  has ee  p o ed a  ti es fo  ele t o  
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t a sfe  ea tio s i  o o  o ga i  sol e ts like e.g. a eto it ile et . But hat a out 

io i  li uids ILs ?  

Roo  te pe atu e io i  li uids RTILs  ha e ee  fo used o  o e a d o e i  the last 

ea s e ause of thei  spe ial p ope ties. RTILs a e li uid olte  salts at oo  te pe atu e 

a d the  ha e e  good dissol i g p ope ties fo  i o ga i  a d o ga i  su sta es. 

Be ause of thei  o - olatilit  the  a e of i te est to epla e o ga i  sol e ts i  he i al 

p o esses. Most o ga i  sol e ts a e to i  a d ha e a high apo  p essu e. The lo  apo  

p essu e of ILs is the efo e a ig ad a tage a d that is the easo  h  ILs a e ofte  alled 

„g ee  sol e ts . This de otatio  leads athe  to a isu de sta dig e ause ILs a e ot 

eall  „g ee . The  a e o e o  less to i  a d ha e ot et ee  o pletel  tested. The 

p ope ties of ILs a  e desig ed  the st u tu e of the a io  a d the atio  i  the IL. 

This i t odu ed a e  field of esea h hi h has i eased the u e  of k o  ILs i  the 

e e t ea s e o ousl . The ILs a e p i a il  lassified o  the asis of thei  atio s. The 

follo i g pi tu e p ese ts possi le IL atio  lasses he eas this o k is o l  o e ed 

ith i odazoliu  ased ILs. 

 

Figu e . : Co o  atio s i  io i  li uids. 
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The i idazoliu  ased ILs a  fu the  e lassified o  the asis of thei  a io  as a  e 

see  i  Figu e . . The i estigatio s ithi  this o k is o e t ated o  the use of 

is t ifluo o eth lsulfo l i ides a d tet afluo o o ates. 

 

Figu e . : Co o  a io s i  io i  li uids. 

Fu the o e, ILs disti guish the sel es o pletel  f o  o ga i  sol e ts. O ga i  sol e ts 

a e o posed of sol e t ole ules ith e tai  pola ities, he eas ILs a e o posed of 

dis ete ha ged io s. This leads to e  diffe e t sol e t p ope ties. Fo  i sta e, 

is osities of ILs a e te  o  o e ti es highe  tha  of o o  o ga i  sol e ts. All of the 

e tio ed diffe e es et ee  ILs a d o ga i  sol e ts lead to the o side atio  hethe  

ele t o  t a sfe  ea tio s i  ILs a e o pa a le to ET ea tio s i  o ga i  sol e ts. Du i g 

the ele t o  t a sfe  ea tio s, hi h a e des i ed i  detail i  hapte  , the ea ta ts a e 

su ou ded  sol e t ole ules of e tai  pola it . Ho  the sol e t ole ules a e 

o ie ted a ou d the ea ta ts depe d o  the ha ged atu e of the ea ta ts a d sol e t 

pola it  see Figu e . . The ea tio  s he e sho s that the ele t o  t a sfe  ea tio  is 

o posed of se e al steps du i g all of the  the ea ta ts, t a sitio  states a d the 

p odu ts a e su ou ded  the sol e t ole ules. The sol e t ole ules ust eo ga ize 
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a o di g to ea h step, hi h is o side ed i  Ma us Theo  ia the diele t i  p ope ties. 

The al ulatio  of the e e g  e ui ed to ea a ge the sol e t ole ules oute -sphe e 

eo ga izatio  e e g , o  i ludes the stati  diele t i  o sta t “ a d the ef a ti e i de  

D. The diele t i  o sta t a ises f o  the eake i g of a  e te al ele t i al field ia 

pola isatio  effe ts. 

 

 

Figu e . : Ele t o  self-e ha ge ea tio  i  a  o ga i  sol e t. 

 

If e o  t  to i agi e the sa e p o esses i  ILs, this gi es a totall  diffe e t pi tu e see 

Figu e . . The atio s a d a io s of the IL a e a a ged a ou d the i estigated edo  

ouple ut e do ot k o  ho  the  a e ea a ged du i g the ele t o  t a sfe  ea tio . 

The io s ea  positi e a d egati e ha ges ut ha e o pola it  i  the sa e se se as 

o ga i  sol e t ole ules. It is possi le to easu e the diele t i  o sta t of the ILs a d 

the e a e al ead  a lot of alues pu lished a d a aila le, ut the o igi  of the eake i g of 

a  e te al ele t i al field a ot a ise f o  pola isatio  effe ts like i  o ga i  sol e ts. 

The efo e, the use of the diele t i  o sta t fo  al ulati g the eo ga izatio  of the 

sol e t du i g the ea tio  i  ILs is uestio a le. This is due to the fa t that Ma us’s 

app oa h to al ulate the oute  eo ga izatio  e e g  o is ased o  a si ple odel hi h 

o side ed the sol e t as a diele t i  o ti uu  a d this is st i tl  ot t ue fo  ILs. 

KA
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relaxation

electron
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A
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•- successor complex
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Ne e theless, it as t ied to use diele t i  p ope ties of ILs a d the Ma us asi  app oa h 

to p o e the appli a ilit  of the Ma us Theo  i  ILs ithi  this o k. 

 

 

Figu e . : Ele t o  self-e ha ge ea tio  i  a  io i  li uid. 

O e ethod to i estigate su h self-e ha ge ea tio s i  diffe e t sol e ts is li e 

oade i g e pe i e ts  Ele t o  “pi  Reso a e E“R . E“R is a spe t os opi  ethod 

hi h is o l  se siti e to pa a ag eti  spe ies. This ea s that o l  su sta es ith 

u pai ed ele t o s, like i  adi als, a e dete ta le  E“R see . . The li e shape ha ges 

 the o u i g ele t o  t a sfe  ea tio  i  depe de e o  the o e t atio  of 

ea ta ts a d a  the efo e e used to dete i e ate o sta ts fo  the o se ed ea tio .  

Te pe atu e a d p essu e depe de t E“R easu e e ts a e app op iate to p o e the 

sol e t depe de ies o  the ate o sta ts a d to e ei e a ti atio  e e gies a d 

a ti atio  olu es. The E“R easu e e ts at ele ated p essu e e ui ed the o st u tio  

of a  app op iate E“R ell ithi  this o k. With the usto - uilt E“R ell ade of a 

spe ial e t ua tz apilla  it as possi le to easu e up to  MPa see . . . 

Te pe atu e depe de t easu e e t ould e a ied out  a  e isti g te pe atu e 

u it hi h offe s easu e e ts et ee   a d K . 

As e tio ed efo e is the Ma us Theo  a p o e  app oa h fo  i estigati g ate 

o sta ts of edo  ea tio s a d thei  sol e t depe de e i  o ga i  sol e ts. But hat 
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happe s he  the sol e t is o posed of se e al o ga i  sol e ts? Is it possi le to use the 

o e all sol e t p ope ties of su h sol e t i tu es? Fo  i sta e the o e all diele t i  

o sta t easu ed i  a i tu e o posed of diffe e t sol e ts a  e diffe e t tha  the 

diele t i  o sta ts of the i di idual sol e ts. The Ma us Theo  shall e used he e to test 

a spe iall  desig ed ea tio  ediu  o posed of th ee diffe e t o po e ts. The ai  of 

this sol e t i tu e is to a  o l  the diele t i  o sta t hile othe  sol e t p ope ties 

like the is osit  a d the ef a ti e i de  sta  o sta t. I  o de  to o tai  this, p op l 

a etate a d ut o it ile as used to set the diele t i  o sta t a d dieth l phthalate to 

adjust the is osit  see hapte  . . . “u h sol e t i tu es ould p o ide a good tool 

fo  i estigatio s o  the depe de e of the diele t i  o sta t of he i al ea tio s. This 

ould e e  useful fo  othe  esea h a eas su h as photo he ist  o  ele t o he ist . 
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2. Theo  

2.1 Electron Transfer 

Ele t o  t a sfe  ea tio s a  e lassified i to t o g oups, a el  the i e - sphe e 

ele t o  t a sfe  a d the oute - sphe e ele t o  t a sfe . I e - sphe e ele t o  t a sfe  

ea tio s a e ea tio s et ee  t o edo  pa t e s hi h t a sfe  the ele t o  ia a 

o ale t li kage. T pi al i e - sphe e ET- ea tio s o u  i  t a sitio  etal o ple es. 

The pio ee  i  the field of i e - sphe e ET- ea tio s is He  Tau e, ho as a a ded to 

the No el P ize i  Che ist  i  . 

I  o t ast to the i e - sphe e e ha is  is the oute - sphe e ele t o  t a sfe . I  this 

t pe of ea tio s the edo  pa t e s a e ot o e ted a d the ele t o  is o i g th ough 

spa e f o  o e pa t e  to the othe . The pio ee  of the theo  to des i e the oute - 

sphe e ele t o  t a sfe  e ha is  is the Che ist  No el P ize i e  i  , Rudolph 

A thu  Ma us. The i estigatio  of oute - sphe e ele t o  t a sfe  ea tio s a d the 

appli a ilit  of the „Ma us Theo  is the ai  topi  of this PhD thesis.  

The hapte  as itte  u de  guida e of the follo i g Refe e es: [ ], [ – ] ,[ ] 

2.2 Kinetics of the electron transfer mechanism 

The oute - sphe e ele t o  t a sfe  e ha is  o sists of th ee su essi e steps as 

pi tu ed i  the follo i g ea tio  s he e. 
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Figu e . : Rea tio  s he e of the oute - sphe e ele t o  t a sfe  e ha is . 

1. Fo atio  of the p e u so  o ple   

2. Ele t o  t a sfe  f o  do o , D to a epto , A 

3. Disso iatio  of the su esso  o ple  

 

2.2.1 Formation of the precursor complex 

 

− + A  ⇌− −⋯  

Figu e . : Asso iatio  

I  the fi st step the do o  D  a d the a epto  A  ole ules diffuse togethe  a d fo  the 

p e u so  o ple  D-…A . This ea tio  has a  e uili iu  o sta t fo  asso iatio , KA = 

kdiff/k-diff. The Asso iatio  o sta t KA is gi e  : 

� = � −
 

(2.1) 

d  is the ele t ostati  e e g  as a fu tio  of the i te ole ula  dista e, diele t i  

o sta t “ a d ha ges. 
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T o odels to des i e K  a e k o . I  .  the ha d sphe e odel f o  Eige -Fuoss is 

sho . 

� =  

(2.2) 

A othe  des iptio  of the asso iatio  o sta t is gi e   “uti  usi g a ea tio  zo e 

odel: 

� =  
(2.3) 

… ea tio  zo e ≈ /  ≈ , Å  

d… ea tio  dista e 

NA…A ogad o o sta t 

 

2.2.2 The overall rate constant 

The ki eti  e uatio s fo  the ea tio  i  Figu e .  lead to the follo i g e p essio  fo  the 

o e all ate o sta t ko s, 

= − +  

(2.4) 

assu i g that o a k ele t o  t a sfe  o u s a d that the disso iatio  of the su esso  

o ple  to the p odu ts is egligi le.  
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� ∗ =  
(2.5) 

T a sfo atio  of e uatio  . , ea i g i  i d that KA = kdiff/k-diff a d i se tio  of KAke  

as ket leads to the o o  fo  of ko s. 

= +  

(2.6) 

 

2.2.3 Self- exchange electron transfer 

 

− + A  ⇌− −⋯  ⇌− ⋯ − ���→   + − 

Figu e . : Rea tio  s he e of self- e ha ge ele t o  t a sfe . 

The si plest fo  of ele t o  t a sfe  is the ea tio  et ee  t o ole ules of sa e ki d. 

The o l  diffe e e et ee  the ea ta ts is a  ele t o  that is e ha ged du i g the 

ea tio . The a k ele t o  t a sfe  f o  su esso  to p e u so  o ple  a  o lo ge  e 

e luded a d the e p essio  fo  the o e all ate o sta t ko s ha ges to e uatio  . . 

= + � + −
 

(2.7) 

Be ause the t o ea tio  pa t e s a e ide ti al it a  e o luded that the disso iatio  of 

the su esso  o ple  a d the a k diffusio  is the sa e a d the efo e kdiss=k-d ust e 
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alid. This is also alid fo  the ele t o  t a sfe  a d the a k ele t o  t a sfe  ke =k-e . The 

additio al i se tio  of ket as KAke  leads to the e uatio : 

= +  

(2.8) 

 

2.2.4 Diffusion 

The ate o sta t fo  diffusio  kdiff, as des i ed  “ olu ho ski usi g a odel of the 

B o ia  otio , i ludes the adii of the a epto  a d do o  ole ules A a d D a d the 

diffusio  oeffi ie ts DA a d DD. 

= + +  
(2.9) 

The diffusio  o sta t is defi ed i  the “tokes-Ei stei  e uatio : 

= � 

(2.10) 

kB…Boltz a  o sta t 

i…Radius of the ole ule i 

η…Vis osit  of the sol e t 

If the adii of the edo  ouple ha e the sa e size A = D , i h is ofte  a p a ti al 

assu ptio  fo  self- e ha ge ea tio s, the e p essio  of kdiff si plifies  i se tio  of the 

“tokes-Ei stei  elatio  to: 
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= �  

(2.11) 

 

2.3 The Marcus Theory 

−⋯  �→  ⋯ − 

Figu e . : Ele t o  t a sfe  

This step i  the ele t o  t a sfe  e ha is  as des i ed  R.A. Ma us ia the Ma us 

Theo . He des i ed the ele t o  t a sfe  usi g the T a sitio  “tate Theo  T“T  a d the 

F a k- Co do  P i iple. The ea tio  f o  the p e u so  o ple  to the su esso  

o ple  appea s ia a  a ti ated t a sitio  state. The ates o e  the A he ius a d E i g 

la s, ut Ma us i t odu ed the f ee e e g  ΔG* i to the T“T a d this leads to a  

e p essio  of the ate o sta t ke  like i  e uatio  . .  

= [−∆ ∗� ]
 

(2.12) 

The i se tio  of e uatio  .  fo  ke  leads to the e p essio  elo  

= � [−∆ ∗� ]
 

(2.13) 

 

)…p e-e po e tial fa to  = el  

ΔG*…Gi s f ee e e g  of a ti atio  
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kB…Boltz a  o sta t 

T…te pe atu e 

 

 

Figu e . : Rea tio  oo di ate a d pote tial e e g  diag a  fo  a e e go i  ET- ea tio . 

Figu e .  p ese ts the ele t o  t a sfe  ea tio  i  fo  of a ea tio  oo di ate a d i  

fo  of a  e e g  diag a  ith t o ossi g pa a olas. Both diag a s poi t out that the 

e e g  diffe e e of p e u so  a d su esso  o ple  de otes the sta da d Gi s f ee 

e e g  ΔG . The figu e p ese ts a  e e go i  ase ith positi e alues of ΔG . T o othe  

ases a e possi le. ΔG  <  fo  the e de go i  ET- ea tio  a d ΔG  =  su h as fo  self- 

e ha ge ea tio s Figu e . . ΔG* is the e e g  eeded to ea h the t a sitio  state 

he e the ele t o  is t a sfe ed. It is the diffe e e et ee  the e e g  of the p e u so  

o ple  a d the a i u  of the u e i  the ea tio  oo di ate diag a  a d the 

ossi g poi t of the pa a olas i  the e e g  diag a . 

The Gi s e e g  of a ti atio  is gi e  i  the Ma us e uatio : 
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∆ ∗ = + [ + Δ ] − � 

(2.14) 

a d si plifies, i  the ase of self- e ha ge ea tio s he e eithe  a epto  o  do o  has 

ze o ha ge, to: 

Δ ∗ = − � 

(2.15) 

ΔG …sta da d Gi s f ee ea tio  e e g  

… eo ga izatio  e e g  

VRP… eso a e splitti g e e g  

W…des i es the e essa  ele t ostati  o k to i g the ea ta ts togethe . 

 

The ele t ostati  o k te  is des i ed  the Coulo  la . 

= � �  

(2.16) 

zA,zD...poi t ha ge of a epto  a d do o  

…pe itti it  of a uu  

s… stati  diele t i  o sta t  

d…dista e et ee  a epto  a d do o  
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2.3.1 Inverted region 

The e uatio  .  sho  the depe de e of ΔG* o  ΔG  i  a se o d o de  pol o ial 

fu tio . The depe de e is plotted i  Figu e .  a d sho s that the elatio  of –ΔG  o  

ΔG* solid li e  a d of –ΔG  o  l ket  dotted li e  e d up i  a pa a ola. 

 

Figu e . : Ma us i e ted egio  

The left side of the pi tu e de o st ates that  i easi g the d i i g fo e, the ea tio  

goes faste  -ΔG <  a d ea hes a a i u  of the ate at -ΔG = . The ight side of the 

pi tu e tells us that  fu the  i easi g the d i i g fo e -ΔG > , the ea tio  gets 

slo e . Ma us alled this side of the pa a ola the i e ted egio . It as ot eas  to 

o fi  the i e ted egio  e pe i e tall  e ause  i easi g the d i i g fo e the 

ele t o  t a sfe  gets faste . I  a  i estigated edo  s ste s the o se ed ates e e 

diffusio  o t olled efo e the i e ted egio  ould e ea hed. Othe  odels fo  the 

i e ted egio  a e k o  a d plotted i  the figu e a o e. The ates i  the Reh -Welle - 

Model [ ] e ai  o sta t afte  the a i u  a d i  the Bi o - Jo t e  Model [ ], the  

de ease, ut ot as st o gl  as Ma us p edi ts. The latte  has p o ed fo  i t a ole ula  

ele t o  t a sfe  e pe i e ts [ ]. 
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2.3.2 Reorganization energy 

A e  o po e t i  ΔG* is the eo ga izatio  e e g   hi h a  e split i to a 

sol atio al pa t, the oute  eo ga izatio  e e g  o depe ds o  the sol e t p ope ties  

a d a i atio al pa t i, the i e  eo ga izatio  e e g  depe ds o  the geo et  of the 

o ple  at the t a sitio  state . 

= +  
(2.17) 

Ma us des i ed the eo ga izatio  e e g  as follo s. The ea ta ts a e su ou ded  

sol e t ole ules e tai  o figu atio . A eo ga izatio  of sol e t ole ules a d 

ea ta ts is e essa  efo e the ele t o  t a sfe  takes pla e. Afte  the ele t o  t a sfe  a 

ela atio  p o ess su eeds. The e essa  e e g  fo  the ea a ge e t is gi e   .  

2.3.2.1 Inner sphere reorganization energy 

The e e g  te  hi h depe ds o  eo ga izatio  of the ea ta ts i  fo  of ha ges i  

o d le gths o  a gels o t i utes to the eo ga izatio  e e g   i  fo  of the i e  

sphe e eo ga izatio  e e g  i. Ma us defi ed the i e  sphe e eo ga izatio  e e g  as 

follo s 

∞ =∑ + (Δ )  

(2.18) 

Δ j... ha ge i  le gth of o d j 

fj…fo e o sta t of o d j i  ea ta ts  a d p odu ts p 

 



Theo  

 

 

 

A othe  o o  ethod to al ulate the i is usi g the ua tu  he i al Nelse  ethod 

[ ] ith the app op iate e uatio  .  elo . K o ledge of the ha ge i  o d le gth 

a d fo e o sta t is ot e essa  e ause the Nelse  ethod is ased o  ua tu  

he i al al ulatio s.  

∞ = [ , + , ] − [ , + , ] (2.19) 

E A,D a d E D,A …e e g  i  the ost sta le o figu atio  of the p odu ts 

E A,A a d E D,D …e e g  i  the ost sta le o figu atio  of the ea ta ts 

 

A o di g to Holstei  [ ] the te pe atu e depe de e of i is al ulated ia e uatio  

.  ith the ea  i atio al f e ue  ̅ ∙ s-  fo  o ga i  edo  ouples  , the 

Boltz a  o sta t kB a d the Pla k o sta t h 

= ∞ [ ℎ ̅ tanh ℎ ̅ ] (2.20) 

 

2.3.2.2 Outer sphere reorganization energy 

This e e g  pa t des i es the e essa  e e g  to ea a ge the sol e t ole ules of 

e tai  pola ities f o  the a a ge e t a ou d the p e u so  o ple  to the a a ge e t 

a ou d the a ti ated o ple . Ma us e p essed o o  the asis of a t o sphe e odel of 

the ea ta ts[ ]. 
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= � , ∗  

(2.21) 

A, D… adius of do o  a d a epto  

Δe … ha ge t a sfe ed f o  do o  to a epto  

…pe itti it  of a uu  

d… ea tio  dista e 

γ…Peka  fa to  

 

A e  pa a ete  is the Peka  fa to  hi h is defi ed i  e uatio  .  as a fu tio  of the 

diele t i  p ope ties of the sol e t. 

= ∞ −  

(2.22) 

∞…opti al diele t i  o sta t also efe ed to as opt .  

“…stati  diele t i  o sta t 

The app o i atio  ∞≈ D  is ofte  used fo  the opti al diele t i  o sta t.  

The othe  e  pa a ete  i  the e p essio  of the oute  sphe e eo ga izatio  e e g  is 

the te  g ,d  hi h depe ds o  the geo et  of the a ti ated o ple  a d is defi ed as 

follo s: 
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, = + −  

(2.23) 

E uatio  .  is o l  alid fo  d > A , D a d si plifies to .  i  the ase of a self- 

e ha ge edo  ea tio , e ause it is usuall  alid to e uate the di e sio s of the 

ea tio  pa t e s A= D . Ofte  used is the assu ptio  of the losest o ta t, so that d = 

A+ D a d i  the ase of self- e ha ge ea tio s d = .  

, = −  

(2.24) 

Fo  o ga i  ea ta ts e ause of the o - sphe i al geo et  the t o sphe e odel is too 

si ple. The efo e, a t o ellipsoid odel [ ] ust e used. As sho  i  Figu e .  the 

ellipsoids ha e th ee se ia es a> >  a d a ea  adius ̅ hi h is defi ed as 

= ̅ ≈ − /�,  

(2.25) 

�,  a e ellipti al i teg als of the fi st ki d ith � = arcsin [( − ) ] a d =[ −− ] / . A good app o i atio  fo  the adius is  ≈ a+ + / . The geo et i  te  g ,d  

e o es the e p essio  .  as des i ed  Kha kats [ , ], he  the ellipsoids a e 

l i g upo  ea h othe  o  a e slightl  shifted. 
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, = − [ + − − + + + + − + + ] (2.26) 

 

Figu e . : a  Model of t o o du ti g sphe es,  odel of t o o du ti g ellipsoids, R is the sepa atio  

dista e .©Ref.[ ] 

 

2.3.3 Marcus Cross Relation 

O e of the ost tested aspe ts of the Ma us Theo  is the oss elatio . The assu ptio  

that the eo ga izatio  of the edo  pa t e s appea s i depe de tl  leads to the 

app o i atio  that ate o sta ts of oss ea tio s k  .  a  e e p essed ia self- 

e ha ge ate o sta ts of the a epto  A ith k  .  a d the do o  D ith k  . .  
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+ ⇌ − + +
 

(2.27) 

+ − ⇌ − +  

(2.28) 

+ + ⇌ + +  

(2.29) 

F o  e uatio  . , . , . a d .  follo s the e p essio  fo  the eo ga izatio  

e e g   .  a d the ate o sta t .  of the oss ea tio  ith the o k te  W 

see e uatio  . . 

= +  

(2.30) 

= √ � ∗  

(2.31) 

 

2.3.4 Resonance splitting energy 

Be ause of the ua tu  e ha i al o - ossi g ule the a e fu tio s ust split at the 

i te se tio  poi t. The ele t o i  oupli g of the p e u so  a d the su esso  o ple  is 

the gap et ee  the dotted li es i  Figu e .  a d is usuall  de oted  VRP.  
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Figu e . : E e g  diag a  of a self-e ha ge ET. 

Ho  st o g the oupli g is depe ds o  the atu e of the o ple  at the t a sitio  state. 

The p o a ilit  of the ele t o  ju pi g f o  o e pote tial u e to the othe  is depe de t 

o  the splitti g a d is fi ed i  the p e-e po e tial fa to  ) i  . . The p e- e po e tial 

fa to  is a fu tio  of the sepa atio  dista e et ee  do o  a d a epto . 

=  
(2.32) 

νn… ollisio  f e ue  

κel(d …t a s issio  oeffi ie t o  p o a ilit  of ele t o  ju p 

= −
 

(2.33) 

The ag itude of the oupli g ele e t de ides hethe  the e is eithe  a dia ati  o  a  

adia ati  ea tio  eha io . Fo  dia ati  ea tio s is the oupli g eak a d VRP is s all i  

o pa iso  to the eo ga izatio  e e g   see Figu e .  a . The top of the ele t o  

a ie  is usp a d the ele t o  t a sfe  appea s ea  the i te se tio  ith a e tai  
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p o a ilit  κel << . The ele t o  o es too fast th ough the t a sitio  state to fo  the 

p odu t side. O l  a fe  ju ps a e su essful. 

Adia ati  ea tio s ha e a st o g oupli g a d the efo e a highe  VRP Figu e .  . The 

e e g  a ie  de eases ith st o ge  oupli gs a d leads o ti uousl  f o  ea ta ts to 

p odu ts κel ≈ . The top of the e e g  a ie  is oade ed a d the efo e the s ste  has 

ti e e ough to fo  the p odu t side. Ea h ju p is su essful. 

 

Figu e . : a  dia ati  ea tio ,  adia ati  ea tio . ©[ ] 

2.4 Solvent dynamics 

The su ou di g sol e t ole ules a  i flue e the otio  alo g the ea tio  oo di ate 

a d the a ie  ossi g fo  the ele t o . The ate i  e uatio  .  is gi e  o l   stati  

sol e t p ope ties pola it , ef a ti e i de . U de  e tai  i u sta es this is o lo ge  

e ough a d eeds a o e tio  of the ate o sta t. K a e  [ ] as the fi st ho ealized 

a sol e t d a i  effe t o  sol e t f i tio . The theo  of sol e t d a i s o  ele t o  

t a sfe  ea tio s appea s u h late   )us a  [ – ].  

Figu e .  a  sho s the a ie  ossi g ith eak sol e t d a i  effe ts. Figu e .  

 sho s the adia ati  ea tio  ith sol e t d a i  effe t, he e the s ste  u de goes 
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se e al ha ges i  di e tio  ithi  the t a sitio  state egio  efo e settli g do  o  the 

p odu t side. 

 

Figu e . : Motio s alo g the adia ati  ea tio  oo di ate a  ithout sol e t d a i  effe ts  ith 

sol e t d a i  effe ts.©[ ] 

 

As e tio ed efo e, the a ie  ossi g is o t olled  the p e- e po e tial fa to  ) as a 

fu tio  of the ollisio  f e ue   a d the t a s issio  oeffi ie t κel . . Fo  

adia ati  ea tio s ith κel of u it , the a ie  ossi g is o l  i flue ed  the ollisio  

f e ue  . The e p essio  fo  the total f e ue   f o  T a sitio  “tate Theo  is a 

o i atio  of a ea ta t pa t  a d a sol e t pa t . 
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= + /
 

(2.34) 

The lo gitudi al ela atio  ti e τL ust e i luded to take the sol e t d a i s i to 

a ou t. It is o posed of the diele t i  pa a ete s of the sol e t a d the De e 

ela atio  ti e τD. 

� = ∞ �  

(2.35) 

Ne  ua tities i  the De e ela atio  ti e a e the ola  olu e VM a d the sol e t 

is osit  η. 

� = �
 

(2.36) 

U de  assu ptio  that the i e  sphe e o t i utio s a e egligi le s all, the  a  e 

e p essed as follo s: 

= � ( ) /  

(2.37) 

A d i  the ase of a sol e t o t olled adia ati  ele t o  t a sfe  the ate o sta t o e s 

the follo i g e p essio . 
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, = � ( ) / [ − ]
 

(2.38) 

I  o pa iso , the ate fo  dia ati  ele t o  t a sfe  is gi e   

, = ℏ / (− �)
 

(2.39) 

As suggested  Wea e [ , ] it is possi le to e t a t the sol e t d a i  depe de e 

f o  e pe i e tal o tai ed ates ia dou le loga ith i  plots Wea e  plots . The 

o e sio  of the e uatio  .  i to a  e p essio  fo  the p e e po e tial fa to  gi es 

e uatio  . . With al ulated alues of ΔG* ia e uatio  .  a d the e pe i e tal 

o se ed ates ket it is possi le to al ulate a  e pe i e tal alue fo  . 

= � Δ �∗
 

(2.40) 

The follo i g dou le loga ith i  plot a  e used fo  the dia ati  ase a d has to p odu e 

slopes of u it . 

ln = + ln ( − ) (2.41) 

Fo  the adia ati  ase the follo i g plot gi es a slope of u it . 
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ln = + ln ( �− ) (2.42) 

Afte  dete i i g the t pe of the ele t o  t a sfe  dia ati  o  adia ati  the li ea  

fu tio s of the Peka  fa to  a  e used to al ulate a  e pe i e tal alue of g ,d . 

� � : ( / ) = − [ , ]  

(2.43) 

� � : ( � − / ) = − [ , ]  

(2.44) 

The i te epts of oth st aight li es a e i depe de t f o  the Peka  fa to  a d sho  a 

g ,d /T depe de t slope. E pe i e tal alues fo  g ,d  a  the efo e e al ulated f o  

the o tai ed slope. 

, = ∗ −
 

(2.45) 

 

2.5 Pressure dependence of the electron transfer Reaction 

F o  the Ma us theo  des i ed efo e it is appa e t that the ate o sta t has a 

te pe atu e depe de e u de  a ie t p essu e. But, the e is also a depe de  of the 

ate o sta t o  the p essu e. B  a iatio  of p essu e the sol e t p ope ties ha ges like 

 a iatio  of te pe atu e. But p essu e e pe i e ts ha e a  ad a tage. Ma  of the 
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i estigated adi als a e ot sta le at highe  te pe atu es hat est i ted the use of su h 

e pe i e ts. “ol e t p ope ties like is osit  ha ge i  the othe  di e tio  like at 

i easi g te pe atu es. The efo e the i estigatio  o  p essu e depe de t ate o sta ts 

is a e  good tool to ake o lusio s a out sol e t effe ts.  

Detailed ge e al lite atu e a out high p essu e he ist  a e pu lished  a  Eldik, Le 

No le a d Asa o [ , , , ]. The high p essu e appli atio  of the Ma us Theo  has 

ee  i estigated  “ addle[ , ]. 

 

2.5.1 Activation volume 

The diffe e tiatio  of the A he ius e uatio  ith espe t to the p essu e p gi es the 

e p essio  fo  the a ti atio  olu e. 

Δ‡ = − ( )  

(2.46) 

Figu e .  p ese ted the olu e e sio  of a  ea tio  diag a  ith the olu es of the 

ea ta ts VA+VD
-  a d p odu ts VA

-+VD  a d olu e of the t a sitio  state ‡V. The olu e 

diffe e e of p odu ts a d ea ta ts Δ V is i  the ase of self- e ha ge ea tio s ze o. This 

is the ase fo  all i estigated ea tio s i  this thesis. 
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Figu e . : Volu e diag a  of a  ele t o  t a sfe  ea tio .©[ ] 

 

A o di g to “ addle the a ti atio  olu e of the t a sitio  state a  e itte  as the 

su  of diffe e t o t i uti g olu es.  

∆‡ = ∆‡ + ∆‡ + ∆‡ + ∆‡ + ∆‡  
(2.47) 

∆‡ ….i e  sphe e eo ga izatio al o t i utio s i  the ost ases .  ol- [ ]  ∆‡ ….oute  sphe e eo ga izatio al o t i utio s ∆‡ …. o t i utio  f o  Coulo i  o k of the p e u so  o ple  ∆‡ …. o t i utio s f o  De e- Hü kel t pe io  effe ts ∆‡ …sol e t d a i  o t i utio s 

 

Co t i utio s f o  Coulo i  o k a  e egle ted i  the ase of the i estigated self- 

e ha ge s ste s ith o e ha ged a d o e eut al edo  pa t e . Fo  the sa e easo  

o e eut al edo  pa t e , Co t i utio s f o  De e- Hü kel effe ts a  also e 

egle ted fo  self- e ha ge ea tio s i  o ga i  sol e ts so that e uatio  .  si plifies 
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to . . ∆‡  is egligi le e ause its o t i utio s a e a ou d .  ol- [ ], i h is 

ithi  egio  of e pe i e tal e o . 

∆‡ = ∆‡ + ∆‡  
(2.48) 

 

2.5.2 Volume from outer sphere contributions 

Diffe e tiatio  of the e uatio  .  ith espe t to the p essu e p gi es the follo i g 

e p essio  fo  the a ti atio  olu e of the oute  sphe e o t i utio . 

∆‡ = ( ) = , ( ) (2.49) 

He e, the geo et i  te  g ,d  is e pe ted to e i depe de t of p essu e, hat is 

uestio a le a d shall e dis ussed late  i  the e pe i e tal pa t. A othe  i po ta t 

poi t is the o p essi ilit  β of the sol e t. This i ludes the fa t that the olu e of the 

sol e t de eases as p essu e i eases a d is gi e  as a fu tio  of the sol e t de sit  ρ. 

= ( ) (2.50) 

The o p essi ilit  a  e i luded i  e uatio  .  a d gi es the e te ded e sio  of ∆‡ . 
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∆‡ = ( ) = [ , ( ) − ] (2.51) 

 

2.5.3 Volume from solvent dynamic effects 

“ol e t d a i s a e fou d i  the p e- e po e tial fa to . Its p essu e depe de e a  e 

e p essed  e uatio  .  fo  the ase of a dia ati  ele t o  t a sfe  ea tio . 

∆‡ = [ ℏ / ] = − ( ) (2.52) 

I  the ase of a  adia ati  ele t o  t a sfe  ea tio  the e p essio  fo  the sol e t 

d a i  pa t is gi e   a τL depe de e i  e uatio  . . 

∆‡ = [ � ( ) / ] = [ ( ) − ( � )] (2.53) 
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2.6 Electron Spin Resonance 

Ele t o  “pi  Reso a e E“R  is a ethod to i estigate pa a ag eti  su sta es like 

adi als. The ajo  ad a tage of E“R spe t os op  is the high se siti it  fo  the 

i estigated su sta es. The ag eti  ha a te isti  of o e o  o e  u pai ed ele t o  

a d the ag eti  i te a tio  et ee  the ele t o  a d the ag eti  u lei gi es 

i fo atio  a out the ole ule. This hapte  is a sho t i t odu tio  i to the asi s of the 

E“R a d as itte  u de  guida e of the follo i g efe e es: [ ], [ ], [ ],.[ ] 

 

2.6.1 Electron Spin in a magnetic field 

Ele t o s i  ato s a d ole ules ha e a  o ital a gula  o e tu  a d a  i t i si  

a gula  o e tu , the spi . I  o ga i  ole ules the o ital a gula  o e tu  is 

egligi le a d o l  the spi  has to e o side ed. The a gula  o e tu  a  e defi ed 

 the le gth a d the di e tio  of the e to . The ag eti  o e t  is p opo tio al to 

the ele t o  spi  “. This ea s that oth a e e to s a d pa allel to ea h othe  see 

e uatio  . .The alue g is the La de fa to  o  the g fa to  g = .  fo  the f ee 

ele t o  a d B is the Boh  Mag eto  ,  - . JT- . 

 

 

Figu e . : “pi  “ a d ag eti  o e t  of the ele t o . 
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 ⃗⃗⃗  =  −    ⃗⃗⃗⃗  (2.54) 

Radi als i  solutio  a  e isualized like a statisti al a a ge e t of a  ag eti  

o e ts ith a  E e g  E . B  i t odu i g the sa ple i to a ho oge eous ag eti  field, 

B  ill o ie t the ag eti  o e ts pa allel o  a tipa allel to the ag eti  field B . The 

o ie tatio  of the spi  to the ag eti  field is des i ed  the ag eti  ua tu  

u e s “ = + /  α state  a d “ = - /  β state . At ze o ag eti  field B =  the α a d β 

spi  state diffe  i  the o ie tatio  ut ha e the sa e e e g  E . The i te pla  of the 

ag eti  field ith the ag eti  o e ts esults i  the splitti g of the E e g  E  i to t o 

e e g  le els ith the E e g  E = “g BB  a d is the so alled )ee a -effe t .  

 

Figu e . : E e g  le els of a  ele t o  pla ed i  a ag eti  field. 

The e e g  diffe e e et ee  the t o states is p opo tio al to the ag eti  field a d the 

g fa to . The lo  e e g  state β state  a  a so  a ua tu  of ele t o ag eti  adiatio  

e e g  h  to ea h the highe  e e g  state α state . I  o t ast to this a  the α state 

ea h the lo e  β state  e itti g the e e g  h . 

∆ = − = ℎ =  
(2.55) 
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E uatio  .  esults ith a sta da d adiatio  f e ue  of = .  GHz, hi h is used i  

a  E“R spe t o ete s, a d a g fa to  of . , i  ag eti  field i te sit  of .  T. This 

is ithi  the i o a e X- a d egio  -  GHz  a d spe t o ete s that ope ate i  this 

f e ue  egio  a e alled X- a d spe t o ete s.  

The ele t o  spi s of a  e se le ha e eithe  α o  β o figu atio . I  a se e of a 

ag eti  field B =  the dist i utio  is e ui ale t ut i  p ese e of a ag eti  field B ≠  

a d he  the spi  e se le a  i te a t ith the e i o e t the latti e , the 

dist i utio  ha ges to ha e a  e ess of the lo e  e e g  le el β state . The dist i utio  

depe ds o  the te pe atu e of the latti e a d is gi e   the Boltz a  dist i utio  la : 

= − ��  

(2.56) 

The ua tities Nα a d Nβ a e the spi  populatio s i  the highe  a d the lo e  e e g  

states, kB is the Boltz a  o sta t a d T the te pe atu e.  

I  o t ast, he  the spi  e se le a ot i te a t ith the latti e isolated spi , the 

o ti uousl  a ti g i o a e CW-E“R  ould e ualize the le el populatio  a d the E“R 

spe t a ould disappea  afte  a sho t ti e. Be ause the t a sitio  f o  β to α state a d 

i e e sa appea s to the sa e e te t a d the a so ptio  a d the e issio  o pe sate 

ea h othe  et effe t is ze o .  

The spi  latti e i te a tio  esto es the the al e uili iu  hi h leads to a  e ess i  the 

lo  e e g  spi  populatio . This ea s that the a so ptio  is do i a t i  o pa iso  to 

the e issio  a d the e o di g of the a so ptio  spe t a is possi le. The efo e it is a 

o petitio  et ee  the i o a e field a d the spi  latti e i te a tio . But this i plies 

that the E“R sig al satu ates he  the i o a e field gets too st o g. 
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Figu e . : Populatio  of the e e g  le els. a  do i a t populatio  i  the lo e  e e g  le el leads to a  

a so ptio  spe t u ,  e ual dist i utio  of the spi s i  oth e e g  le els does ot lead to a ESR- 

spe t a.©[ ] 

 

2.6.2 Magnetic Resonance 

The o se atio  of a  a so ptio  spe t u  is possi le, if e uatio  .  is fulfilled. To 

pe fo  a  E“R e pe i e t the adi al solutio  is pla ed i  a a it  a d i adiated ith 

i o a e adiatio  of o sta t f e ue   hile the ag eti  field i te sit  is a ied. 

The a so ptio  takes pla e he  the ag eti  field ea hes the i te sit  B  he e the 

eso a e o ditio  is fulfilled. The li e shape of the a so ptio  li e is dete i ed  

d a i al p o esses. 

 

2.6.3 Hyperfine structure 

F o  the p e iousl  dis ussed aspe ts e ould e pe t o e li e i  the E“R spe t a aused 

 the t a sitio  of the ele t o  f o  the β to α e e g  le el. But i  ost of the ases, the 

E“R spe t a o tai  o e tha  o e li e. The easo  fo  this is the i te a tio  of the f ee 

ele t o  ith the ag eti  o e t of the ato i  u leus µN. Mag eti  u lei ha e 

si ila l  to the ele t o  spi  “  a u lea  spi  I  hi h is o ie ted i  a  e te al ag eti  

field pa allel o  a tipa allel to the field. T o e ha is  of oupli g et ee  ele t o  a d 

u leus a e possi le: the dipole-dipole i te a tio , hi h is a isot opi  a d a  e 
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egle ted fo  E“R- easu e e ts i  solutio  a d a Fe i o ta t i te a tio . The latte  

i te a tio  is isot opi  a d pla s a ajo  ole i  i te p eti g a  E“R spe t u . This e a ple 

is the si plest fo  of h pe  fi e splitti g ith o e p oto  a d its u lea  spi  I= / . 

He e, the ele t o  gets the i fo atio  a out the o ie tatio  of the u lea  spi  hi h 

esults i  a splitti g of ea h )ee a  e e g  le els i  t o e  e e g  le els. The fou  e  

e e g  le els allo  t o t a sitio s t o li es i  the E“R- spe t u  fo  the ele t o . The 

a tual u e  a d i te sit  of E“R li es depe ds o  the u e  of e ui ale t u lei a d 

thei  u lea  spi  I. The u e  of li es a  e p edi ted ia e uatio  .  he e ∏I 

i di ates the p odu t o e  all diffe e t sets of e ui ale t u lei i . He e, i is the u e  

of u leus i  set i a d Ii is the u lea  spi  of u leus i. 

=∏ +  

(2.57) 

 

2.6.4 g- value 

As e tio ed efo e i  hapte  . .  the ele t o  a gula  o e tu  has t o 

o t i utio s, o e f o  the o ital otio  a d o e f o  the ele t o  spi . The o ital a d 

the spi  a gula  o e tu  a e oupled. This spi -o it oupli g esults i  a de iatio  of 

the g fa to  f o  that of the f ee ele t o . Be ause of the egligi l  s all o t i utio s 

f o  the o ital a gula  o e tu  i  o ga i  f ee adi als is the de iatio  f o  the g 

fa to  of the f ee ele t o  e  s all. Ne e theless, su h s all de iatio  a  e useful fo  

ha a te izi g the adi al spe ies. The spi -o it oupli g is a isot opi  hi h ea s that 

the g alue e o es depe de t o  the di e tio  of the ag eti  field ith espe t to the 

ole ula  a is. But i  solutio , e ause of the f ee ole ula  otio , the a isot op  is 

a e aged out a d ea  alue of g = giso is easu ed. 
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2.6.5 Magnetization 

A  ele t o  spi  e se le o sists of a  i di idual ele t o  spi s, i te a ti g oth ith 

the latti e a d ith ea h othe . The spi  p ope ties a  e des i ed  the ag etizatio  

e to  M as a su  of ag eti  o e ts of ea h ele t o  spi . Is su h a s ste  i  a 

ag eti  field B  a d i  the al e uili iu  ith the latti e, the ag etizatio  is o ie ted 

alo g the z a is alo g the ag eti  field di e tio . The ag etizatio  o po e ts 

pe pe di ula  to z a e ze o. 

=∑ =  

=∑ =  

=∑ =  

(2.58) 

M  is the ag etizatio  i  the the al e uili iu  a d µzi, µ i a d µ i a e the ag eti  

o e ts of the i di idual spi s. The ag etizatio  e to  otates a ou d the z a is a d 

the so- alled La o  p e essio  a  e des i ed  the ti e e olutio  of M i  a ag eti  

field B  

= ×  

(2.59) 
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Figu e . : a  otatio  of M a ou d z a is  pla i g i  ag eti  field B ,  i  a efe e e f a e is the 

otatio  of M a out the z a is statio a ,  a se o d ag eti  field B  i du es a otatio  of M a ou d the 

-a is. ©Ref.[ ] 

The t a sitio  et ee  the t o )ee a  le els a  appea   a  ele t o ag eti  field B  

ith f e ue  . This additio al field os illates at i o a e f e ue  alo g the  a is. 

This i t odu es a  additio all  otatio  of the ag etizatio  e to  a ou d the  a is. The 

use of a otati g efe e e f a e si plifies the des iptio  of the otio  of M. Figu e .  

a  p ese ts the otatio  of M alo g B . This otio  o se ed i  a otati g f a e, he e ’ 

a d ’ otati g a ou d z at a gula  f e ue  ω  is p ese ted i  Figu e .  . The 

p e essio  of M a ou d ’ at a  a gula  f e ue  ω , i du ed  the se o d ag eti  

field B  is p ese ted i  Figu e .  . Whe eas the ag eti  field ω  << ω  this i  tu  

ea s that B  <<B .The otio  of M a  e des i ed   

= ×  

(2.60) 

̂ = − ℏ/ � + � (2.61) 

He e, ω is the otatio  a gula  f e ue  of the ag etizatio  e to  M i  the otati g 

f a e. k a d i a e the u it e to s di e ted alo g the z a d ’ a is. 
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2.6.6 Relaxation 

“pi -latti e i te a tio s a d i te a tio s et ee  the spi s ea h othe  a e ela atio  

p o esses ith a e o side ed i  the fa ous Blo h e uatio s: 

= − − −
 

= − −  

= − − −  

(2.62) 

Ne  ua tities he e a e the ela atio  ti es T  a d T . The lo gitudi al ela atio  ti e T  

elates to the e e g  t a sfe  p o ess et ee  spi  a d latti e. The t a s e se ela atio  

ti e T  elates to the e e g  t a sfe  et ee  the spi s. The E“R a so ptio  sig al is 

p opo tio al to the ag etizatio  M  ag etizatio  pe pe di ula  to B  hi h is 

o tai ed  sol i g the diffe e tial e uatio s .  u de  stead -state o ditio s. If the 

i o a e field is o ti uous a d s all B <<B  hi h is usuall  the ase, the follo i g 

e p essio  is alid: 

= ( ) [ + − ] (2.63) 

The e uatio  a o e is a fu tio  of ω Lo e tzia  fu tio  a d the li e idth is i e sel  

p opo tio al to the ela atio  ti e T . I deed, the use of the se o d de i ati e of the 

Lo e tzia  fu tio  is o o . I  so e ases, fo  i sta e he  so e Lo e tzia  li es a e 

supe i posed, is the li e shape ette  des i ed  a Gauss fu tio . 
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2.6.7 Dynamic line shape effect 

Be ause of the Heise e g u e tai t  p i iple the E“R li e a ot e i fi itel  a o  

e ause the lifeti es of the diffe e t states of o upatio  of the e e g  le els a e fi ite. 

The lifeti es a e gi e   diffe e t ela atio  p o esses as e tio ed efo e. A  

additio al he i al ea tio  like a  ele t o  t a sfe  i  the ase of self- e ha ge ea tio , 

esults i  a oade i g of the E“R li es. Via the e te ded Blo h e uatio s it is possi le to 

al ulate ate o sta ts  o se atio  the oade i g of the li es. I  the ase of a self- 

e ha ge ea tio  the E“R- li es of the adi al [D-] get oade ed  addi g eut al 

su sta e [A]  sta ti g the ele t o  t a sfe  ea tio . B  i easi g the o e t atio  of 

[A] the oade i g gets o e disti ti e e ause of the i easi g p o a ilit  of ollisio s. 

He e a  e disti guished et ee  the t o li iti g ases, the slo  e ha ge li it see 

Figu e .  a d the fast e ha ge li it he e the li es ollapse to o e si gle li e see 

Figu e .  d . 

 

Figu e . : a  o e ha ge  slo  e ha ge,  i te ediate e ha ge a d d  fast e ha ge. ©Ref.[ ] 
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3. E pe i e tal 

3.1 Solvents and their properties 

To ake o lusio s a out sol e t effe ts o  the ele t o  t a sfe  a  a u ate k o ledge 

o  the sol e t p ope ties su h as is osit , de sit , ef a ti e i de  a d diele t i  o sta t 

is i po ta t. Espe iall , it is e essa  to ha e a  idea a out thei  depe de e o  p essu e 

a d  te pe atu e. Ofte  it is a halle ge to fi d the suita le sol e t p ope ties i  the 

lite atu e a d also to t ust i  it. “o e te pe atu e depe de t is osities a d de sities 

p ese ted he e e e easu ed du i g the ou se of this o k hile othe  sol e t 

p ope ties ha e ee  e t a ted f o  lite atu e a d othe s a e si ple app o i atio s. All of 

the used sol e t p ope ties a e listed i  this hapte . 

The o de ed ILs a e deli e ed i  a good pu it  g ade, ut ha e e  s all a ou ts of  

i pu ities, hi h a  i flue e thei  p ope ties o  i itialize possi le ea tio s ith the 

su sta es added. The ajo  i pu it  i  the ILs is ate  hi h is de easi g the is osit . 

I  o t ast, halide i pu ities like hlo ide, o ide a d iodide i ease the is osit  of the 

ILs. Fu the  i pu ities of the edu ts eth li idazoliu  a  i flue e the i estigated 

su sta es. Meth li idazoliu  is a st o g edu i g age t a d ill, fo  e a ple, edu e the 

eut al TCNE to the adi al a io  TCNE-. This is a distu i g effe t a d thus 

eth li idazoliu  had to e eli i ated efo e easu e e ts ith the edo  ouple 

[TCNE/TCNE•−] a d [DDQ/DDQ•−] ould e sta ted. The efo e, to test if the e a e edu i g 

i pu ities i  the used ILs, a si ple test as do e. Dissol i g of a s all a ou t of DDQ i  

the IL lea l  i di ates  a ed olou  the p ese e of eth li idazoliu . The olou  of 

the ILs ha ges fu the  depe di g o  the p odu tio  at h. Afte  o sultatio  ith the 

o pa , e ould elize that the olou i g depe ds o  i idazoliu  di e s, hi h do ot 

affe t the p ope ties of the IL a d the edo  ouple. The pu ifi atio  ethods to e o e 

su h i pu ities a e des i ed i  detail i  the hapte  . . - . .  fo  ea h used IL, 

sepa atel . 
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3.1.1 General Observations 

3.1.1.1 Viscosity 

The self- easu ed is osities a e f o  te pe atu e depe de t easu e e ts ith a 

i o-U elohde is osi ete . The solutio s e e kept u de  it oge  du i g the 

easu e e t to a oid o ta t ith ai  a d hu idit . The esults e e fitted to a Vogel – 

Ful he  - Ta a  – e uatio .  

� = exp −  

(3.1) 

 

3.1.1.2 Density 

De sit  easu e e ts ha e ee  o du ted usi g a ho e- uilt de sit  ete  ased o  

a  A to  Paa  G az, Aust ia  L-De s de sit  t a s itte  fo  li uids. The OEM O igi al 

E uip e t Ma ufa tu ed  pa ts ha e ee  e uipped ith a  e te al the al ath -  

°C . A  LCD Li uid C stal Displa  as ell as a data t a sfe  ia R“  allo s si gle poi t 

easu e e ts a d te pe atu e s a s. The e pe i e tal e o  is ± .  g/ l f o  

.  to .  a d ± .  K full a ge . The easu ed de sities a e li ea l  depe de t 

o  the te pe atu e a d e e the efo e fitted i  this a . e uatio  . . 

= ∗ � +  
(3.2) 
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3.1.1.3 Dielectric parameters 

Diele t i  ela atio  ha a te izes the ea a ge e t of a pola  sol e t  i se tio  of a 

ha gi g ele t i  field. This p o ess appea s i  depe de e o  the pa ti ula  sol e t 

p ope ties usuall  ithi  a ti es ale of -  ps, fo  o ga i  sol e ts.  

The diele t i  eha iou  of a sol e t a  e p ese ted i  fo  of Cole-Cole plots. A t pi al 

Cole-Cole plot of a De e sol e t like a eto it ile sho  o e se i- i le, o -De e 

sol e ts like the ILs sho  t o o  o e se i- i les see Figu e .  due to o e tha  o e 

ela atio  p o esses. The a s issa p ese ts the eal pa t ’ of the elati e pe itti it  , the 

o di ate p ese ts the egati e i agi a  pa t ’’.   

 

Figu e . : Cole-Cole plot fo  a sol e t ith t o ha a te isti  ela atio  ti es. ©[ ] 

I  the figu e a o e a e ea h of the t o ela atio s ha a te ized  a lo  diele t i  

o sta t is, a high diele t i  o sta t i∞ a d a ela atio  ti e τDi. Fo  a sol e t ith  

ela atio s is the stati  diele t i  o sta t s= s a d ∞= ∞.A o di g H es[ ] a d 

Fa ett [ , ] is the f e ue  depe de t diele t i  espo se fu tio  afte  Lapla e 

t a sfo atio  gi e  as 
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̂ =∑ + �=  

(3.3) 

ith the defi itio  of  

= − ∞− ∞  

(3.4) 

I  the si plest ase has the sol e t o l  o e De e ela atio  =  ith a lo gitudi al 

ela atio  ti e �  gi e  as i  e uatio  .  ith �  the De e ela atio  ti e. 

� = ∞�
 

(3.5) 

Fo  sol e ts ith t o ela atio  p o esses the esti atio  of �  gets o e o ple . The 

lo gitudi al ela atio  ti e i  su h sol e ts a ies et ee  t o li iti g alues τL,  a d 

τL,∞. 

� , = ∞ ( � , + � , ) (3.6) 

� ,∞ = ∞ � , + � ,
−

 

(3.7) 

The t a sitio  et ee  the t o li its is dete i ed  the ti e τ . 

� = � , + � ,  
(3.8) 

If the fi st ela atio  p o ess is do i a t, hi h is the ase fo  the i estigated sol e ts i  

the p ese t o k,  a d � ,  a e la ge  tha   a d � ,  a d � ,  is lose to � , . He e, the 

lo gitudi al ela atio  ti e � = � ,∞at e  sho t ti es a d � = � ,  at e  lo g ti es. 



E pe i e tal 

 

 

 

� = � + �∞ − � ∗ −�
 

(3.9) 

He e, the ti e t des i es the o se ed ti es ale. To esti ate the o se ed ti es ale a  

e a ple fo  t o ILs ill e dis ussed he e. The ate o sta ts ket i  Ta le -  a e e t a ted 

f o  the esults pa t i  hapte  .  a d the ate o sta ts ke  a e al ulated ia e . .  

usi g the asso iatio  o sta t K  = .  M- [ ]. The ti e t = /ke  is a a ged i  the 

a ose o d egio  a d the efo e esults e uatio  .  i  � = � ,  fo  the ILs listed elo . 

Ta le - : ate o sta ts at  K of the self-e ha ge edo  ouple [TCNE/TCNE•-] 

IL ket [ M- s- ] ke  [ s- ] t [ s] 

[h i +][Tf N-] .  .  .  

[ i +][BF -] .  .  .  
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3.1.2 [emim
+
][Tf2N

-
] 

The st u tu e of this io i  li uid is p ese ted i  Figu e . . The io i  li uid as pu hased 

f o  io.li.te  Co pa  Ge a  ith the CA“-N . - - . The ost i po ta t 

spe ifi atio s of the su sta e a e the appea a e olou less to ello , the ate  

o te t <  pp  a d the halide o te t <  pp . 

 

Figu e . : St u tu e of [e i +][Tf N-] 

 Befo e use, the IL as d ied at - °C i  a uo  < * -  To  fo   h to e o e ate  

a d su se ue tl  sto ed u de  N  i  a desi ato  o e  P O . The IL used fo  

easu e e ts ith the [TCNE/TCNE•−] edo  ouple as pu ified, p io  to the high a uu  

pu p,  olu  h o atog aph  o e  alu i iu  o ide Al O , Fluka, t pe  a idi . 

The ello  IL as, afte  the pu ifi atio , ea l  olou less a d did ot sho  a  edu i g 

ea tio  ith TCNE a o e. To e su e that the pu ifi atio  did ot alte  the p ope ties of 

the IL, is osit  a d de sit  easu e e ts ith a d ithout pu ifi atio  e e do e. I  

Figu e .  it appea s that the pu ifi atio  ethod o  i  fa t the i pu ities i  the IL do ot 

ha ge the sol e t p ope ties oti ea le. 

3.1.2.1 Viscosity [emim
+
][Tf2N

-
] 

The te pe atu e depe de t is osities a e self- easu ed as des i ed i  hapte  .  a d 

the esults e e fitted to a VFT–e uatio  .  Vogel-Ful he -Ta a . The esulti g 

est-fit oeffi ie ts a e listed i  Ta le - . 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [e i +][Tf N-] 

η[ Pa s]  K  A [ Pa s] B  [  K] T  [K] Te pe atu e a ge  [K] 

.  . ± .  . ± .  ±  -  
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The p essu e depe de t is osities a e e t a ted f o  lite atu e [ ]. The is osities a e 

al ulated ia the H id Tait-Lito itz e uatio  .  

� , =  exp ++ ,  (3.10) 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [e i +][Tf N-] 

η [ Pa s]  K  A [ Pa s] B [  K ] D [MPa] E 

.  . ± .  ±  ±  . ± .  

 

 

 

Figu e . : Te pe atu e depe de e of the is osit  of [e i +][Tf N-] pu ified a d u pu ified i  

o pa iso . 
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3.1.2.2 Density of [emim
+
][Tf2N

-
] 

The te pe atu e depe de t de sities a e al ulated ia e . .  ith oeffi ie ts f o  

Ta le - . 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [e i +][Tf N-] 

ρ K  [kg d - ] a  [ - kg d -  K- ]  [kg d - ] Te pe atu e a ge  [K] 

.  - . ± .  . ± .  -  

The p essu e depe de t de sities a e e t a ted f o  lite atu e [ ] a d al ulated ia a 

Tait-e uatio  .  a d .  ith the elated oeffi ie ts i  Ta le -  

, � = �, ,− ∗ ln ++ ,  

(3.11) 

= + +  (3.12) 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [e i +][Tf N-] 

B  [MPa K- ] B  [ -  MPa K- ] B   [MPa] C  [ -  MPa K- ] B T  / MPa 

- .  .  .  . ± .  . ± .  

3.1.2.3 Refractive index [emim
+
][Tf2N

-
] 

The ef a ti e i di es a e e t a ted f o  lite atu e [ ] a d fitted li ea l . To o tai  the 

ef a ti e i de  fo  ea h te pe atu e, the oeffi ie ts i  Ta le -  e e used. 

= ∗ � +  (3.13) 

Ta le -  : Coeffi ie ts of est fit fo  e uatio  .  / [e i +][Tf N-] 

D K  a [ -  K- ]  Te pe atu e a ge [K] 

.  - ±  . ± .  -  
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3.1.2.4 Summary of solvent properties for [emim
+
][Tf2N

-
] 

Ta le - : Sol e t p ope ties of [e i +][Tf N-] at at osphe i  p essu e a d diffe e t te pe atu es. 

T [K] 
ρ  

[kg - ] 
D “ ∞ τL [ps] D  η [ Pa s] 

  .     .  .  

  .  
. a  

.  

. a  

.  

.  

. d  
.  .  

  .     .  .  

  .     .  .  

  .     .  .  

  .     .  .  

  .     .  .  

  .     .  .  
a  F o  Ref. [ ] 

al ulated ia e uatio  .  ith data f o  ef. [ ] 

F o  Ref.[ ] 
d al ulated ia e uatio  .  ith data f o  ef. [ ] 

 

Ta le - : Sol e t p ope ties of [e i +][Tf N-] at K a d ele ated p essu es. 

P  [MPa] ρ [kg - ] η [ Pa s] 

.   .  

  .  

  .  

  .  

  .  

  .  

  .  

  .  

  .  

  .  

  .  
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3.1.3 [bmim
+
][Tf2N

-
] 

The st u tu e of the io i  li uid is p ese ted i  Figu e . . The ello  to o a ge io i  li uid 

CA“-N . - -  as pu hased f o  io.li.te  Co pa  Ge a  ith a ate  

o te t <  pp  a d halides o te t <  pp . Befo e use, the IL as d ied at - °C 

i  a uo  < × -  To  fo   h to e o e ate  a d su se ue tl  sto ed u de  N  i  a 

desi ato  o e  P O . The IL used fo  easu e e ts ith the [TCNE/TCNE•−] edo  ouple 

as pu ified, p io  to the high a uu  pu p as follo s. The IL as e t a ted ith ,  % 

HCl i  a sepa ati g fu el  ti es a d su se ue tl  ashed ith idistilled ate  u til the 

sepa ated ashi g ate  as pH eut al.   

 

Figu e .  St u tu e of [ i +][Tf N-] 

3.1.3.1 Viscosity of [bmim
+
][Tf2N

-
] 

Best-fit oeffi ie ts fo  the VFT e uatio  des i i g the self- easu ed te pe atu e 

depe de t is osities a e listed i Ta le - .  

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [ i +][Tf N-] 

η [ Pa s]  K  A [ Pa s] B [  K] T  [K] Te pe atu e a ge [K] 

.  . ± .  . ± .  ±  -  

 

The p essu e depe de t is osities a e e t a ted f o  lite atu e [ ]. The is osities a e 

al ulated ia a odified VFT- e uatio  .  ith oeffi ie ts f o  Ta le - . 
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� , = exp + ∗ + + ∗ + ∗−  (3.14) 

Ta le - : Coeffi ie ts of est fit fo  e uatio  . / [ i +][Tf N-] 

A 
B   

[ - MPa- ] 
C [K] 

D   

[K MPa- ] 

E   

[ - K MPa- ] 
T  [K] 

- , ± .  - . ± .  ±  . ± .  - ±  . ± .  

3.1.3.2 Density of [bmim
+
][Tf2N

-
] 

The de sities fo  ea h te pe atu e e e al ulated ia .  ith the esulted est-fit 

oeffi ie ts Ta le -  f o  the te pe atu e depe de t de sit  easu e e ts like 

des i ed i  hapte  . . . . 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [ i +][Tf N-] 

ρ K   

[kg d - ] 

a  

[ - kg d -  K- ] 

  

[kg d - ] 

Te pe atu e a ge 

 [K] 

.  - . ± .  . ± .  -  

 

Cal ulatio  of the p essu e depe de t de sities at  K e e do e ia a pol o ial 

fu tio  e . .  ith est-fit oeffi ie ts e t a ted f o  lite atu e [ ].  

= + +  (3.15) 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [ i +][Tf N-] 

A  

[kg d - ] 

B  

[ - kg d - a - ] 

C 

[ - kg d - a - ] 

.  .  - .  
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3.1.3.3 Refractive index of [bmim
+
][Tf2N

-
] 

The te pe atu e depe de t ef a ti e i di es a e al ulated a o di g to e uatio  .  

ith the est-fit oeffi ie ts e t a ted f o  lite atu e [ ]. 

Ta le - : Coeffi ie ts of est fit fo  e uatio  . / [ i +][Tf N-] 

D K  a [ -  K- ]  Te pe atu e a ge [K] 

.  - ±  . ± .  -  

3.1.3.4 Summary of solvent properties for [bmim
+
][Tf2N

-
] 

Ta le - : Sol e t p ope ties of [ i +][Tf N-] at at osphe i  p essu e a d diffe e t te pe atu es. 

T [K] 
ρ  

[kg - ] 
D “ ∞ τL [ps] D

 
η  

[ Pa s] 

  .     .  .  

  .  
. a  

.  

. a  

.  

.  

. d  
.  .  

  .     .  .  

  .     .  .  

  .     .  .  

  .     .  .  

  .     .  .  

  .     .  .  
a  E t a ted f o  Ref. [ ],  al ulated ia e uatio  .  ith Data f o  Ref. [ ],  E t a ted f o  Ref.[ ]  
d  al ulated ia e uatio  .  ith Data f o  Ref.[ ]  

Ta le - : Sol e t p ope ties of [ i +][Tf N-] at K a d ele ated p essu es. 

p [MPa] ρ [kg - ] η [ Pa s] p [MPa] ρ [kg - ] η [ Pas] 

.   .    .  

  .    .  

  .    .  

  .    .  

  .    .  

  .     
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3.1.4 [hmim
+
][Tf2N

-
] 

The st u tu e of the io i  li uid is p ese ted i  Figu e . . The io i  li uid as pu hased 

f o  io.li.te  o pa  Ge a  ith the CA“-N . - - . The ate  a d halides 

o te t is s alle  tha   pp  a d the olou  of the IL a  a  f o  olo less to o a ge. 

Befo e use, the IL as d ied at - °C i  a uo  < × -  To  fo   h to e o e ate  

a d su se ue tl  sto ed u de  N  i  a desi ato  o e  P O . The IL used fo  

easu e e ts ith the [TCNE/TCNE•−] edo  ouple as pu ified, p io  to the high a uu  

pu p as follo s. The IL as e t a ted ith ,  % HCl i  a sepa ati g fu el  ti es a d 

su se ue tl  ashed ith idistilled ate  u til the sepa ated ashi g ate  as of 

eut al pH. “u se ue tl  a olu  h o atog aph  o e  sili a gel  Roth, . - .   

as eeded to e o e all of the edu i g i pu ities. 

 

Figu e .  St u tu e of [h i +][Tf N-] 

 

3.1.4.1 Viscosity of [hmim
+
][Tf2N

-
] 

The self- easu ed te pe atu e depe de t is osities hapte  . . .  e e fitted to a 

VFT- e uatio  .  ith esulti g oeffi ie ts of est fit listed i  the follo i g ta le. 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [h i +][Tf N-] 

η [ Pa s]  K  A [ Pa s] B [K] T  [K] Te pe atu e a ge [K] 

.  .  ± .   ±   ±   -  
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3.1.4.2 Density of [hmim
+
][Tf2N

-
] 

Fo  the al ulatio  of the te pe atu e depe de t de sities e . .  as used ith 

app op iate oeffi ie ts f o  Ta le - . 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [h i +][Tf N-] 

ρ K  [kg d - ] a  Te pe atu e a ge [K] 

.  - .  .   -  

 

3.1.4.3 Refractive index of [hmim
+
][Tf2N

-
] 

The te pe atu e depe de t ef a ti e i di es f o  Ref. [ ] e e fitted li ea l  a d 

al ulated a o di g e uatio  .  ith the follo i g est-fit oeffi ie ts. 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / [h i +][Tf N-] 

D K  a [ -  K- ]  Te pe atu e a ge [K] 

.  - ±  . ± .  -  

 

3.1.4.4 Dielectric Properties of [hmim
+
][Tf2N

-
] 

The used diele t i  p ope ties fo  [h i +][Tf N-] e e e t a ted f o  lite atu e [ ]. All 

othe  alues i  Ta le -  e e al ulated as des i ed i  hapte  . . . .  
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Ta le - : Diele t i  p ope ties fo  [h i +][Tf N-] 

T[K] s a  

τD,  

a  
[ps]  

∞, a  

τD,  

a  
[ps]  

∞ a  f  f  
τL,  

[ps] 
τL,∞ 
d [ps] 

τ  

e [ps] 
τl 

f [ps] 

 .   .  .  .  .  .  .  .  .  .  

 .   .  .  .  .  .  .  .  .  .  

 .   .  .  .  .  .  .  .  .  .  

 .   .  .  .  .  .  .  .  .  .  

 .   .  .  .  .  .  .  .  .  .  

 .  .  .  .  .  .  .  .  .  .  .  

 .   .  .  .  .  .  .  .  .  .  

a  alues e t a ted f o  Ref.[ ],  al ulated ia e uatio  . ,  al ulated ia e uatio  . , d  
al ulated ia e uatio  . , e  al ulated ia e uatio  . , f  al ulated ia e uatio  .  

 

To o tai  the diele t i  pa a ete s fo  ea h te pe atu e the stati  pe itti it  s a d the 

i fi ite f e ue  pe itti it  ∞ e e fitted li ea l  e uatio  . , ith esulti g the 

pa a ete s listed i  Ta le - . 

= ∗ � +  (3.16) 

Ta le - : Coeffi ie ts of est fit fo  e uatio  . / [h i +][Tf N-] 

 K  a  Te pe atu e a ge [K] 

.  - . ± .  ±  -  

∞ K     

.  - . ± .  . ± .  -  
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3.1.4.5 Summary of solvent properties for [hmim
+
][Tf2N

-
] 

Ta le - : Sol e t p ope ties of [h i +][Tf N-] at at osphe i  p essu e a d diffe e t te pe atu es. 

T [K] 
ρ 

[kg - ] 
D “ ∞ τL [ps] D

 η [ Pa s] 

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  
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3.1.5 [bmim
+
][BF4

-
] 

The io i  li uid p ese ted i  Figu e .  as pu hased f o  io.li.te  o pa  Ge a  

ith the CA“-N . - - . The IL ith a ello  to o a ge appea a e has ith <  

pp  slightl  highe  ate  o te t tha  the p e ious e tio ed ILs. The halide o te t 

<  pp  ho e e  is i  the sa e o ditio . Afte  the d i g p o edu e - °C, < × -

 To ,  h  the IL as sto ed u de  N  i  a desi ato  o e  P O . The IL did ot sho  a  

edu i g i pu ities a d ould the efo e e used ithout a  additio al pu ifi atio  fo  

easu e e ts ith TCNE. 

 

Figu e .  St u tu e of [ i +][BF -] 

 

3.1.5.1 Viscosity of [bmim
+
][BF4

-
] 

The te pe atu e depe de t is osities a e e t a ted f o  lite atu e [ ] a d al ulated 

a o di g to e uatio  .  ith the fitti g pa a ete s i  Ta le - . 

� = , exp −  (3.17) 

Ta le - : Coeffi ie ts of est fit fo  e uatio  . / [ i +][BF -] 

η [ Pa s]  K  A [ Pa s K- , ] B [K] T  [K] Te pe atu e a ge [K] 

. ± .  .     -  
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3.1.5.2 Density of [bmim
+
][BF4

-
] 

The te pe atu e depe de t de sities fo  [ i +][BF -] e e al ulated ia a pol o ial 

fu tio  .  ith est-fit oeffi ie ts e t a ted f o  lite atu e [ ]. 

= + +  (3.18) 

  

Ta le -  Coeffi ie ts of est fit fo  e uatio  .  / [ i +][BF -] 

ρ K  [kg d - ] 
A  

[kg d - ] 

A  

[ -  kg K- d - ] 

A   

[ - kg K- d - ] 

Te pe atu e a ge  

[K] 

.  .  - .  .   -  

 

3.1.5.3 Refractive index of [bmim
+
][BF4

-
] 

The ef a ti e i di es a e as ell as the de sities e t a ted f o  ef [ ] a d e e fitted 

li ea l . The te pe atu e depe de t ef a ti e i di es e e al ulated a o di g e uatio  

.  ith oeffi ie ts listed elo . 

Ta le - : Coeffi ie ts of est it fo  e uatio  .  / [ i +][BF -] 

D K  a [ -  K- ]  Te pe atu e a ge [K] 

.  ±  . ± .   -  
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3.1.5.4 Dielectric Properties of [bmim
+
][BF4

-
] 

The diele t i  p ope ties of [ i +][BF -] e t a ted f o  ef. [ ] e e used fo  a li ea  fit 

as des i ed i  hapte  . . .  fo  [h i +][Tf N-]. The te pe atu e depe de t stati  

pe itti it  s a d i fi ite f e ue  pe itti it  ∞ e e al ulated ia e uatio  .  

ith the esulti g pa a ete s i  Ta le - . The ela atio  pa a ete s i  Ta le -  e e 

al ulated as des i ed i  hapte  . . . . 

Ta le - : Diele t i  p ope ties fo  [ i +][BF -] 

T[K] s a  

τD,  

a  
[ps]  

∞, a  

τD,  

a  
[ps]  

∞ a  f  f  
τL,  

[ps] 
τL,∞ 
d [ps] 

τ  

e [ps] 
τl 

f [ps] 

 .   .  .  .  .  .  .  .  .  .  

 .   .  .  .  .  .  .  .  .  .  

 .   .  .  .  .  .  .  .  .  .  

 .   .  .  .  .  .  .  .  .  .  

 .  .  .  .  .  .  .  .  .  .  .  

 .  .  .  .  .  .  .  .  .  .  .  

 .  .  .  .  .  .  .  .  .  .  .  

a  alues e t a ted f o  Ref.[ ],  al ulated ia e uatio  . ,  al ulated ia e uatio  . , d  
al ulated ia e uatio  . , e  al ulated ia e uatio  . , f  al ulated ia e uatio  .  

 

Ta le - : Coeffi ie ts of Best Fit fo  e uatio  . / [ i +][BF -] 

s K  a  Te pe atu e a ge [K] 

.  - . ± .  ±  -  

∞ K  a  Te pe atu e a ge [K] 

.  . ± .  - ±  -  
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3.1.5.5 Summary of solvent properties for [bmim
+
][BF4

-
] 

 

Ta le - : Sol e t p ope ties of [ i +][BF -] at at osphe i  p essu e a d diffe e t te pe atu es. 

T [K] 
ρ 

[kg - ] 
D “ ∞ τL [ps] D

 η [ Pa s] 

  .  .  .  .  .  .  

  .  
.  

. a  

.  

. a  

.  

 
.  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  

  .  .  .  .  .  .  
a F o  Ref.[ ] 

 al ulated ia e uatio  .  ith Data f o  Ref.[ ]  
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3.1.6 Dimethylphthalate 

The sol e t Di eth lphthalate DMP, CA“ - -  as pu hased f o  Fluka ith a 

pu it  g ade of %. The li uid as d ied o e  Å ole ula  sie e a d distilled afte a ds 

i  a uo a d sto ed u de  it oge . 

 

Figu e . : St u tu e of DMP 

3.1.6.1 Viscosity of DMP 

The te pe atu e depe de t is osities a e self- easu ed as des i ed i  hapte  .  a d 

al ulated ia e uatio  .  ith oeffi ie ts i  Ta le - . 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / DMP 

η [ Pa s]  K  A [ Pa s] B [K] T  [K] Te pe atu e a ge [K] 

.  . ± .  ±  ±   -  

 

3.1.6.2 Density of DMP 

The self- easu ed te pe atu e depe de t de sities see hapte  . . .  e e fitted 

li ea l . With the oeffi ie ts f o  Ta le -  as it possi le to al ulate de sities fo  ea h 

used te pe atu e ia e uatio  . . 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / DMP 

ρ K  [kg d - ] a [ -  kg d -  K- ]  [kg d - ] Te pe atu e a ge [K] 

.  - . ± .  . ± .   -  
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3.1.6.3 Dielectric properties of DMP 

The stati  diele t i  o sta ts s e e e t a ted f o  lite atu e [ ] a d fitted li ea l  

a o di g to e uatio . . The esulti g oeffi ie ts a e listed elo . 

Ta le - : Coeffi ie ts of est fit fo  e uatio  .  / DMP 

s K  a  Te pe atu e a ge [K] 

.  - . ± .  . ± .  -  

 

3.1.6.4 Summary of solvent properties for DMP 

Ta le - : Sol e t p ope ties of DMP at at osphe i  p essu e a d diffe e t te pe atu es. 

T [K] 
ρ 

[kg - ] 
D “ D

 η [ Pa s] 

  . a  .  .  .  

   .   .  

   .   .  

   .   .  

   .   .  

   .   .  

   .   .  

   .   .  

a  e t a ted f o  Ref. [ ] 
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3.1.7 Acetonitrile 

The a eto it ile AN  used f o  “ig a-Ald i h, . %, CA“: - -  as d ied o e  Å 

ole ula  sie e. The sol e t as kept afte  a distillatio  u de  it oge  i  a  app op iate 

“ hle k flask. 

3.1.7.1 Densities of AN 

The p essu e a d te pe atu e depe de t is osities a e e t a ted f o  lite atu e [ ] a d 

al ulated ia e uatio  .  

, = , ( + − ,+ − , ) ,
 

∗ exp − , ∗ − [ − , ] − , ∗ − [ − , ]  

(3.19) 

3.1.7.2 Viscosity of AN 

The de sities used, e e al ulated ia e uatio  .  hi h as take  f o  ef.[ ]. This 

e uatio  i ludes oth the te pe atu e depe de e a d the p essu e depe de e. 

� , = − , + + , ∗ − [ − ]  
(3.20) 

 

3.1.7.3 Refractive index of AN 

The ef a ti e i di es a e app o i ated as gi e  i  [ ] ia the Lo e z-Lo e z e uatio  
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= +−  (3.21) 

The o e tio  fa to  Q gi e  i  e uatio  .  is ea l  i depe de t of p essu e a d 

te pe atu e.  

= −+  (3.22) 

The o e tio  fa to  as al ulated usi g lite atu e alues of the ef a ti e i de [ ]. 

3.1.7.4 Summary of solvent properties for AN 

Ta le - : Sol e t p ope ties of AN at ele ated p essu e a d K 

p [MPa] 
ρ  

[kg - ] 
D “

a  D
 η [ Pas] 

.  .  .  .  .  .  

 .  .  .  .  .  

 .  .  .  .  .  

 .  .  .  .  .  

 .  .  .  .  .  

 .  .  .  .  .  

 .  .  .  .  .  

 .  .   .  .  

 .  .  .  .  .  

 .  .   .  .  

 .  .  .  .  .  
a … alues fo   K e t a ted f o  lite atu e Ref. [ ] 

 



E pe i e tal 

 

 

 

3.1.8 Solvent mixture 

A  additio al task of this thesis as to test a spe ial sol e t i tu e o posed of p op l 

a etate PA , Ald i h % CA“: - - , ut o it ile BN , Alfa Aesa  % CA“: - -  

a d dieth l phthalate DEP , Me k % CA“: - - . The used sol e ts e e u led  

it oge  o e  a fe  i utes to e o e the e ai i g o ge  i  the solutio . The degassed 

solutio s e e kept u de  it oge  i  a “ hle k tu e. The o positio  of the i tu es a e 

e t a ted f o  ef.[ ]. “ol e t i tu es at th ee diffe e t te pe atu es e e used a d 

thei  o positio s a e listed i  the ta les elo .  

Ta le - : Mole f a tio  X of the o po e ts i  the used sol e t i tu es at K a d the asso iated 

sol e t p ope ties e t a ted f o  Ref. [ ]. 

Mi tu e T[K] X [PA] X [BN] X [DEP] s 

η  

[ Pa s] 
D 

M a  .  .  .  .  .  .  

M   .  .  .  .  .  .  

M   .  .  .  .  .  .  

M d  .  .  .  .  .  .  

M e  .  .  .  .  .  .  

M f  .  .  .  .  .  .  

 

Ta le - : Mole f a tio  X of the o po e ts i  the used sol e t i tu es at K a d the asso iated 

sol e t p ope ties e t a ted f o  Ref. [ ]. 

Mi tu e T[K] X [PA] X [BN] X [DEP] s 

η  

[ Pa s] 
D 

M j  .  .   .  .  .  

M h  .  .   .  .  .  

M i   .   .  .  .  
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Ta le -  Mole f a tio  X of the o po e ts i  the used sol e t i tu es at K a d the asso iated 

sol e t p ope ties e t a ted f o  Ref. [ ]. 

Mi tu e T[K] X [PA] X [BN] X [DEP] s 

η  

[ Pa s] 
D 

M   .  .  .  .  .  .  

M   .  .  .  .  .  .  

M e  .  .  .  .  .  .  
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3.2 Redox couples 

The edo  ouples TTF / TTF•+, TCNE / TCNE•- a d DDQ / DDQ•- e e i estigated ithi  

this o k. The eut al su sta es a d the app op iate adi als a e the a epto  A a d 

do o  A- ole ule. 

P epa atio  of the su sta es a d st u tu e i fo atio  fo  the ole ules a d the 

p e u so  o ple es a e des i ed i  detail i  the su se ue t hapte s. 

 

3.2.1 TTF / TTF
•+

 

Tet athiaful ale e TTF, CA“: - -  as pu hased f o  Fluka ith a pu it  g ade of 

%.The su sta e as su li ated i  a uo a d the o a ge su sta e as sto ed i  a 

“ hle k tu e u de  it oge .  

  

Figu e . : St u tu e of TTF 

The TTF•+ adi al atio  as s thesized as a pe hlo ate salt TTF•+ClO -  as des i ed  

Hü ig [ ]. The su li ated TTF .  g  as sol ed i   l a eti  a id  %  u de  

sti i g a d gi es a  o h e o  solutio . Afte a ds a solutio  of .  g Lead IV  

a etate i  .  l a eti  a id as added d op ise du i g ooli g so that the solutio  keeps 

at oo  te pe atu e. The solutio  gets da k o  to la k a d as sti ed additio all   

i utes. Afte a ds a solutio  of .  g sodiu  pe hlo ate NaClO  i   l distilled 

ate  a d  l pe hlo i  a id %, HClO  as added. The solutio  stallized  ooli g 

ith a  i e ath. The o  stals e e filte ed a d ashed ith a o  tet a hlo ide 

CCl  a d d ied i  a desi ato  o e  diphospho us pe to ide P O . The d  stals e e 

sto ed i  a “ hle k tu e u de  it oge . 
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The st u tu e of the TTF/TTF•+ p e u so  o ple  is e pe ted to e slightl  shifted alo g 

the lo g se ia is as gi e  f o  stal st u tu e. 

 

Figu e . : C stall st u tu e of the TTF pe hlo ate alo g the -a is.©[ ] 

 

The geo et i al data of the TTF/TTF•+.p e u so  o ple  a  e esti ated  the st u tu e 

of a TTF atio  di e  as des i ed i  ef.[ ] o  ia a  ellipsoid odel des i ed i  ef.[ ]. 

The se ia is i  the ellipsoid odel a e gi e  as a= .  , = .   a d = .  .  

Ta le - : Des iptio  of the t a sitio  state o ple  TTF/TTF+. ith the ea tio  dista e d, the 

geo et i al te  g ,d , the ea  ellipti al adius  a d the eso a e splitti g e e g  VRP 

a  [ ] 
d st.   

[ ] 

d e p.   

[ ] 
d Kha kats   

[ ] 
g ,d h

e p  

[  - ] 
i,∞ 

[kJ ol- ] 

VRP  

[kJ ol- ] 

. [ ] 
. [ ] 

. g  

. ± .  
[ ] . [ ] . ± .  

[ ] 
.  [ ] 

. [ ] 

. d [ ] 

. e [ ] 

. f [ ] 
a f o  e uatio  . , f o  e uatio  . , f o  e uatio  .  ith g ,d e p , d al ulated f o  L)=  

e f o  o e lap i teg als, f e pe i e tal alue used sol e t CH Cl , 

 g CDFT o st ai ed de sit  fu tio al theo  al ulatio s Ref.[ ], h  e pe i e tal alues  K diffe e t 
sol e ts   
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3.2.2 DDQ / DDQ
•-

 

The ello  , -Di hlo o- , -di a o- , - e zo ui o e DDQ, CA“: - -  as pu hased 

f o  Fluka ith a pu it  g ade of %. 

 

Figu e . : St u tu e of DDQ 

The adi al DDQ•- as p odu ed i  situ i  the DDQ solutio  at a e tai  o e t atio   

addi g e ui ola  tet a ut la o iu  iodide TBAI . The TBAI edu es the DDQ to the 

adi al a io  DDQ•- ith TBA+ as ou te io  see e . . . The hoi e to use TBA+ is 

e ause of the olu i ous st u tu e of that io  hi h p e e ts a  io  pai i g effe ts. 

 +  + − →  •− +  + +  (3.23) 

 

 

Figu e . :A ti ated o ple  of DDQ/DDQ•-©Ref.[ ] 
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Ta le - : Des iptio  of the t a sitio  state o ple  DDQ / DDQ•- ith the ea tio  dista e d, the 

geo et i al te  g ,d , the ea  elliptia al adius  a d the eso a e splitti g e e g  VRP 

a  [ ] 
d st.   

[ ] 

d e p.   

[ ] 
d Kha kats  

[ ] 
g ,d e p  

[  - ] 
i,∞ 

[kJ ol- ] 

VRP 

[kJ ol- ] 

.  [ ] 

. d  [ ] 
.  [ ] .  [ ] .  [ ] 

. [ ] 

. [ ] 
.  [ ] 

.  [ ] 

.  [ ] 
a f o  e uatio  . , f o  e uatio  .  

 f o  e uatio  .  ith g ,d e p , d e pe i e tal alue  
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3.2.3 TCNE / TCNE
•-

 

Tet a a oeth le e TCNE, - -  as pu hased f o  Fluka ith a pu it  g ade of %. 

 

Figu e . : St u tu e of TCNE 

The TCNE adi al a io  as p odu ed i  situ ith [ i +][I-] as edu i g age t i  the 

sa ple o  as added i  fo  of the TBA salt. The TCNE•-TBA+ as s thesized like 

des i ed i  [ ]. Figu e .  sho s the st u tu e of the [TCNE ] - di e  ith the 

i te pla a  dista e of .  Å o tai ed f o  the stal st u tu e [ ]. 

 

Figu e . : Di e i  pai  of TCNE•-  i  a TCNE•-  Bu N + stal st u tu e ith a  i te pla a  dista e 

d.©[ ] 

Ta le - : Des iptio  of the t a sitio  state o ple  TCNE / TCNE•- ith the ea tio  dista e d, the 

geo et i al te  g ,d , the ea  ellipti al adius  a d the eso a e splitti g e e g  VRP 

a  [ ] d st.  
[ ] 

d e p.  
[ ] d Kha kats  

[ ] 
g ,d e p  

[  - ] 

K   

[d   

ol- ] 

i,∞  

[kJ ol- ] 
VRP  

[kJ ol- ] 

. [ ] 

. [ ] 

. [ ] 

. g  

. ± .  
[ ] 

. ± .  
[ ] 

. [ ] 

. [ ] 

. ± .  
[ ] 

. ± .  
[ ] 

.  

 

.  

.  [ ] 

. d [ ] 

. e [ ] 

. f [ ]  
a f o  e uatio  . , f o  e uatio  . , f o  e uatio  .  ith g ,d e p , d al ulated f o  L)=  

e f o  o e lap i teg als, f e pe i e tal alue i  a eto it ile , g CDFT al ulatio s Ref.[ ] 
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3.3 Apparatus 

Du i g the ou se of this o k t o E“R spe t o ete s e e used. The B uke  spe t o ete  

as used fo  the te pe atu e depe de t e pe i e ts a d the Jeol spe t o ete  as used 

fo  the p essu e depe de t e pe i e ts. This hapte  p o ides a des iptio  of the used 

E“R spe t o ete s a d the asso iated sa ple p epa atio .  

 

3.3.1 Bruker ELEXSYS E500 / Temperature unit 

The te pe atu e depe de t E“R spe t a e e e o ded ith a B uke  ELEX“Y“ E  X-

Ba d spe t o ete . The i st u e t is e uipped ith a te pe atu e o t ol u it 

ER VT  o ki g at te pe atu es - K.  

Fo  the sa ple p epa atio  a spe ial glass o st u tio  Figu e .  as used hi h 

e a les the seali g of the sa ple solutio  u de  eli i atio  of ai .  

 

Figu e . : Sa ple p epa atio  u de  eli i atio  of ai . 

The glass o st u tio  as o e ted to a o e- a  Pasteu  pipette sealed at the o e 

e d  ia a s e  ap. This i stallatio  as e a uated a d e ted ith it oge   ti es. 

Afte  that, the sa ple as filled ia a t a sfe  pipette u de  it oge  i to the Pasteu  
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pipette. The s ste  as afte a ds losed a d f oze   du ki g the Pasteu  pipette i to a 

De a  essel ith li uid it oge . The f oze  s ste  as e a uated a d losed agai  

afte a ds efo e the sa ple as elted. Th ough the elti g p o ess the e ai i g gas 

i  the sa ple solutio  as e o ed. This so alled f eeze-pu p-tha  steps e e epeated 

 ti es a d fi ished  seali g the Pasteu  pipette i  a uo. 

 

3.3.2 Jeol 3-PX / high-pressure unit 

The p essu e depe de t E“R spe t a e e e o ded ith a Jeol -PX X- a d spe t o ete  

e uipped ith a ho e uilt high-p essu e u it [ , ]. The high-p essu e u it as 

odified  a high-p essu e E“R ell. The o st u tio  of the E“R ell as do e du i g this 

o k a d is ade of a fused sili a apilla 1 o.d.:  µ , i.d.:  µ  a o di g to Hu ell 

[ ] a d Yo ke  [ ]. A sili a apilla  ith a le gth of a ou d   as e t i  a glass 

lo e  fla e -  ti es. 

Figu e . : High p essu e ESR ell 

The apilla  as o e ted to the p essu e ge e ati g pa t ia a VHP Mi o Fe ule 

µ  Ki esis . Th ough a  additio all  added essel at the e d of the apilla  it is 

possi le to lea  a d fill the ell easil . The sa ple p essu e as a ied et ee  .  a d 

 MPa at  K. The st u tu e of the high p essu e u it is illust ated i  the diag a  i  

Figu e . . Befo e filli g the s ste  ith the sa ple, the s ste  as o pletel  

e a uated. I  the ea ti e the sa ple as filled i  the sa ple ese oi  a d u led 

                                                      
1 Pol i o Te h ologies 
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ith it oge  to a oid o ta t ith ai . Afte a ds the a uu  as used to fill the sa ple 

side of the s ste  ith the sa ple. B  pulli g the sepa atio  dis  i  di e tio  of the 

p essu e ge e ati g pa t the edia e ha ge  as filled ith the sa ple solutio . Afte  

losi g all al es at the sa ple side the p essu e ge e ati g side as e a uated a d filled 

ith the t a s issio  fluid eth le e gl ol. Afte  losi g all e ai i g al es the solutio  

as p essed ia the e ha i al ha d pu p i to the high p essu e ell. Be ause of the high 

is osit  i  the ase of ILs this step takes lo ge  a d eeds a it of patie e. Whe  the 

solutio  d ipped out of the al e at the e d, the filli g of the E“R ell as fi ished a d the 

e d al e ould e losed. No  the p essu e ould e adjusted a d E“R easu e e t 

sta ted. 

 

Figu e . : S he e of the high p essu e u it. 
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“tep  “tep i st u tio  fo  filli g: 

 

1. The sepa atio  dis  has to e o pletel  pushed to the sa ple side 

2. “ it h o  a uu  pu p 

3. Close al e , , ,  a d ope  al e  a d  -> e a uatio  

4. Co e t the e pt  sa ple ese oi  ith the it oge  li e 

5. Close al e  a d ope  al e  -> e tilatio  ith it oge  

6. Close al e  a d ope  al e  -> e a uatio  

7. Repeat step . a d  

8. Close al e  

9. Fill the sa ple ese oi  a d u le it oge  th ough the solutio  

10. Ope  al e  a d o e the sepa atio  dis  to the p essu e side 

11. Close al e  

12. Ope  al e  -> e a uatio  of the p essu e side 

13. Close al e  a d ope  al e  

14. Filli g of the high p essu e pu p ith the t a s issio  fluid  s e i g the 

e ha i al egulatio  

15. Close al e  

16. Ope  al e  -> s e i g of the high p essu e egulatio  slo l  u til the solutio  

d ops out of al e . B  filli g the s ste  ith ILs do ot e eed the p essu e of  

MPa. B akes du i g the filli g p o ess ea hile the p essu e a  d op do  a e 

ad ised 

17. Val e  should sta  ope  u til the p essu e d ops do  to sta da d at osphe i  

p essu e 

18. Afte  losi g al e  the easu e e ts a  sta t 
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3.4 Interpretation of the ESR spectra 

All E“R- spe t a e pe t those easu ed i  the sol e t i tu es e e si ulated ith a 

ho e itte  o pute  p og a . The p og a  is itte  i  Matla  a d Fo t a   a d is 

ased o  the de sit  at i  algo ith  a d si ulates spe t a ased o  a  ad a ed 

ua tu  e ha i al app oa h [ ]. A  ad a tage of the p og a  is the sepa ate 

si ulatio  of ea h E“R li e hi h allo s the si ulatio  of E“R spe t a easu ed i  io i  

li uids. Those a e as et i  e ause of the high is osit , hi h akes it i possi le to 

si ulate the spe t a ith othe  si ple  p og a s. 

The E“R- spe t a easu ed i  the sol e t i tu es a e si ulated ith a ho e itte  

o pute p og a  de eloped  “tiegle  [ ]. The p og a  ields i  li e idths a d ate 

o sta ts. 
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4. Results  

4.1 Self-exchange reaction of [TTF/TTF
•+

] in dependence of temperature 

Te pe atu e depe de t E“R spe t a e e e o ded fo  the self-e ha ge of TTF/TTF•+ i  

the ILs [e i +][Tf N-] a d [ i +][Tf N-] a d the o ga i  sol e t di eth lphthalate DMP . 

The shape o  a  E“R spe t a ha ges ith te pe atu e a d  i easi g the 

o e t atio  of the eut al edo  pa t e  TTF. Respo si le fo  this e e t is the ele t o  

t a sfe  et ee  the ha ged adi al a d the eut al pa t e . The ele t o  t a sfe  is 

i hi ited i  the high- is ous ILs, ut  i easi g the te pe atu e it is possi le to o se e 

the slo  e ha ge  egio  Figu e .  as ell as the i te ediate  egio  Figu e .  

a d the fast e ha ge  egio  Figu e . d . I  the IL [e i +][Tf N-] the fast e ha ge li it 

is ea hed at o e t atio  of [TTF] = .  M a d  K. The li e oade i g effe t i  

[ i +][Tf N-] is ot as disti ti e as i  [e i +][Tf N-]. The easo  fo  this is the highe  

is osit  a d the lo e  te pe atu e li it. A o e  K the sig al disappea s e ause the 

adi al de o poses. The a i u  li e oade i g effe t is ea hed at [TTF] = .  M 

a d K Figu e .  d . The li e oade i g i  DMP as a  e a ple of high- is ous o ga i  

sol e t ea hed the a i u  oade i g at  K a d [TTF] = .  M i  the fast 

e ha ge egio . 
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Figu e . : ESR spe t a of .  M TTF.+ i  [e i +][Tf N-]. ith diffe e t o e t atio s of [TTF] at  K. a  

[TTF] =  M,  [TTF] = .  M  [TTF] = .  M, d  [TTF] = .  M 

 

 

Figu e . : ESR spe t a of .  M TTF.+ i  [ i +][Tf N-]. ith diffe e t o e t atio s of [TTF] at  K. a  

[TTF] =  M,  [TTF] = .  M  [TTF] = .  M, d  [TTF] = .  M 
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Figu e . : ESR spe t a of .  M TTF.+ i  DMP ith diffe e t o e t atio s of [TTF] at  K. a  [TTF] =  

M,  [TTF] = .  M  [TTF] = .  M, d  [TTF] = .  M 

 

The o e t atio  depe de es of the o se ed e ha ge ates a e plotted i  Figu e .  - 

Figu e .  fo  the diffe e t te pe atu es. The slopes of the e  i e st aight li es gi e the 

o e t atio  i depe de t ates o sta ts of the self-e ha ge ea tio  [TTF/TTF•+] i  

th ee diffe e t sol e ts listed i  Ta le -  - Ta le - . 
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Figu e . : Te pe atu e a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  [e i +][Tf N-]. 

 

 

 

Figu e . : Te pe atu e a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  [ i +][Tf N-]. 
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Figu e . : Te pe atu e a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  DMP. 

 

Ta le - : Rates fo  the self-e ha ge ea tio  of [TTF/TTF•+] i  [e i +][Tf N-]. O se ed ate o sta ts ko s 

a d ates fo  diffusio  kdiff al ulated ia e uatio  .  . 

T [K] 
ko s  

[  M- s- ] 

kdiff  
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Ta le - : Rates fo  the self-e ha ge ea tio  of [TTF/TTF•+] i  [ i +][Tf N-]. O se ed ate o sta ts 

ko s a d ates fo  diffusio  kdiff al ulated ia e uatio  .   

T [K] 
ko s 

[  M- s- ] 

kdiff 

[  M- s- ] 

 . ± .  .  

 . ± .  .  

 . ± .  .  

 . ± .  .  

 . ± .  .  
 

Ta le - : Rates fo  the self-e ha ge ea tio  of [TTF/TTF•+] i  DMP i  depe de e of te pe atu e. 

O se ed ate o sta ts ko s, ates fo  diffusio  kdiff ia e uatio  .  a d ket  ia e uatio  .   

T [K] η [ Pa s] 
ko s 

[  M- s- ] 

kdiff 

[  M- s- ] 

ket 

[  M- s- ] 

 .  . ± .  .  . ± .  

 .  . ± .  .  . ± .  

 .  . ± .  .  . ± .  

 .  . ± .  .  . ± .  

 .  . ± .  .  ±  

 .  . ± .  .  ±  

 .  . ± .  .  ±  

 .  . ± .  .  ±  

It is e ide t f o  the plots of l ko s  s. /T Figu e .  - Figu e .  that the al ulated ate 

o sta ts of diffusio  a e so losed to the o se ed e ha ge ate o sta ts that e a  

e pe t a diffusio  o t olled ele t o  e ha ge e ha is . A o e tio  ia e uatio  .  

ould esult i  a egati e alue of ket. I  DMP, a highl  is ous o ga i  sol e t, the 

o se ed ate o sta t is s all e ough see Figu e .  to pe fo  a diffusio  o e tio  

ia e uatio  .  a d this leads to the ele t o  t a sfe  ates ket. Ho e e , the ate 

o sta ts of the ele t o  t a sfe  a d the ate o sta ts of the diffusio  a e al ost 

ide ti al see Ta le - . This i di ates that the ele t o  t a sfe  ea tio  i  DMP ope ates 

i  a egio  et ee  diffusio  a d ki eti  o t ol. 
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Figu e . : Te pe atu e depe de e of the e pe i e tal o se ed ate o sta t ko s •  a d the al ulated 

ate o sta ts of diffusio  kdiff •  of the edo  ouple [TTF/TTF•+] i  [e i +][Tf N-]. 

 

 

Figu e . : Te pe atu e depe de e of the e pe i e tal o se ed ate o sta t ko s •  a d the al ulated 

ate o sta ts of diffusio  kdiff •  of the edo  ouple [TTF/TTF•+] i  [ i +][Tf N-]. 
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Figu e . : Te pe atu e depe de e of the e pe i e tal o se ed ate o sta t ko s •  a d the al ulated 

ate o sta ts of diffusio  kdiff •  of the edo  ouple [TTF/TTF•+] i  DMP. 

 

4.1.1 Activation energies / Discussion 

A he ius plots of l ko s  e sus /T fo  the ILs a d l ket  e sus /T fo  DMP ga e the 

o espo di g a ti atio  e e gies f o  the te pe atu e depe de t ate o sta ts. Plots 

a e sho  i  Figu e .  a d Figu e .  fo  the ILs a d i  Figu e .  fo  the DMP. The 

esulti g a ti atio  e e gies a e listed i  Ta le - . 

Ta le - : A ti atio  e e gies o tai ed f o  A he ius plots. 

sol e t Ea [kJ ol- ] Hη [kJ ol- ] Te pe atu e a ge 
[K] 

[ i +][Tf N-] ± a  . ± .   -  

[e i +][Tf N-] . ± . a  . ± .   –  

Di eth lphthalate . ± .  ±   -  
Note: Ea= A ti atio  e e g : l  k = o st.-Ea/RT 

Hη f o  l  η = o st + Hη/RT 

a  f o  l  ko s=l  A – Ea/RT Figu e .  a d Figu e .  

 f o  l  ket=l  A – Ea/RT Figu e .  
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Figu e . : A he ius plots of l ket  e sus /T fo  DMP. 

 

The ele t o  t a sfe  of the edo  ouple [TTF/TTF•+] is o t olled  adia ati  sol e t 

d a i s i  se e al o ga i  sol e ts as pu lished  G a pp a d Jae i ke[ ]. The 

a ti atio  e e g  is a o di g to the autho s o posed of t o te s [ ]. 

= ΔG∗ +  (4.1) 

He e, HL the lo gitudi al ela atio  e e g  is o tai ed f o  l τL = l  + HL/RT. Be ause of 

the la k of te pe atu e depe de t diele t i  data fo  DMP the app o i atio  HL ≈ Hη as 

used he eas the is osit  e e g  Hη is o tai ed f o  l η = o st + Hη/RT. 

Ta le - : Reo ga izatio  e e gies a d f ee Gi s e e gies fo  the edo  ouple [TTF/TTF•+] i  DMP 

o
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a … al ulated ia e uatio  . , … al ulated ia e uatio  . , used VRP= .  kJ/ ol[ ], … al ulated 
ia e uatio  .  
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As a  e see  i  the ta le a o e a e the o tai ed ΔG*e p fo  the ele t o  t a sfe  i  DMP 

al ost t i e as high tha  e pe ted f o  the al ulated ΔG* al . A o pa iso  of the 

e pe i e tal alue to the /  sho s that it see s to e, that the used VRP is a it 

o e esti ated. Othe  easo s fo  the disag ee e t ith the al ulated alues ould e 

that possi l  the ea tio  dista e i  the high is ous sol e t is la ge  so that the oupli g 

is ot as st o g as p edi ted. This assu ptio  as o fi ed  Rosokha a d Ko hi [ ] 

ho fou d a e  high eso a e splitti g e e g  of  kJ ol-  i  the lo  is ous sol e t 

CH Cl . Fu the o e a  e o  f o  the esti atio  HL ≈ Hη a  a ise. The a ti atio  e e gies 

i  the t o ILs a e lose to the a ti atio  e e gies fo  is osit , hat is e pe ted e ause of 

the diffusio  o t olled ea tio s.  

4.2 Pressure dependence of the self-exchange reaction of [TTF/TTF
•+

] 

The self-e ha ge of the edo  ouple [TTF/TTF•+] as i estigated o  te pe atu e 

depe de e i  t o diffe e t ILs, [e i +][Tf N-] a d [ i +][Tf N-] a d t o o ga i  

sol e ts, di eth lphthalate DMP  a d a eto it ile AN . A fe  e o ded spe t a a e 

p ese ted elo . 

 

Figu e . : ESR spe t a of .  M TTF•+ i  [e i +][Tf N-] at diffe e t p essu es at  K. a  .  MPa,  

 MPa,   MPa, d   MPa. 
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Figu e . : ESR spe t a of .  M TTF•+ i  [ i +][Tf N-] at  K a d  MPa. a  [TTF] =  M,  [TTF] 

= .  M  [TTF] = .  M, d  [TTF] = .  M. 

 

 

Figu e . : ESR spe t a of .  M TTF•+ i  DMP at  K a d  MPa. a  [TTF] =  M,  [TTF] = 

.  M  [TTF] = .  M, d  [TTF] = .  M. 
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The p essu e depe de e of the li e oade i g effe t is ot as disti ti e as the 

te pe atu e depe de e. Figu e .  p ese ts the li e oade i g of a adi al solutio  of 

.  M TTF+. i  depe de e o  p essu e. The oade i g of the li es i  Figu e .  is o l  

due to the i easi g is osit  aused  i easi g p essu e. The li e oade i g effe t at 

ele ated p essu e i  depe de e o  o e t atio  is p ese ted i  Figu e .  - Figu e . . 

The ed li es i  the figu es a e the si ulated spe t a a d la k o es a e the e pe i e tal 

spe t a. The o se ed ate o sta ts ko s, f o  the si ulatio , a e plotted agai st the 

o e t atio  fo  ea h p essu e. It is appa e t f o  the follo i g plots that the poi ts a e 

sp ead out. This diffe e e i  o pa iso  to the te pe atu e depe de t e pe i e ts a  

fi st of all e att i uted to the E“R ell. The e t apilla  has a lot of ai  a ities et ee  

the si gle st i gs see hapte  . .  hi h leads to a highe  sig al to oise atio.  

 

 

Figu e . : P essu e .  –  MPa  a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  

[e i +][Tf N-]. 
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Figu e . : P essu e  –  MPa  a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  

[e i +][Tf N-]. 

The sp eadi g of the poi ts at highe  p essu es is o e disti ti e tha  at lo e  p essu es. 

This leads to e o s elo  % fo  u til  MPa a d up to % fo  the highe  p essu es fo  

the i ole ula  ate o sta ts e ei ed f o  the slopes. All esults a e listed i  Ta le - . 

 

Figu e . : P essu e .  -  MPa  a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  

[ i +][Tf N-]. 
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Figu e . : P essu e -  MPa  a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  

[ i +][Tf N-]. 

The easu e e ts i  [ i +][Tf N-] esulted i  the la gest sp eadi g ithi  the high 

p essu e se ies. Although a  poi ts e e easu ed, the slopes lead to ate o sta ts 

ith e o s a ou d % a d o e see Ta le - . The ep odu i ilit  of se e al poi ts as 

ot good, hi h leads to the assu ptio  that the p essu e i easi g ate pla s a  

i po ta t ole, as shall e dis ussed late . 

 

Figu e . :P essu e .  –  MPa  a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  

DMP. 
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Figu e . : P essu e  –  MPa  a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  

DMP. 

 

The high p essu e E“R e pe i e ts i  the o ga i  sol e t DMP lead to ate o sta ts listed 

i  Ta le -  ith e o s elo   % e ept fo  the easu e e ts at  a d  MPa. 

 

 

Figu e . : P essu e . -  MPa  a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  AN. 
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Figu e . : P essu e . -  MPa  a d o e t atio  depe de e of the e ha ge ate [TTF/TTF•+] i  AN. 

Measu e e ts of the self-e ha ge ea tio  of [TTF/TTF•+] i  the lo - is ous sol e t 

a eto it ile a e do e to o pa e ith the high is ous sol e ts. The poi ts lead to i e 

st aight li es a d p o ide ate o sta ts ith a  e o  elo   % see Ta le - . 

Te pe atu e depe de t easu e e ts e e also do e, ut the s ste  is ot sta le at 

highe  te pe atu es i  AN so that the esults ould ot e used fo  fu the  al ulatio s. 

Ho e e , i  the p essu e depe de t e pe i e ts the e as o e ide e of a  p o le  

ith the sta ilit  of the su sta e.  
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Ta le - : Rates fo  the self-e ha ge ea tio  of [TTF/TTF•+] i  [e i +][Tf N-] a d [ i +][Tf N-] i  

depe de e of p essu e at  K. O se ed ate o sta ts ko s a d ates fo  diffusio  kdiff e uatio  . . 

P [MPa] 

[e i +][Tf N-] [ i +][Tf N-] 

η [ Pa s] 
ko s 

[  M- s- ] 

kdiff 

[  M- s- ] 
η [ Pa s] 

ko s 

[  M- s- ] 

kdiff 

[  M- s- ] 

.  .  . ± .  .  .  ±  .  

 .  . ± .  .  .  ±  .  

 .  . ± .  .  .  ±  .  

 .  ±  .  .  ±  .  

 .  ±  .  .  ±  .  

 .  ±  .  .  ±  .  

 - - - .  ±  .  

 .  ±  .  .  ±  .  

 .  ±  .  .  ±  .  

 .  ±  .  .  ±  .  

 .  ±  .  .  ±  .  

Ta le - : Rates fo  the self-e ha ge ea tio  of [TTF/TTF•+] i  DMP a d AN i  depe de e of p essu e at 

 K. O se ed ate o sta ts ko s ,ele t o  t a sfe  ates ket ia e uatio  .   a d ates fo  diffusio  

kdiff ia e uatio  . . 

P [MPa] 

DMP AN 

ko s 

[  M- s- ] 
η [ Pa s] 

ko s 

[  M- s- ] 

kdiff 

[  M- s- ] 

ket 

[  M- s- ] 

.  ±  .  ±   ±  

 ±  .  ±   ±  

 . ± .  .  ±   ±  

 ±  .  ±   ±  

 ±  .  ±   ±  

 ±  .  ±   ±  

 ±  .  ±   ±  

 ±  .  ±   ±  

  .  ±   ±  

 ±  .  ±   ±  

  .  ±   ±  
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The i  listed ate o sta ts ko s Ta le -  a d Ta le -  a e plotted togethe  ith the 

al ulated ate o sta ts of diffusio  i  the follo i g figu es. 

 

Figu e . : P essu e depe de e of the e pe i e tal o se ed ate o sta t ko s •  a d the al ulated 

ate o sta ts of diffusio  kdiff •  of the edo  ouple [TTF/TTF•+] i  [e i +][Tf N-] at  K . 

 

Figu e . : P essu e depe de e of the e pe i e tal o se ed ate o sta t ko s •  a d the al ulated 

ate o sta ts of diffusio  kdiff •  of the edo  ouple [TTF/TTF•+] i  [ i +][Tf N-] at  K . 
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Figu e .  a d Figu e .  lea l  sho  that the o se ed ate o sta ts a e highe  tha  

e pe ted f o  the o se ed diffusio  o t ol i  the te pe atu e depe de t e pe i e ts. 

Figu e .  sho s i el  that it see s to e that u til  MPa the diffusio  o t ol, 

o se ed  the te pe atu e e pe i e ts, a  e o se ed as ell ut f o  that poi t o  

the o se ed ate o sta ts de iate f o  the al ulated ate o sta ts of diffusio . This 

i di ates that upo  ea hi g a e tai  is osit  a eakdo  of the diffusio  odel o  

possi l  a eak of the diffusio  pe  se o u s, so ethi g hi h ill e dis ussed i  o e 

detail late . 

 

 

Figu e . : P essu e depe de e of the e pe i e tal o se ed ate o sta t ko s •  of the edo  ouple 

[TTF/TTF•+] i  DMP at  K . 

 

The diffe e e et ee  the al ulated ate o sta ts of diffusio  a d the o se ed ate 

o sta ts i  a eto it ile is la ge e ough to pe fo  the diffusio  o e tio  ia e uatio  

. . The ate o sta ts ket o tai ed a e listed i  Ta le - . 
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Figu e . : P essu e depe de e of the e pe i e tal o se ed ate o sta t ko s • , the al ulated ate 

o sta ts of diffusio  kdiff •  a d the ates fo  the ele t o  t a sfe  ket •  of the edo  ouple [TTF/TTF•+] 

i  AN at  K . 

 

4.2.1 Activation volume / Discussion 

F o  the plot l ket  s. p i  Figu e .  a d f o  the esulti g slope, the a ti atio  olu e ∆ ‡  ould e al ulated usi g e uatio  . . The o se ed a ti atio  olu es ∆ ‡  fo  

the edo  ouple [TTF/TTF.+] i  [e i +][Tf N-], [ i +][Tf N-] a d DMP e e o tai ed 

f o  the slopes i  Figu e .  - Figu e .  a d listed i  Ta le - . 

Ta le - : A ti atio  olu es o tai ed f o  the plots l ko s  s. p a d l ket  s. p. 

solvent 
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Pressure range 
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-
] 30.1 -10 ±3  0.1-80 

[emim
+
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-
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dimethylphthalate - -11±3  0.1-70 

acetonitrile 12 7.7±0.6 3±1 0.1-100 
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Figu e .  a d Figu e .  sho  that the o se ed ates a e highe  tha  p edi ted f o  

the al ulated ate o sta ts fo  diffusio . This leads to the assu ptio  that the diffusio  

odel is o lo ge  alid o  that o diffusio  happe s at su h high is osities. This i  tu  

ould ea  that the o se ed ko s is e pe ted to e ke . The fo atio  of a st o g sol e t 

age a ou d the edo  ouple ould e possi le. “t eh el et al pu lished ates of the 

loph l adi al di e izatio  [ , ] i  ILs a d epo ti g also highe  ates i  highe  is ous ILs 

as e pe ted. This fits to the p ese t esults a d affi ed the assu ptio  that the ele t o  

t a sfe  ea tio  o u s ithi  a sol e t age. This ould ea  that o diffusio  o u s 

a d the edo  ouple is aptu ed ithi  the sol e t age. It is k o  f o  lite atu e [ , ] 

that ILs ha e a  o ga ized lo al st u tu e as ell i  the solid phase as i  the li uid phase, 

o tai i g f ee spa e ithi  the alte ati g patte  of the io s. These spa es a  a t like a 

age a d host ole ules, as epo ted  Castiglio e[ ]. B  a Xe he i al shift NMR-

e pe i e t, the autho s ould p o e the age-like st u tu e i  se e al ILs a d o lude 

f o  the he i al shift to the age size. The epo ted age size of .  Å i  [ i +][Tf N-] is 

i  the egio  of the size of a [TTF/TTF•+] p e u so  o ple  di e sio  gi e  i  Ref.[ ] i  

app o i atio  ia a  ellipsoid odel . The elti g poi ts, T , fo  the sol e ts 

[e i +][Tf N-], [ i +][Tf N-] a d DMP at at osphe i  p essu e a e elati el  high T : 

[e i +] [Tf N-],  K [ ], [ i +][Tf N-],  K [ ] a d DMP,  K [ ] . U de  the 

assu ptio  that the elti g poi ts i ease ith i easi g p essu e it a  e possi le 

that the elti g poi ts a e ea hed o  at least the egio  a ou d the poi ts he e the 

fle i ilit  of io s i  the ILs is edu ed. A edu ed fle i ilit  of the io s i  ILs ould p e e t 

the fu the  diffusio  of the ea tio  pa t e s th ough the solutio . The edo  ouples 

hi h a e aptu ed i  the ages of the ILs still u de go ele t o  t a sfe . This assu ptio  

ould e a possi le e pla atio  fo  the o se ep odu i ilit  of the easu ed poi ts at 

high p essu es i  the io i  li uids. It is thi ka le that the ate of p essu e i ease du i g 

the easu e e ts pla s a  i po ta t ole. Ho  fast the poi t is ea hed, f o  he e the 

edo  pa t e  a ot diffuse a o e, de ides ho  a  edo  ouples a e aptu ed 

togethe  i  a sol e t age. Withi  this o k the p essu e i easi g ate as ot 

o side ed ut it ould ake se se to o side  it i  the fu the  o k o  i  this field. 
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The al ulatio  of the diffusio  ates i  DMP as ot possi le e ause of issi g p essu e 

depe de t is osit  data. But, the o se ed a ti atio  olu e of -  ol-  is i  the 

sa e a ge like the a ti atio  olu es i  [ i +][Tf N-]. This ould also e due to a 

p ese t sol e t age i  the DMP. DMP has the highest elti g poi t ithi  the easu ed 

sol e ts. It ould e that the DMP ea hed its elti g poi t  the i ease i  p essu e a d 

the edo  ouples a e aptu ed i  the f eezi g st u tu e of DMP.  

I  o pa iso  to the e pe i e tal ∆ ‡ , the olu e des i i g the o p essio  of the ILs 

su ou di g the [TTF/TTF•+] ouple as al ulated a o di g to “ addle [ ] see e uatio  

. .This app oa h ielded alues of -   ol-  a d -   ol-  fo  [e i +][Tf N-], 

[ i +][Tf N-], espe ti el . It appea s that the egati e e pe i e tall  dete i ed 

a ti atio  olu e ∆ ‡  i  the ILs si pl  efle ts thei  o p essio .  

The e pe i e tal a ti atio  olu e fo  the edo  ouple [TTF/TTF•+] i  the lo - is ous 

o ga i  sol e t a eto it ile is fou d as  / ol. This is o pa a le to othe  o ga i  

edo  ouples i  a eto it ile, like [DDQ/DDQ.-] a d [TCNE/TCNE.-] ,   ol- a d ,  

 ol- [ ]. 
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4.3 Self- exchange reaction of [TCNE/TCNE
•-

] in dependence of temperature 

E“R li e oade i g e pe i e ts e e a ied out i  fou  diffe e t ILs. Th ee of the  a e 

ILs ith a is t ifluo o eth lsulfo l i ide a io  a d a ia le side hai s o  the 

eth li idazoliu  atio . Figu e .  sho s the li e oade i g effe t of the edo  ouple 

[TCNE/TCNE•-] at  K, he e the spe t u  of the si gle adi al solutio  of TCNE•- a  

sho s i e e  a o  li es. The li es get i easi gl  o e oade ed  i easi g the 

o e t atio  of [TCNE]. 

 

 

Figu e . : ESR spe t a of .  M TCNE•-.i  [e i +][Tf N-] at  K. a  [TCNE] =  M,  [TCNE] =  

M  [TCNE] =  M, d  [TCNE] =  M. 

 

Figu e .  sho s the effe t o  the li e idth ithout ele t o  e ha ge  i easi g 

te pe atu e. The li es get a o e   i easi g the te pe atu e due to the de easi g 

is osit  of the ILs. 
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Figu e . : ESR spe t a of .  M TCNE•-.i  [e i +][Tf N-] at a   K,   K   K, d   K. 

The ate o sta ts e ei ed f o  the si ulatio  a e plotted s. the o e t atio  of 

eut al TCNE. Ve  li ea  st aight li es a e o tai ed i  all easu ed ILs. 

 

Figu e . : Te pe atu e a d o e t atio  depe de e of the e ha ge ate [TCNE/TCNE•-] i  

[e i +][Tf N-]. 
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Figu e . : Te pe atu e a d o e t atio  depe de e of the e ha ge ate [TCNE/TCNE•-] i  

[ i +][Tf N-]. 

 

 

Figu e . : Te pe atu e a d o e t atio  depe de e of the e ha ge ate [TCNE/TCNE•-] i  

[h i +][Tf N-]. 
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Figu e . : Te pe atu e a d o e t atio  depe de e of the e ha ge ate [TCNE/TCNE•-] i  

[ i +][BF -]. 

The slopes f o  Figu e .  to Figu e .  gi e the i ole ula  ate o sta ts ko s hi h 

a e listed togethe  ith the al ulated ate o sta ts fo  diffusio  kdiff i  Ta le -  a d 

Ta le - . The ele t o  t a sfe  ate ould e al ulated fo  all easu ed ILs a d a e listed 

also i  the ta les e tio ed efo e. Fo  o pa iso  of ko s, kdiff a d ket all of the  a e 

plotted togethe  i  the follo i g figu es. 
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Figu e . : Te pe atu e depe de e of the e pe i e tal o se ed ate o sta t ko s • , the al ulated 

ate o sta ts of diffusio  kdiff •  a d the ates fo  the ele t o  t a sfe  ket •  of the edo  ouple 

[TCNE/TCNE•-] i  [e i +][Tf N-]. 

 

 

Figu e . : Te pe atu e depe de e of the e pe i e tal o se ed ate o sta t ko s • , the al ulated 

ate o sta ts of diffusio  kdiff •  a d the ates fo  the ele t o  t a sfe  ket •  of the edo  ouple 

[TCNE/TCNE•-] i  [ i +][Tf N-]. 
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Ta le - : Rates fo  the self-e ha ge ea tio  of [TCNE/TCNE•-] i  [e i +][Tf N-] a d [ i +][Tf N-] i  

depe de e of te pe atu e. O se ed ate o sta ts ko s , ele t o  t a sfe  ates ket ia e uatio  .   

a d ates fo  diffusio  kdiff ia e uatio  . . 

T [K] 

[e i +][Tf N-] [ i +][Tf N-] 

η  

[ Pa s] 

ko s 

[   

M- s- ] 

kdiff 

[   

M- s- ] 

ket 

[   

M- s- ] 

η  

[ Pa s] 

ko s 

[   

M- s- ] 

kdiff 

[   

M- s- ] 

ket 

[   

M- s- ] 

 .  . ± .  .  . ±  .  . ± .  .  . ± .  

 .  . ± .  .  . ±  .  . ± .  .  ±  

 .  . ± .  .  . ±  .  . ± .  .  ±  

 .  . ± .  .  . ±  .  . ± .  .  ±  

 .  . ± .  .  . ±  .  . ± .  .  ±  

 .  . ± .  .  . ±  .  . ± .  .  ±  

 .  . ± .  .  . ±  .  . ± .  .  ±  

 .  . ± .  .  . ±  .  . ± .  .  ±  

 .  . ± .  .  . ±  .  . ± .  .  ±  

 .  . ± .  .  ±  .  . ± .  .  ±  

 .  . ± .  .  ±  .  . ± .  .  ±  

 .  . ± .  .  ±  .  . ± .  .  ±  

 .  ±  .  ±  .  . ± .  .  ±  

 .  ±  .  ±  .  . ± .  .  ±  

     .  . ± .  .  ±  

     .  . ± .   ±  

     .  . ± .   ±  

     .  ±   ±  

     .  ±   ±  

     .  ±   ±  
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Figu e . : Te pe atu e depe de e of the e pe i e tal o se ed ate o sta t ko s • , the al ulated 

ate o sta ts of diffusio  kdiff •  a d the ates fo  the ele t o  t a sfe  ket •  of the edo  ouple 

[TCNE/TCNE•-] i  [h i +][Tf N-]. 

 

 

Figu e . : Te pe atu e depe de e of the e pe i e tal o se ed ate o sta t ko s • , the al ulated 

ate o sta ts of diffusio  kdiff •  a d the ates fo  the ele t o  t a sfe  ket •  of the edo  ouple 

[TCNE/TCNE•-] i  [ i +][BF -]. 
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Ta le - : Rates fo  the self-e ha ge ea tio  of [TCNE/TCNE•-] i  [h i +][Tf N-] a d [ i +][BF -] i  

depe de e of te pe atu e. O se ed ate o sta ts ko s, ele t o  t a sfe  ates ket ia e uatio  .   

a d ates fo  diffusio  kdiff ia e uatio  . . 

T [K] 

[h i +][Tf N-] [ i +][BF -] 

η  

[ Pa s] 

ko s 

[  

M- s- ] 

kdiff 

[  

M- s- ] 

ket 

[  

M- s- ] 

η  

[ Pa s] 

ko s 

[  

M- s- ] 

kdiff 

[  

M- s- ] 

ket 

[  

M- s- ] 

 .  . ± .  .  ±  .  . ± .  .  ±  

 .  . ± .  .  ±  .  . ± .  .  . ± .  

 .  . ± .  .  ±  .  . ± .  .  . ± .  
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 .  . ± .   ±     
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4.3.1 Solvent dynamics 

“o- alled Wea e  plots [ , ] e e used to la if  hethe  this ea tio  sho s a sol e t 

d a i  effe t as des i ed i  hapte  . . I  o ga i  sol e ts the self-e ha ge ea tio  of 

the [TCNE/TCNE•-] edo  ouple is o t olled  adia ati  sol e t d a i s as pu lished  

G a pp a d Ja i ke [ ]. To p o e the sol e t d a i  effe t i  the ase of io i  li uids, 

plots e e ade a o di g to e uatio  . , hi h should esult i  slopes of u it  fo  the 

dia ati  ase a d a o di g to e uatio  . , hi h should esult i  slopes of u it  fo  

the adia ati  ase. It is appa e t f o  Ta le -  that the diffe e e et ee  the ∞ a d 

D  is sig ifi a t. The efo e, fo  o pa iso , al ulatio s of eo ga izatio  e e gies ith 

e pe i e tal alues of ∞ a d ith D  as a  app o i atio  a e listed i  Ta le - . 

Ta le - : S ua e of the ef a ti e i di es D , diele t i  pa a ete s ε∞ a d εs a d the ela atio  ti es τL 

at  K fo  the listed ILs. 

“ol e t D  ∞ s τL [ps] 

[e i +][Tf N-] .  .  .  .  

[h i +][Tf N-] .  .  .  .  

[ i +][Tf N-] .  .  .  .  

[ i +][BF -] .  .  .  .  

 

Ta le - : Peka  fa to s γ a d eo ga izatio  e e gies fo  the edo  ouple [TCNE/TCNE•-] i  diffe e t io i  

li uids 

“ol e t   
el o s  

[ s- ] 

el o s  

[ s- ] 

ΔG* al  

[kJ ol- ] 

ΔG* al  

[kJ ol- ] 

[e i +][Tf N-] .  .  .  .  .  .  

[h i +][Tf N-] .  .  .  .  .  .  

[ i +][Tf N-] .  .  .  .  .  .  

[ i +][BF -] .  .  .  .  .  .  
…Peka  fa to  al ulated ia .  

…Peka  fa to  al ulated ia .  usi g the app o i atio  / ∞≈ / D  

ΔG* al … al ulated ia e uatio  . , used VRP= .  kJ/ ol[ ] 
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The follo i g dou le loga ith i  plots a o di g to Wea e  use alues f o  Ta le - , 

o e ith the app o i atio  ∞≈ D  a d o e ith the e pe i e tal ∞.  

 

It is o iousl  f o  Figu e .  -Figu e .  that oth, the adia ati  a d the dia ati  

appli atio , do ot esult i  a slope of u it . Wh  Wea e  plots o pletel  failed ge e ates 

the pe eptio  that the app o i atio  of D ≈ ∞ is ot effe ti e fo  the i estigated io i  

li uids. But, the Wea e  plots i  Figu e .  a d Figu e . , ith Peka  fa to s al ulated 
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Figu e . : Wea e  appli atio  fo  the 

adia ati  ase  usi g D . 
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Figu e . : Wea e  appli atio  fo  the adia ati  

ase  usi g ε∞. 
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Figu e . : Wea e  appli atio  fo  the dia ati  

ase  usi g D . 
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f o  ∞ alues, also failed. Is ot eall  asto ishi g that the dia ati  appli atio  failed 

e ause a o di g to G a pp et al. [ ] o e ould e pe t a  adia ati  sol e t d a i  

effe t fo  the self-e ha ge ea tio  of the edo  ouple [TCNE/TCNE•-]. The appli atio  fo  

the adia ati  ase i  Figu e .  sho s a o e o  less sol e t i depe de t t e d. The e 

a e t o possi le e pla atio s fo  that, o e is that the appli atio  of a Peka  fa to  fo  ILs is 

uestio a le i  ge e al. Be ause ILs a e o posed of dis ete ha ged pa ts a d ha e o 

dipole o e ts like o ga i  sol e t ole ules. Of ou se, the easu e e t of a diele t i  

o sta t is possi le a d alues a e a aila le i  lite atu e, ut the pu lished diele t i  

o sta ts fo  ILs a e e  diffe e t. A d this ould e a othe  easo  fo  the st a ge 

eha iou  i  Figu e . . The used diele t i  o sta ts a e f o  diffe e t autho s a d 

espe iall  the alues a aila le i  lite atu e fo  [e i +][Tf N-] a d [ i +][Tf N-] a e e  

diffe e t. To e lude a  e o  f o  usi g diffe e t sou es of the diele t i  pa a ete s, a 

Wea e  plot ith te pe atu e depe de t diele t i  pa a ete s of [h i +][Tf N-] a d 

[ i +][BF -] as ade see Figu e . . Values used fo  the plot elo , a e listed i  Ta le 

- .  

 

Figu e . : Wea e  plots ith te pe atu e depe de t alues fo  the ILs [h i +][Tf N-] ed  a d 

[ i +][BF -] lue . 
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Ta le - : Te pe atu e depe de t Peka  fa to s γ a d eo ga izatio  e e gies fo  the edo  ouple 

[TCNE/TCNE•-] i  diffe e t io i  li uids 
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Fo  oth ILs slopes of app o i atel  u it  a e o tai ed hi h i di ates a depe de e of 

the p e-e po e tial fa to  o  the lo gitudi al ela atio  ti es τL, as suggested  Wea e  

fo  the adia ati  ase. But, the plot esults i  st aight li es ith slightl  diffe e t slopes. 

This possi l  e plai s the eha iou  i  Figu e . , the easo  the efo e ould e a 

pote tiall  diffe e t ea tio  dista e i  the diffe e t ILs. But, e o  a  o lude that 

the ele t o  t a sfe  i  the ILs see s to e adia ati . No  it is possi le to dete i e a  

e pe i e tal alue fo  g ,d  ia e uatio s .  a d . . The te pe atu e depe de e 

as i luded  the appli atio  of /T.  

 

Figu e . : Dete i atio  of g ,d  of the edo  ouple [TCNE/TCNE•-] i  [h i +][Tf N-]. Cal ulatio s of 

the Peka  fa to  ia D . 
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Figu e . : Dete i atio  of g ,d  of the edo  ouple [TCNE/TCNE•-] i  [h i +][Tf N-]. Cal ulatio s of 

the Peka  fa to  ia ε∞ 
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ith .  Å slightl  la ge  ut this dis epa  is ithi  the gi e  e o  a gi  see Ta le 

- . 

Ta le - : E pe i e tal alues fo  g ,d  a d the esulted e pe i e tal ea tio  dista e de p 

“ol e t g ,d e p [  - ] de p
a  [ ] 

[h i +][Tf N-] . ± .  . ± .  

[ i +][BF -] ±  . ± .  
(a) al ulatio  ia e uatio .  ith g ,d e p  

 

 

4.3.2 Activation energies / Discussion 

Fo  the al ulatio  ia the A he ius plots, o l  the te pe atu e a ges ith pu lished 

sol e t pa a ete s e e used. The data used fo  ea h easu ed IL a e plotted togethe  i  

Figu e . . Resulti g a ti atio  e e gies Ea, o tai ed f o  the slopes a e listed i  Ta le 

- .  

 

Figu e . : A he ius plots fo  the self- e ha ge ea tio  of the edo  ouple [TCNE/TCNE•-] i  diffe e t 

io i  li uids. 
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Ta le - : A ti atio  e e gies Ea, a ti atio  e thalphies of the is osit  Hη a d a ti atio  e thalpies of 

the ela atio  p o ess Hτ of self- e ha ge ea tio  of the edo  ouple [TCNE/TCNE•-] i  diffe e t io i  

li uids. 

sol e t Ea [kJ ol- ] Hη [kJ ol- ] Hτ [kJ ol- ] te pe atu e 
a ge [K] 

[ i +][Tf N-] ± a
 . ± .  -  -  

[e i +][Tf N-] ± a
 . ± .  -  –  

[h i +][Tf N-] . ± . a
 . ± .  ±   -  

[ i +][BF -] . ± . a
 . ± .  ±   -  

Hτ f o  l τ = o st + Hτ/RT, Hη f o  l η = o st + Hη/RT 

τ…lo gitudi al ela atio  ti e 

a …f o  l ket=l  A – Ea/RT  

Based o  the assu ptio  e tio ed efo e that the ele t o  t a sfe  appea s adia ati , 

the ΔG*e p e e o tai ed ia e uatio  .  des i ed i  hapte  . . . 

Fo  the sol e ts ith o data a aila le fo  al ulatio s of alues of the lo gitudi al 

ela atio  e e g  Hτ the app o i atio  Hτ ≈ Hη as used. The o pa iso  of Hτ a d Hη 

alues i  Ta le -  i deed sho s that this app o i atio  is ot eall  pe fe t. Hη fo  the IL 

[ i +][BF -] is al ost t i e as high tha  the alue fo  Hτ. The so o tai ed ΔG*e p a e 

listed i  the di e t o pa iso  to the al ulated o es ΔG* al  i  Ta le - . Additio all , 

al ulated e e gies a e listed usi g the e pe i e tal g ,d  alues out of Ta le - .  

Ta le - : Co pa iso  of the al ulated a d e pe i e tal f ee Gi s e e gies fo  the ele t o  t a sfe  

ea tio  of the edo  ouple [TCNE/TCNE•-] 

sol e t 
ΔG*e p 

[kJ ol- ] 

ΔG* al
a   

[kJ ol- ] 

ΔG* al ,de p   

[kJ ol- ] 
te pe atu e 

a ge [K] 

[ i +][Tf N-] ±  .  -  -  

[e i +][Tf N-] ±  .  -  –  

[h i +][Tf N-] ±  .  .   -  

[ i +][BF -] ±  .  .   -  
(a) al ulated ia e uatio  . , usi g VRP= .  kJ ol- [ ] a d i∞= .  kJ ol- [ ] 

(b) al ulated ia e uatio  .  ith o al ulated ia e uatio  .  ith g ,d e p f o  Ta le - , 
usi g VRP= . kJ ol- [ ] a d i∞= .  kJ ol- [ ] 
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B  usi g e pe i e tal alues of ΔG*e p fo  a Wea e  plot i  Figu e . , a st aight li e ith 

slope of u it  is fou d see Figu e . . This i di ates lea l  that the al ulatio  of the 

Ma us e e g  ia the eo ga izatio  e e g  gi e   / -VRP see s to e i o e t. The 

used VRP = .  kJ ol-  does ot i flue e the slope i  the ea e  plot. This leads to the 

assu ptio  that just the al ulatio  of the eo ga izatio  e e g   failed. The o pa iso  

i  Ta le -  sho s that the ΔG* al  alues fo  the listed ILs a e e  si ila  hi h ould ot 

o fi ed  the e pe i e tal alues ΔG*e p. O e easo  fo  that ould e the ea tio  

dista e, d. B  usi g the e pe i e tal g ,d  alues e t a ted f o  Ta le -  fo  the 

al ulatio  of ΔG* al .o s ha ges the situatio  a it see Ta le - , olu  . Espe iall  i  

ILs it is o ei a le that the ea tio  dista e of p e u so  o ple  is depe de t o  the 

sol e t e ause the ILs has, as al ead  e tio ed efo e, a  o de ed st u tu e like i  a 

stal. The st u tu e i  the ILs [ , , , ] a d thei  a ities i  et ee  the alte ati g 

patte  ould i flue e the ea tio  dista e a it. A othe  easo  fo  a  i suffi ie t  

al ulatio  is, as al ead  e tio ed efo e, the Peka  fa to . The al ulatio  of the o ia 

the diele t i  o ti uu  odel as suggested  Ma us is still uestio a le a d the 

p odu ed e o s i  al ulatio s ia this odel a e o ei a le. 

 

Figu e . : Wea e  plot ith e pe i e tal o se ed ΔG* alues a d peka  fa to s al ulated ia the 

ef a ti e i di es. 
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4.4 Self-exchange reaction of [DDQ/DDQ
•-

] in the solvent mixtures 

E“R spe t a f o  DDQ•− adi al a io  e e e o ded i  diffe e t sol e t i tu es as listed 

i  hapte  . . . The o e t atio  of the adi al [DDQ•-] i  the solutio  as kept o sta t 

at app o i atel  ∙ -  M. A o e t atio  ha ge  added eut al su sta e [DDQ] ga e 

ise to the li e oade i g effe t. The e ha ge ates e ei ed f o  the si ulatio  i  

depe de e o  [DDQ] a e displa ed i  the follo i g plots. 

 

 

Figu e . : O se ed ates  K i  depe de e 

of [DDQ] i  sol e t i tu e M a  

 

Figu e . : O se ed ates  K i  depe de e 

of [DDQ] i  sol e t i tu e M  

 

Figu e . : O se ed ates  K i  depe de e 

of [DDQ] i  sol e t i tu e M  

 

Figu e . : O se ed ates  K i  depe de e 

of [DDQ] i  sol e t i tu e M d. 
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Figu e . : O se ed ates  K i  depe de e 

of [DDQ] i  sol e t i tu e M f. 

 

Figu e . : O se ed ates  K i  depe de e 

of [DDQ] i  sol e t i tu e M e. 

 

Figu e . : O se ed ates  K i  depe de e 

of [DDQ] i  sol e t i tu e M j. 

 

Figu e . : O se ed ates at  K i  

depe de e of [DDQ] i  sol e t i tu e M h. 

 

Figu e . : O se ed ates at  K i  

depe de e of [DDQ] i  sol e t i tu e M i. 

 

Figu e . : O se ed ates at  K i  

depe de e of [DDQ] i  sol e t i tu e M . 
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Figu e . : O se ed ates at  K i  

depe de e of [DDQ] i  sol e t i tu e M . 

 

Figu e . : O se ed ates at  K i  

depe de e of [DDQ] i  sol e t i tu e M e. 

 

The i ole ula  ate o sta ts ko s o se ed f o  the slopes i  Figu e .  - Figu e .  

a e listed i  Ta le -  togethe  ith the al ulated ate o sta ts of diffusio  kdiff a d the 

ate o sta ts of the ele t o  t a sfe  ket. 
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Ta le - : Rates fo  the self-e ha ge ea tio  of [DDQ/DDQ•-] i  diffe e t sol e t i tu es at gi e  

te pe atu e. O se ed ate o sta ts ko s, ele t o  t a sfe  ates ket ia e uatio  .  a d ates fo  

diffusio  kdiff ia e uatio  . . 

“ol e t 
i tu e 

T [K] s 
ko s 

[ M- s- ] 

kdiff 

[ M- s- ] 

ket 

[ M- s- ] 

M a  .  . ± .  .  . ± .  

M   .  . ± .  .  ±  

M   .  . ± .  .  . ± .  

M d  .  . ± .  .  ±  

M e  .  . ± .  .  . ± .  

M f  .  . ± .  .  . ± .  

M j  .  . ± .  .  . ± .  

M h   . ± .  .  ±  

M i  .  . ± .  .  . ± .  

M   .  ±  .  ±  

M   .  . ± .  .  ±  

M e  .  . ± .  .  . ± .  

 

4.4.1 Solvent dynamics 

Wea e  plots e e used to la if  if the e is a sol e t d a i  effe t as des i ed i  

hapte  .  . The self- e ha ge ea tio  of the edo  ouple [DDQ/DDQ•-] is i  o ga i  

sol e ts o t olled  adia ati  sol e t d a i s as pu lished  G a pp et al. [ ]. To 

p o e the adia ati  sol e t d a i  effe t i  the sol e t i tu es, plots e e ade 

a o di g e uatio  . , hi h should esult i  a slope of u it  fo  the adia ati  ase. 

  



Results 

 

 

 

Ta le - : te pe atu e depe de t Peka  fa to s γ a d eo ga izatio  e e gies fo  the edo  ouple 

[DDQ/DDQ•-] i  diffe e t sol e t i tu es at at gi e  te pe atu es. 

“ol e t i tu e T a  τL [ps] 
el o s 

[ s- ] 

o  

[kJ ol- ] 

ΔG* al  

[kJ ol- ] 

M a  .  .  .  .  .  

M   .  .  .  .  .  

M   .  .  .  .  .  

M d  .  .  .  .  .  

M e  .  .  .  .  .  

M f  .  .  .  .  .  

M j  .  .  .  .  .  

M h  .  .  .  .  .  

M i  .  .  .  .  .  

M   .  .  .  .  .  

M   .  .  .  .  .  

M e  .  .  .  .  .  
a …peka  fa to  al ulated ia = / D - /  

… al ulated ia e uatio  .  

 … al ulated ia e uatio  . , used VRP= .  kJ ol-  [ ] a d i al ulated ia e . .  ith ∞= .  
kJ ol-

 

 

Figu e . : Wea e  plot fo  the adia ati  ase ith al ulated ΔG* alues. 
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The plot i  Figu e .  o fi ed the adia ati  sol e t d a i  effe t. This allo s a 

dete i atio  of a  e pe i e tal alue fo  g ,d  ia the slope of the li e i  Figu e . . 

 

Figu e . : Dete i atio  of g ,d e p ia e uatio s e uatio s .  a d . . 

This esulted i  a  e pe i e tal alue fo  g ,d e p of . ∙ -  a d this i  tu  esults i  

a  e pe i e tal ea tio  dista e de p of . Å  usi g e uatio  .  ith a   = . Å. 

This ea tio  dista e is i  a good ag ee e t ith lite atu e alues of .  a d .  Å 

espe ti el  fo  efe e es see Ta le - . 

4.5 Self- exchange reaction of [TCNE/TCNE
•-

] in the solvent mixtures 

The self-e ha ge ea tio  of the edo  ouple [TCNE/TCNE•-] e e also i estigated i  the 

sol e t i tu es. The o positio  of the used i tu es is des i ed i  hapte  . . . The 

follo i g g aphs sho  the o se ed e ha ge ates ko s i  depe de e of the 

o e t atio  eut al TCNE. 
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Figu e . : O se ed ates  K i  depe de e 

of [TCNE] i  sol e t i tu e M a 

 

Figu e . : O se ed ates  K i  depe de e 

of [TCNE] i  sol e t i tu e M  

 

Figu e . : O se ed ates  K i  depe de e 

of [TCNE] i  sol e t i tu e M d 

 

Figu e . : O se ed ates  K i  depe de e 

of [TCNE] i  sol e t i tu e M f 

 

The slopes of the li es i  the figu es a o e gi e the i ole ula  ate o sta ts of the edo  

ouple [TCNE/TCNE•-] i  the diffe e t sol e t i tu es. The so o tai ed ate o sta ts ko s 

a d the ate o sta ts of ele t o  t a sfe  ket, al ulated ia e uatio  .  ith kdiff f o  

e uatio  . , a e listed i  the follo i g ta le. 
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Ta le - : Rates fo  the self-e ha ge ea tio  of [TCNE/TCNE•-] i  diffe e t sol e t i tu es at  K. 

O se ed ate o sta ts ko s ,ele t o  t a sfe  ates ket ia e uatio  .   a d ates fo  diffusio  kdiff ia 

e uatio  . . 

“ol e t 
i tu e 

T [K] s 
ko s 

[ M- s- ] 

kdiff 

[ M- s- ] 

ket 

[ M- s- ] 

M a  .  . ± .  .  . ± .  

M   .  . ± .  .  . ± .  

M d  .  . ± .  .  ±  

M e  .  . ± .  .  ±  

M f  .  . ± .  .  . ± .  

 

4.5.1 Solvent dynamics 

A Wea e  plot Figu e .  as do e to p o e the adia ati  sol e t d a i  effe t i  the 

sol e t i tu es. A plot as ade a o di g to e uatio  . , hi h should esult i  a 

slope of u it  fo  the adia ati  ase. The used alues fo  the plot i  Figu e .  a e listed i  

Ta le - . 

Ta le - : Te pe atu e depe de t Peka  fa to s γ a d eo ga izatio  e e gies fo  the edo  ouple 

[TCNE/TCNE•-] i  diffe e t sol e t i tu es at  K. 

“ol e t i tu e T 
a

 τL / ps 
el o s 

[ s- ] 

o  

[kJ ol- ] 

ΔG* al
d  

[kJ ol- ] 

M a  .  .  .  .  .  

M   .  .  .  .  .  

M d  .  .   .  .  

M e  .  .   .  .  

M f  .  .   .  .  
a …Peka  fa to  al ulated ia = / D - /  

… al ulated ia e uatio  .  

i= .  is al ulated ia e uatio  . , used i
∞= .  kJ/ ol[ ] 

d … al ulated ia e uatio  . , used VRP= .  kJ/ ol[ ] 



Results 

 

 

 

 

Figu e . : Wea e  plot fo  the adia ati  ase ith al ulated ΔG* alues. A li ea  ith a slope of u it  is 

a ked i  the pi tu e. 

The figu e a o e i di ates that th ee sol e t i tu es a e o  the li e ut the othe  t o 

d ifti g f o  the li ea it . The i tu es, hi h a e d ifti g f o  the li e, a e M a a d M . 

Those a e o posed of a high ola  f a tio  of p op l a etate as des i ed i  hapte  

. . . This i gs agai  the assu ptio  that the ea tio  dista e i  the p e u so  o ple  

is depe de t o  the sol e t. G a pp et al.[ ] fou d a diffe e tiatio  et ee  ethe eal 

a d o -ethe eal sol e ts. This ould fit to the p ese t esults that i  the i tu es ith 

do i a t ethe eal ola  f a tio s the alues d ifti g f o  the o es ith e pli it lo e  

ola  f a tio s of p op l a etate. To p o e this assu ptio , e pe i e tal ate o sta ts 

f o  ef. [ ] e e used to al ulate el o s ith the sa e data fo  i a d VRP as gi e  at 

Ta le - .  

25

25.5

26

26.5

27

27.5

28

28.5

29

29.5

30

20 20.5 21 21.5 22 22.5 23 23.5

ln
(κ

e
lν n

) o
b

s

ln(τL
-1(γT-1)0,5)

Linear (Slope of unity)



Results 

 

 

 

 

Figu e . : Wea e  plot ith poi ts al ulated ith e p. data of ket e t a ted f o  ef. [ ] i  ethe eal 

lue  a d i  o -ethe eal togethe  ith alues of this o k la k . 

 

Figu e .  suppo ts this assu ptio  lea l . The sol e t i tu es ith lo e  ola  

f a tio s of p op l a etate a e i el  i  li e ith the esults e t a ted f o  ef. [ ], 

he eas the sol e t i tu es ith high ola  f a tio s of p op l a etate see s to d ift to 

the othe  li e fo  ethe eal sol e ts.  
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5. Co lusio  a d Outlook 

 

I  the ou se of this o k the self-e ha ge ea tio  of th ee diffe e t edo  ouples, 

tet a a oeth le e a d its adi al a io  [TCNE•−/TCNE], , -di hlo o- , -

di a o e zo ui o e a d its adi al a io  [DDQ•−/DDQ] a d tet athia ul ale e a d its 

adi al atio  [TTF•+/TTF], as i estigated. The self-e ha ge ea tio s of the e tio ed 

edo  ouples e e i estigated i  diffe e t io i  li uids, o ga i  sol e ts as ell as spe ial 

sol e t i tu es u de  a iatio  of te pe atu e a d p essu e. To i estigate the sol e t 

depe de es o  the ate o sta ts it as e essa  to ha e a good k o ledge elated to 

a ious sol e t p ope ties like the is osit  η, the ef a ti e i de  D the de sit  ρ a d the 

diele t i  pa a ete s su h as the stati  diele t i  o sta t “, the opti al diele t i  o sta t 

∞ a d lo gitudi al ela atio  ti e τL. To fi d t ust o th  alues of these sol e t 

p ope ties i  depe de e of te pe atu e a d p essu e as a halle ge  itself. Espe iall  

to fi d alues at ele ated p essu es i  lite atu e is e  diffi ult. “o e of the is osit  a d 

de sit  data e e easu ed ithi  this o k i  depe de e o  te pe atu e. Fu the o e 

as it e essa  to pu if  the used ILs fo  easu e e ts ith the edo  ouple 

[TCNE•−/TCNE]. I deed the pu hased ILs a e of a e  good pu it  g ade ut a e  s all 

a ou t of distu i g edu i g i pu it  eth li idazoliu  had to e e o ed efo e the 

i estigatio s o  [TCNE•−/TCNE] ould e sta ted. App op iate pu ifi atio  ethods fo  the 

i estigated ILs e e su essfull  fou d. 

To i estigate the self-e ha ge ea tio s i  depe de e of p essu e it as fi st e essa  

to uild a high-p essu e E“R ell hi h is tight u til p essu es as u h as possi le. The 

fo e l  used high p essu e E“R ell ithsta ds o l  p essu es u til  MPa. With the e  

desig ed E“R ell, ade of a e t ua tz apilla , as it possi le to do E“R high-p essu e 

e pe i e ts u til  MPa.  

The ele t o  self-e ha ge ea tio  of the edo  ouple [TTF•+/TTF] i estigated i  the ILs 

[e i +][Tf N-] a d [ i +][Tf N-] is diffusio  o t olled. This as sho   the esults 

f o  the te pe atu e depe de t e pe i e ts. This eha iou  allo s o o lusio s a out 
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the appli a ilit  of the Ma us Theo  e ause it is ot possi le to e t a t a  ate 

o sta ts fo  the ele t o  t a sfe . The o se ed ate o sta ts a e i  a e  good 

ag ee e t ith the al ulated ate o sta ts fo  diffusio  ia the e uatio s of 

“ olu ho ski a d “tokes-Ei stei . The e pe i e tal ΔG* alue of the self-e ha ge 

ea tio  [TTF•+/TTF] i  the high is ous o ga i  sol e t DMP is ot i  a good ag ee e t 

ith the al ulated o e ia the Ma us Theo  u less the eso a e splitti g e e g  VRP is 

egligi le s all. The used VRP fo  the al ulatio s see s to e o e esti ated. 

The p essu e depe de t easu e e ts of the self-e ha ge ea tio  [TTF•+/TTF] i  the 

io i  li uids did ot efle t the, f o  the te pe atu e depe de t e pe i e ts o se ed, 

diffusio  o t ol o e  the hole easu ed p essu e a ge. I stead, afte  a slight p essu e 

i ease the o se ed ate o sta ts de iated o pletel  f o  the al ulated ate 

o sta ts of diffusio . The o se ed ate o sta ts at highe  p essu es e e highe  tha  

these, thus ag eei g ith si ila  pu li atio s of highe  o se ed ate o sta ts i  e  

high- is ous ILs. B  i easi g the p essu e the is osities of the ILs gets e  high a d it 

see s that the diffusio  stops o pletel  a d the edo  ouple is t apped i  a ki d of age 

i  the st u tu e of the IL. Pu li atio s of age-like li uid st u tu es of ILs e if  spa es 

et ee  the la e s i  the IL. The size of the spa es is i  the di e sio  of the p e u so  

o ple  hi h o fi s the assu ptio  that the edo  ouple is aptu ed i  these spa es 

a d ha ges the ele t o  a k a d fo th. 

I estigatio s o  the edo  ouple [TCNE•−/TCNE] e e do e i  fou  diffe e t ILs, 

[e i +][Tf N-], [ i +][Tf N-], [h i +][Tf N-] a d [ i +][BF -] a d fi e diffe e t o ga i  

sol e ts i tu es. The ele t o  t a sfe  ea tio  [TCNE•−/TCNE] is ot diffusio  o t olled 

i  the e tio ed ILs, thus the easu e e ts p o ided ate o sta ts of the ele t o  

t a sfe  a d a ti atio  e e gies hi h allo ed i te p etatio s elated to the Ma us 

Theo . The o se ed ate o sta ts sho s a  adia ati  sol e t d a i  effe t a d esults 

i  the dete i atio  of the ea tio  dista es i  the p e u so  o ple , de p. The esults 

a e i  a good ag ee e t ith othe  pu lished alues of the ea tio  dista e. The 

o pa iso  of the e pe i e tal o se ed ΔG* alues ith the al ulated o es ia the 

Ma us e e gies sho s de iatio s. The al ulated e e gies a e i  the sa e a ge as the 



Co lusio  a d Outlook 

 

 

 

e pe i e tall  o se ed o es ut it see s that the al ulatio  of the eo ga isatio  

e e g  ia Ma us failed to so e e te t. The e pe i e ts ga e hi ts that possi l  the 

ea tio  dista e a ies slightl  i  the diffe e t ILs. The al ead  dis ussed a it  sizes 

p ese t i  the io i  li uid st u tu e a e ould i flue e the ea tio  dista e of the 

edo  ouple. Fu the o e the al ulatio  of the oute  eo ga isatio  e e gies ia Ma us 

is ased o  a diele t i  o ti uu , so ethi g hi h a ot e applied to ILs. A o g 

al ulatio  ased o  the adoptio  of a diele t i  o ti uu  i  ILs ould the efo e e o 

su p ise a d akes the appli atio  of the Ma us Theo  to ILs diffi ult. Possi l  the oute  

eo ga isatio  e e g  should e ade su je t to a e  app oa h hi h is appli a le o  

ILs.  

The Ma us Theo  ho e e  as a g eat tool to p o e the appli a ilit  of the sol e t 

i tu es. The i estigated edo  ouple [TCNE•−/TCNE] i  the sol e t i tu es sho s a  

adia ati  sol e t d a i  effe t. The esults sho ed that the sol e t d a i  effe t is 

depe de t o  the f a tio  of p op l a etate. These esults a e suppo ted  the fi di gs of 

othe  esea he s, o se i g that the e is a diffe e e i  sol e t depe de e et ee  

ethe eal a d o ethe eal sol e ts. A di e t o pa iso  et ee  thei  esults a d the o es 

p ese ted i  this o k sho s a good ag ee e t a d o fi ed the fi di gs. The o e 

e te si e se ies of easu e e ts ith the edo  ouple [DDQ•−/DDQ] i  t el e diffe e t 

sol e t i tu es a d th ee diffe e t te pe atu es sho s also lea l  a  adia ati  sol e t 

d a i  effe t. The o se ed ea tio  dista es a e i  a e  good ag ee e t ith othe  

pu lished o es. The o se ed sol e t effe ts o  oth tested edo  ouples i di ates lea l  

that, hate e  the o positio , the i tu e p efo s like a si gle sol e t. This 

u de sta di g pe its the use of the sol e t i tu e fo  i estigatio  o  he i al 

ea tio s i  depe de e o l  o  the diele t i  o sta t. 

Fi all , so e o ds to the outlook ith espe t to the esults a d the ai  of this o k shall 

e su a ized he e. A futu e efi e e t of the high p essu e ell ould e e efi ial fo  

the sig al to oise atio. Fo  this pu pose, a  i ease i  the u e  of e ds a d a lose  

a a ge e t of the si gle apilla  st a ds ould e a  upg ade. This ould si plif  

easu e e ts i  high is ous sol e ts a d p o ide a ette  ep odu i ilit . The p essu e 
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i ease ate should defi itel  e i luded i  the futu e. Fu the o e it ould e of i te est 

to o i e p essu e a d te pe atu e a iatio . This ould offe  a tool to i estigate edo  

ea tio s i  Ils at high te pe atu es, he e the is osit  is lo e , i  depe de e o  

p essu e. Ge e all  the i estigatio  u de  ele ated p essu es of othe  edo  ouples a d 

i  diffe e t ILs, espe iall  ith diffe e t a io s, ould gi e o e i fo atio  a out the 

p ese t sol e t ages. Additio al te pe atu e depe de t i estigatio s i  se e al ILs o  

diffe e t edo  ouples, hi h a e ot diffusio  o t olled, a e e essa  to get a lea  

pi tu e o  the appli a ilit  of the Ma us Theo . The a aila ilit  of good diele t i  

pa a ete s is desi a le fo  the futu e a d esse tial to p o e the alidit  of the al ulatio  

of the eo ga izatio  e e g . 
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