
eingereicht an der

Technischen Universität Graz

Graz, Jänner 2015

DISSERTATION

Dipl.-Ing. Beate Sudy

ESR-Spectroscopic Investigations on the Dynamics and Kinetics 

of Organic Radicals in Ionic Liquids

O.Univ.-Prof. Dipl.-Ing. Dr.rer.nat. Günter Grampp  

       Betreuer

Institut für Physikalische und Theoretische Chemie

zur Erlangung des akademischen Grades

Doktorin der technischen Wissenschaften









AĐkŶoǁledgŵeŶt 

 

Fiƌst of all, I ǁaŶt to thaŶk ŵǇ supeƌǀisoƌ Pƌof. GüŶteƌ Gƌaŵpp foƌ ďeiŶg a gƌeat teaĐheƌ 

aŶd ďƌiŶgiŶg ŵe to the PhǇsiĐal CheŵistƌǇ. You, ǁith Ǉouƌ passioŶ to ĐheŵistƌǇ, aƌe oŶe 

ƌeasoŶ ǁhǇ I haǀe staƌted to studǇ ĐheŵistƌǇ afteƌ ŵǇ eŵploǇŵeŶt as a laďoƌatoƌǇ 

assistaŶt at Ǉouƌ iŶstitute.  

I ǁaŶt to thaŶk the AustƌiaŶ AĐadeŵǇ of “ĐieŶĐe to ŵake ŵǇ PhD studǇ possiďle ďǇ 

fiŶaŶĐial suppoƌt. 

VeƌǇ speĐial thaŶks to ŵǇ Đollege aŶd fƌieŶd KeŶŶeth RasŵusseŶ foƌ ŵaŶǇ houƌs Ǉou haǀe 

speŶt to help ŵe ǁith ŵǇ ǁoƌk aŶd foƌ pƌoofƌeadiŶg. I aŵ so happǇ to ŵet Ǉou iŶ ŵǇ liǀe! 

ThaŶks to Helŵut LaŶg foƌ helpiŶg ŵe to ďuild ŵǇ high pƌessuƌe E“R Đell aŶd Helŵut 

EiseŶkölďl foƌ suppoƌtiŶg ŵe iŶ eaĐh data pƌoĐessiŶg oƌ eleĐtƌoŶiĐ pƌoďleŵ. 

ThaŶks to ŵǇ giƌls Hilde Fƌeißŵuth, MaƌioŶ Hofŵeisteƌ aŶd Bƌigitte BitsĐhŶau foƌ ďeiŶg the 

ďest Đolleges eǀeƌ. I ǁill ŵiss Ǉou! 

ThaŶks DaŶiel KattŶig foƌ pƌoǀidiŶg ŵe the gƌeat „DaŶiels hǇpeƌfitteƌ͞ E“R speĐtƌa 

siŵulatioŶ pƌogƌaŵ. 

FiŶallǇ I ǁaŶt to thaŶk the ŵost iŵpoƌtaŶt peƌsoŶs iŶ ŵǇ life. MǇ husďaŶd, ŵǇ ĐhildƌeŶ 

Maƌia aŶd KoŶstaŶtiŶ aŶd ŵǇ ŵotheƌ foƌ Ǉouƌ loǀe aŶd uŶdeƌstaŶdiŶg duƌiŶg the fiŶale 

phase of ŵǇ PhD studǇ. 

  



  



AďstƌaĐt 

The self-eǆĐhaŶge ƌeaĐtioŶ of the ƌedoǆ Đouples [TTF/TTF•+] aŶd [TCNE/TCNE•-] has ďeeŶ 

iŶǀestigated ďǇ E“‘ liŶe ďƌoadeŶiŶg eǆpeƌiŵeŶts iŶ diffeƌeŶt IoŶiĐ liƋuids aŶd oƌgaŶiĐ 

solǀeŶts ďǇ ǀaƌiatioŶ of teŵpeƌatuƌe aŶd pƌessuƌe. The ƋuestioŶ ǁhetheƌ eǆistiŶg theoƌies 

of oƌgaŶiĐ solǀeŶts, espeĐiallǇ the MaƌĐus TheoƌǇ, aƌe appliĐaďle also to ioŶiĐ liƋuids ǁas 

the aiŵ of this ǁoƌk. 

Teŵpeƌatuƌe depeŶdeŶt E“‘- eǆpeƌiŵeŶts Ǉielded ƌate ĐoŶstaŶts foƌ the eleĐtƌoŶ tƌaŶsfeƌ 

ƌeaĐtioŶ aŶd aĐtiǀatioŶ eŶeƌgies. The self- eǆĐhaŶge ƌeaĐtioŶ of the ƌedoǆ Đouple 

[TTF/TTF•+] iŶ ioŶiĐ liƋuids is diffusioŶ ĐoŶtƌolled aŶd theƌefoƌe peƌŵits Ŷo ĐoŶĐlusioŶs 

aďout the appliĐaďilitǇ of the MaƌĐus theoƌǇ. The solǀeŶt dǇŶaŵiĐs of the eleĐtƌoŶ tƌaŶsfeƌ 

ƌeaĐtioŶ of [TCNE/TCNE•-] iŶ ioŶiĐ liƋuids seeŵs to ďe Đoŵpaƌaďle to oƌgaŶiĐ solǀeŶts, ďut 

the ĐalĐulatioŶ of the fƌee Giďďs eŶeƌgǇ ΔG* ǀia the outeƌ ;ʄoͿ aŶd iŶŶeƌ ;ʄiͿ spheƌe 

ƌeoƌgaŶizatioŶ eŶeƌgǇ, as suggested ďǇ MaƌĐus, seeŵs to fail. 

A high pƌessuƌe E“‘ Đell that offeƌs E“‘-ŵeasuƌeŵeŶts uŶdeƌ eleǀated pƌessuƌe up to ϭϬϬϬ 

ďaƌ has ďeeŶ ĐoŶstƌuĐted. MeasuƌeŵeŶts of the ƌate ĐoŶstaŶts of the ƌedoǆ Đouple 

[TTF/TTF•+] at eleǀated pƌessuƌe deliǀeƌ iŶsights iŶto the stƌuĐtuƌe of ioŶiĐ liƋuids.  

AdditioŶallǇ ŵeasuƌed ǁas the eleĐtƌoŶ tƌaŶsfeƌ ƌates of the ƌedoǆ Đouples [TCNE/TCNE•-] 

aŶd [DDQ/DDQ•-] iŶ a speĐial solǀeŶt ŵiǆtuƌe ǁhat offeƌs the staďilizatioŶ of solǀeŶt 

pƌopeƌties, like ƌefƌaĐtiǀe iŶdeǆ ŶD aŶd ǀisĐositǇ η ďǇ ǀaƌiatioŶ of the solǀeŶt dieleĐtƌiĐ 

ĐoŶstaŶt ɸ“. 

 

  



  



)usaŵŵeŶfassuŶg 

 

Mittels E“R LiŶieŶǀeƌďƌeituŶgseǆpeƌiŵeŶte ǁuƌdeŶ ElektƌoŶeŶ “elďstaustausĐhƌeaktioŶeŶ 

deƌ Redoǆpaaƌe [TTF/TTF•+] uŶd [TCNE/TCNE•-] TeŵpeƌatuƌaďhäŶgig uŶd DƌuĐkaďhäŶgig iŶ 

ǀeƌsĐhiedeŶeŶ IoŶisĐheŶ FlüssigkeiteŶ uŶd oƌgaŶisĐheŶ LösuŶgsŵittelŶ uŶteƌsuĐht. Iŵ 

RahŵeŶ dieseƌ Aƌďeit galt es heƌauszufiŶdeŶ, oď aktuell gültige TheoƌieŶ füƌ oƌgaŶisĐhe 

LösuŶgsŵittel, iŵ “pezielleŶ die MaƌĐus Theoƌie, auĐh füƌ IoŶisĐhe FlüssigkeiteŶ 

aŶǁeŶdďaƌ ist. 

Die TeŵpeƌatuƌaďhäŶgigeŶ E“R- EǆpeƌiŵeŶte liefeƌteŶ GesĐhǁiŶdigkeitskoŶstaŶteŶ uŶd 

AktiǀieƌuŶgseŶeƌgieŶ füƌ deŶ ElektƌoŶeŶtƌaŶsfeƌ. Die “elďstaustausĐhƌeaktioŶ des 

Redoǆpaaƌes [TTF/TTF•+] ist iŶ IoŶisĐheŶ FlüssigkeiteŶ diffusioŶskoŶtƌollieƌt ǁas eiŶe 

IŶteƌpƌetatioŶ üďeƌ die MaƌĐus Theoƌie uŶŵögliĐh ŵaĐht. Die LösuŶgsŵitteldǇŶaŵik deƌ 

ElektƌoŶeŶtƌaŶsfeƌƌeaktioŶ ǀoŶ [TCNE/TCNE•-] sĐheiŶt iŶ deŶ IoŶisĐheŶ FlüssigkeiteŶ 

ǀeƌgleiĐhďaƌ ŵit oƌgaŶisĐheŶ LösuŶgsŵittelŶ zu seiŶ, aďeƌ die BeƌeĐhŶuŶg deƌ fƌeieŶ Giďďs 

EŶeƌgieŶ ΔG* üďeƌ die ǀoŶ MaƌĐus ǀoƌgesĐhlageŶeŶ äußeƌe ;ʄoͿ uŶd iŶŶeƌe ;ʄiͿ 

ReoƌgaŶizatioŶseŶeƌgie sĐheiŶt fehlzusĐhlageŶ. 

EiŶe HoĐhdƌuĐk-E“R-zelle ǁuƌde geďaut uŶd eƌŵögliĐhte daŵit dƌuĐkaďhäŶgige E“R-

MessuŶgeŶ ďei eƌhöhteŵ DƌuĐk ďis ϭϬϬϬ ďaƌ. Die geŵesseŶeŶ GesĐhǁiŶdigkeitsƌateŶ deƌ 

“elďstaustausĐhƌeaktioŶ ǀoŶ [TTF/TTF•+] ďei höheƌeŶ DƌüĐkeŶ liefeƌt EiŶďliĐke iŶ die 

“tƌuktuƌeigeŶsĐhafteŶ deƌ IoŶisĐheŶ FlüssigkeiteŶ. 

)usätzliĐh ǁuƌde die “elďstaustausĐhƌeaktioŶ deƌ Redoǆpaaƌe [TCNE/TCNE•-] uŶd 

[DDQ/DDQ•-] iŶ eiŶeŵ spezielleŶ LösuŶgsŵittelgeŵisĐh uŶteƌsuĐht. Dieses 

LösuŶgsŵittelgeŵisĐh eƌŵögliĐht eiŶ KoŶstaŶthalteŶ ďestiŵŵteƌ 

LöuŶgsŵitteleigeŶsĐhafteŶ ǁie BƌeĐhuŶgsiŶdeǆ ŶD uŶd Viskosität η ǁähƌeŶd die 

DielektƌizitätskoŶstaŶte ɸ“ ǀaƌiieƌt. 
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1. IŶtƌoduĐtioŶ 

WithiŶ the pƌeseŶt ǁoƌk the siŵplest kiŶd of eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶs aƌe iŶǀestigated, 

the so Đalled self-eǆĐhaŶge ƌeaĐtioŶs. These ƌeaĐtioŶs desĐƌiďe the eleĐtƌoŶ tƌaŶsfeƌ of oŶe 

siŶgle eleĐtƌoŶ ďetǁeeŶ tǁo paƌtŶeƌs of a ƌedoǆ Đouple ǁheƌe the ƌeaĐtaŶts aŶd pƌoduĐts 

aƌe ideŶtiĐal. The ƌeaĐtioŶ appeaƌs ǁithout ďƌeakiŶg oƌ foƌŵiŶg ĐheŵiĐal ďoŶds. Tǁo 

ǀeƌsioŶs of eleĐtƌoŶ self-eǆĐhaŶge ƌeaĐtioŶs aƌe ƌeleǀaŶt foƌ this thesis. The eleĐtƌoŶ self-

eǆĐhaŶge of oŶe eleĐtƌoŶ ďetǁeeŶ a Ŷeutƌal ŵoleĐule aŶd its oŶe eleĐtƌoŶ ƌeduĐed foƌŵ 

;ƌadiĐal aŶioŶͿ aŶd the ƌeaĐtioŶ ďetǁeeŶ a Ŷeutƌal ŵoleĐule aŶd its oŶe eleĐtƌoŶ oǆidized 

foƌŵ ;ƌadiĐal ĐatioŶͿ. The ƌeaĐtioŶ sĐheŵes ďeloǁ shoǁ the self-eǆĐhaŶge ƌeaĐtioŶs of the 

iŶǀestigated ƌedoǆ Đouples. ReaĐtioŶs ďetǁeeŶ tetƌaĐǇaŶoethǇleŶe ;TCNEͿ aŶd its ƌadiĐal 

aŶioŶ ;TCNE•-Ϳ;see ;ϭ.ϭͿͿ, ďetǁeeŶ Ϯ,ϯ-diĐhloƌo-ϱ,ϲ-diĐǇaŶoďeŶzoƋuiŶoŶe ;DDQͿ aŶd its 

ƌadiĐal aŶioŶ ;DDQ•-Ϳ ;see ;ϭ.ϮͿͿ aŶd ďetǁeeŶ tetƌathiaǀulǀaleŶe ;TTFͿ aŶd its ƌadiĐal aŶioŶ 

;TTF•+Ϳ ;see ;ϭ.ϯͿͿ. 

ܧܰܥܶ + −•ܧܰܥܶ ⇌ −•ܧܰܥܶ +  ܧܰܥܶ
(1.1) 

ܳܦܦ + −•ܳܦܦ ⇌ −•ܳܦܦ  ܳܦܦ+
(1.2) 

ܨܶܶ + +•ܨܶܶ ⇌ +•ܨܶܶ +  ܨܶܶ
(1.3) 

EleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶs plaǇ aŶ iŵpoƌtaŶt ƌole iŶ oƌgaŶiĐ sǇŶthesis as ǁell as iŶ 

ďiologiĐal pƌoĐesses like photosǇŶthesis oƌ eleĐtƌoĐheŵistƌǇ, etĐ. The ĐhoiĐe of the solǀeŶt 

foƌ the eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶs is iŵpoƌtaŶt. This has ďeeŶ estaďlished ďǇ the ĐheŵistƌǇ 

Noďel Pƌize ǁiŶŶeƌ iŶ ϭϵϵϮ, R. A. MaƌĐus. He desĐƌiďed the eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ 

ĐoŶsideƌiŶg solǀeŶt pƌopeƌties suĐh as the ƌefƌaĐtiǀe iŶdeǆ oƌ the dieleĐtƌiĐ pƌopeƌties of 

the solǀeŶt. “olǀeŶt effeĐts oŶ the eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ ŵaǇ ďe iŶǀestigated ďǇ ďoth 

iŵpleŵeŶtatioŶ of suitaďle laď eǆpeƌiŵeŶts iŶ diffeƌeŶt solǀeŶts aŶd ďǇ ǀaƌiatioŶ of the 

ĐoŶditioŶs like pƌessuƌe aŶd teŵpeƌatuƌe. The eǆpeƌiŵeŶtal oďseƌǀaďles like ƌate ĐoŶstaŶts 

aŶd aĐtiǀatioŶ eŶeƌgies ŵaǇ afteƌǁaƌds ďe ƌelated to the ĐoƌƌespoŶdiŶg eƋuatioŶs of the 

theoƌǇ. The appliĐaďilitǇ of the MaƌĐus TheoƌǇ has ďeeŶ pƌoǀed ŵaŶǇ tiŵes foƌ eleĐtƌoŶ 
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tƌaŶsfeƌ ƌeaĐtioŶs iŶ ĐoŵŵoŶ oƌgaŶiĐ solǀeŶts like e.g. aĐetoŶitƌile etĐ. But ǁhat aďout 

ioŶiĐ liƋuids ;ILsͿ?  

Rooŵ teŵpeƌatuƌe ioŶiĐ liƋuids ;RTILsͿ haǀe ďeeŶ foĐused oŶ ŵoƌe aŶd ŵoƌe iŶ the last 

Ǉeaƌs ďeĐause of theiƌ speĐial pƌopeƌties. RTILs aƌe liƋuid ŵolteŶ salts at ƌooŵ teŵpeƌatuƌe 

aŶd theǇ haǀe ǀeƌǇ good dissolǀiŶg pƌopeƌties foƌ iŶoƌgaŶiĐ aŶd oƌgaŶiĐ suďstaŶĐes. 

BeĐause of theiƌ ŶoŶ-ǀolatilitǇ theǇ aƌe of iŶteƌest to ƌeplaĐe oƌgaŶiĐ solǀeŶts iŶ ĐheŵiĐal 

pƌoĐesses. Most oƌgaŶiĐ solǀeŶts aƌe toǆiĐ aŶd haǀe a high ǀapoƌ pƌessuƌe. The loǁ ǀapoƌ 

pƌessuƌe of ILs is theƌefoƌe a ďig adǀaŶtage aŶd that is the ƌeasoŶ ǁhǇ ILs aƌe ofteŶ Đalled 

„gƌeeŶ solǀeŶts .͞ This deŶotatioŶ leads ƌatheƌ to a ŵisuŶdeƌstaŶdig ďeĐause ILs aƌe Ŷot 

ƌeallǇ „gƌeeŶ .͞ TheǇ aƌe ŵoƌe oƌ less toǆiĐ aŶd haǀe Ŷot Ǉet ďeeŶ ĐoŵpletelǇ tested. The 

pƌopeƌties of ILs ŵaǇ ďe desigŶed ďǇ the stƌuĐtuƌe of the aŶioŶ aŶd the ĐatioŶ iŶ the IL. 

This iŶtƌoduĐed a Ŷeǁ field of ƌeseaƌĐh ǁhiĐh has iŶĐƌeased the Ŷuŵďeƌ of kŶoǁŶ ILs iŶ the 

ƌeĐeŶt Ǉeaƌs eŶoƌŵouslǇ. The ILs aƌe pƌiŵaƌilǇ Đlassified oŶ the ďasis of theiƌ ĐatioŶs. The 

folloǁiŶg piĐtuƌe pƌeseŶts possiďle IL ĐatioŶ Đlasses ǁheƌeas this ǁoƌk is oŶlǇ ĐoŶĐeƌŶed 

ǁith iŵodazoliuŵ ďased ILs. 

 

Figuƌe ϭ.ϭ: CoŵŵoŶ ĐatioŶs iŶ ioŶiĐ liƋuids. 
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The iŵidazoliuŵ ďased ILs ĐaŶ fuƌtheƌ ďe Đlassified oŶ the ďasis of theiƌ aŶioŶ as ĐaŶ ďe 

seeŶ iŶ Figuƌe ϭ.Ϯ. The iŶǀestigatioŶs ǁithiŶ this ǁoƌk is ĐoŶĐeŶtƌated oŶ the use of 

ďis;tƌifluoƌoŵethǇlsulfoŶǇlͿiŵides aŶd tetƌafluoƌoďoƌates. 

 

Figuƌe ϭ.Ϯ: CoŵŵoŶ aŶioŶs iŶ ioŶiĐ liƋuids. 

Fuƌtheƌŵoƌe, ILs distiŶguish theŵselǀes ĐoŵpletelǇ fƌoŵ oƌgaŶiĐ solǀeŶts. OƌgaŶiĐ solǀeŶts 

aƌe Đoŵposed of solǀeŶt ŵoleĐules ǁith ĐeƌtaiŶ polaƌities, ǁheƌeas ILs aƌe Đoŵposed of 

disĐƌete Đhaƌged ioŶs. This leads to ǀeƌǇ diffeƌeŶt solǀeŶt pƌopeƌties. Foƌ iŶstaŶĐe, 

ǀisĐosities of ILs aƌe teŶ oƌ ŵoƌe tiŵes higheƌ thaŶ of ĐoŵŵoŶ oƌgaŶiĐ solǀeŶts. All of the 

ŵeŶtioŶed diffeƌeŶĐes ďetǁeeŶ ILs aŶd oƌgaŶiĐ solǀeŶts lead to the ĐoŶsideƌatioŶ ǁhetheƌ 

eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶs iŶ ILs aƌe Đoŵpaƌaďle to ET ƌeaĐtioŶs iŶ oƌgaŶiĐ solǀeŶts. DuƌiŶg 

the eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶs, ǁhiĐh aƌe desĐƌiďed iŶ detail iŶ Đhapteƌ Ϯ, the ƌeaĐtaŶts aƌe 

suƌƌouŶded ďǇ solǀeŶt ŵoleĐules of ĐeƌtaiŶ polaƌitǇ. Hoǁ the solǀeŶt ŵoleĐules aƌe 

oƌieŶted aƌouŶd the ƌeaĐtaŶts depeŶd oŶ the Đhaƌged Ŷatuƌe of the ƌeaĐtaŶts aŶd solǀeŶt 

polaƌitǇ ;see Figuƌe ϭ.ϯͿ. The ƌeaĐtioŶ sĐheŵe shoǁs that the eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ is 

Đoŵposed of seǀeƌal steps duƌiŶg all of theŵ the ƌeaĐtaŶts, tƌaŶsitioŶ states aŶd the 

pƌoduĐts aƌe suƌƌouŶded ďǇ the solǀeŶt ŵoleĐules. The solǀeŶt ŵoleĐules ŵust ƌeoƌgaŶize 
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aĐĐoƌdiŶg to eaĐh step, ǁhiĐh is ĐoŶsideƌed iŶ MaƌĐus TheoƌǇ ǀia the dieleĐtƌiĐ pƌopeƌties. 

The ĐalĐulatioŶ of the eŶeƌgǇ ƌeƋuiƌed to ƌeaƌƌaŶge the solǀeŶt ŵoleĐules ;outeƌ-spheƌe 

ƌeoƌgaŶizatioŶ eŶeƌgǇ, ʄoͿ iŶĐludes the statiĐ dieleĐtƌiĐ ĐoŶstaŶt ɸ“ aŶd the ƌefƌaĐtiǀe iŶdeǆ 

ŶD. The dieleĐtƌiĐ ĐoŶstaŶt aƌises fƌoŵ the ǁeakeŶiŶg of aŶ eǆteƌŶal eleĐtƌiĐal field ǀia 

polaƌisatioŶ effeĐts. 

 

 

Figuƌe ϭ.ϯ: EleĐtƌoŶ self-eǆĐhaŶge ƌeaĐtioŶ iŶ aŶ oƌgaŶiĐ solǀeŶt. 

 

If ǁe Ŷoǁ tƌǇ to iŵagiŶe the saŵe pƌoĐesses iŶ ILs, this giǀes a totallǇ diffeƌeŶt piĐtuƌe ;see 

Figuƌe ϭ.ϰͿ. The ĐatioŶs aŶd aŶioŶs of the IL aƌe aƌƌaŶged aƌouŶd the iŶǀestigated ƌedoǆ 

Đouple ďut ǁe do Ŷot kŶoǁ hoǁ theǇ aƌe ƌeaƌƌaŶged duƌiŶg the eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ. 

The ioŶs ďeaƌ positiǀe aŶd Ŷegatiǀe Đhaƌges ďut haǀe Ŷo polaƌitǇ iŶ the saŵe seŶse as 

oƌgaŶiĐ solǀeŶt ŵoleĐules. It is possiďle to ŵeasuƌe the dieleĐtƌiĐ ĐoŶstaŶt of the ILs aŶd 

theƌe aƌe alƌeadǇ a lot of ǀalues puďlished aŶd aǀailaďle, ďut the oƌigiŶ of the ǁeakeŶiŶg of 

aŶ eǆteƌŶal eleĐtƌiĐal field ĐaŶŶot aƌise fƌoŵ polaƌisatioŶ effeĐts like iŶ oƌgaŶiĐ solǀeŶts. 

Theƌefoƌe, the use of the dieleĐtƌiĐ ĐoŶstaŶt foƌ ĐalĐulatiŶg the ƌeoƌgaŶizatioŶ of the 

solǀeŶt duƌiŶg the ƌeaĐtioŶ iŶ ILs is ƋuestioŶaďle. This is due to the faĐt that MaƌĐus’s 

appƌoaĐh to ĐalĐulate the outeƌ ƌeoƌgaŶizatioŶ eŶeƌgǇ ʄo is ďased oŶ a siŵple ŵodel ǁhiĐh 

ĐoŶsideƌed the solǀeŶt as a dieleĐtƌiĐ ĐoŶtiŶuuŵ aŶd this is stƌiĐtlǇ Ŷot tƌue foƌ ILs. 
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Neǀeƌtheless, it ǁas tƌied to use dieleĐtƌiĐ pƌopeƌties of ILs aŶd the MaƌĐus ďasiĐ appƌoaĐh 

to pƌoǀe the appliĐaďilitǇ of the MaƌĐus TheoƌǇ iŶ ILs ǁithiŶ this ǁoƌk. 

 

 

Figuƌe ϭ.ϰ: EleĐtƌoŶ self-eǆĐhaŶge ƌeaĐtioŶ iŶ aŶ ioŶiĐ liƋuid. 

OŶe ŵethod to iŶǀestigate suĐh self-eǆĐhaŶge ƌeaĐtioŶs iŶ diffeƌeŶt solǀeŶts is liŶe 

ďƌoadeŶiŶg eǆpeƌiŵeŶts ďǇ EleĐtƌoŶ “piŶ ResoŶaŶĐe ;E“RͿ. E“R is a speĐtƌosĐopiĐ ŵethod 

ǁhiĐh is oŶlǇ seŶsitiǀe to paƌaŵagŶetiĐ speĐies. This ŵeaŶs that oŶlǇ suďstaŶĐes ǁith 

uŶpaiƌed eleĐtƌoŶs, like iŶ ƌadiĐals, aƌe deteĐtaďle ďǇ E“R ;see Ϯ.ϲͿ. The liŶe shape ĐhaŶges 

ďǇ the oĐĐuƌƌiŶg eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ iŶ depeŶdeŶĐe oŶ the ĐoŶĐeŶtƌatioŶ of 

ƌeaĐtaŶts aŶd ĐaŶ theƌefoƌe ďe used to deteƌŵiŶe ƌate ĐoŶstaŶts foƌ the oďseƌǀed ƌeaĐtioŶ.  

Teŵpeƌatuƌe aŶd pƌessuƌe depeŶdeŶt E“R ŵeasuƌeŵeŶts aƌe appƌopƌiate to pƌoǀe the 

solǀeŶt depeŶdeŶĐies oŶ the ƌate ĐoŶstaŶts aŶd to ƌeĐeiǀe aĐtiǀatioŶ eŶeƌgies aŶd 

aĐtiǀatioŶ ǀoluŵes. The E“R ŵeasuƌeŵeŶts at eleǀated pƌessuƌe ƌeƋuiƌed the ĐoŶstƌuĐtioŶ 

of aŶ appƌopƌiate E“R Đell ǁithiŶ this ǁoƌk. With the Đustoŵ-ďuilt E“R Đell ŵade of a 

speĐial ďeŶt Ƌuaƌtz ĐapillaƌǇ it ǁas possiďle to ŵeasuƌe up to ϭϬϬ MPa ;see ϯ.ϯ.ϮͿ. 

Teŵpeƌatuƌe depeŶdeŶt ŵeasuƌeŵeŶt Đould ďe Đaƌƌied out ďǇ aŶ eǆistiŶg teŵpeƌatuƌe 

uŶit ǁhiĐh offeƌs ŵeasuƌeŵeŶts ďetǁeeŶ ϭϬϬ aŶd ϲϬϬK . 

As ŵeŶtioŶed ďefoƌe is the MaƌĐus TheoƌǇ a pƌoǀeŶ appƌoaĐh foƌ iŶǀestigatiŶg ƌate 

ĐoŶstaŶts of ƌedoǆ ƌeaĐtioŶs aŶd theiƌ solǀeŶt depeŶdeŶĐe iŶ oƌgaŶiĐ solǀeŶts. But ǁhat 
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happeŶs ǁheŶ the solǀeŶt is Đoŵposed of seǀeƌal oƌgaŶiĐ solǀeŶts? Is it possiďle to use the 

oǀeƌall solǀeŶt pƌopeƌties of suĐh solǀeŶt ŵiǆtuƌes? Foƌ iŶstaŶĐe the oǀeƌall dieleĐtƌiĐ 

ĐoŶstaŶt ŵeasuƌed iŶ a ŵiǆtuƌe Đoŵposed of diffeƌeŶt solǀeŶts ŵaǇ ďe diffeƌeŶt thaŶ the 

dieleĐtƌiĐ ĐoŶstaŶts of the iŶdiǀidual solǀeŶts. The MaƌĐus TheoƌǇ shall ďe used heƌe to test 

a speĐiallǇ desigŶed ƌeaĐtioŶ ŵediuŵ Đoŵposed of thƌee diffeƌeŶt ĐoŵpoŶeŶts. The aiŵ of 

this solǀeŶt ŵiǆtuƌe is to ǀaƌǇ oŶlǇ the dieleĐtƌiĐ ĐoŶstaŶt ǁhile otheƌ solǀeŶt pƌopeƌties 

like the ǀisĐositǇ aŶd the ƌefƌaĐtiǀe iŶdeǆ staǇ ĐoŶstaŶt. IŶ oƌdeƌ to oďtaiŶ this, pƌopǇl 

aĐetate aŶd ďutǇƌoŶitƌile ǁas used to set the dieleĐtƌiĐ ĐoŶstaŶt aŶd diethǇl phthalate to 

adjust the ǀisĐositǇ ;see Đhapteƌ ϯ.ϭ.ϴͿ. “uĐh solǀeŶt ŵiǆtuƌes ǁould pƌoǀide a good tool 

foƌ iŶǀestigatioŶs oŶ the depeŶdeŶĐe of the dieleĐtƌiĐ ĐoŶstaŶt of ĐheŵiĐal ƌeaĐtioŶs. This 

Đould ďe ǀeƌǇ useful foƌ otheƌ ƌeseaƌĐh aƌeas suĐh as photoĐheŵistƌǇ oƌ eleĐtƌoĐheŵistƌǇ. 
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2. TheoƌǇ 

2.1 Electron Transfer 

EleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶs ĐaŶ ďe Đlassified iŶto tǁo gƌoups, ŶaŵelǇ the iŶŶeƌ- spheƌe 

eleĐtƌoŶ tƌaŶsfeƌ aŶd the outeƌ- spheƌe eleĐtƌoŶ tƌaŶsfeƌ. IŶŶeƌ- spheƌe eleĐtƌoŶ tƌaŶsfeƌ 

ƌeaĐtioŶs aƌe ƌeaĐtioŶs ďetǁeeŶ tǁo ƌedoǆ paƌtŶeƌs ǁhiĐh tƌaŶsfeƌ the eleĐtƌoŶ ǀia a 

ĐoǀaleŶt liŶkage. TǇpiĐal iŶŶeƌ- spheƌe ET- ƌeaĐtioŶs oĐĐuƌ iŶ tƌaŶsitioŶ ŵetal Đoŵpleǆes. 

The pioŶeeƌ iŶ the field of iŶŶeƌ- spheƌe ET-ƌeaĐtioŶs is HeŶƌǇ Tauďe, ǁho ǁas aǁaƌded to 

the Noďel Pƌize iŶ CheŵistƌǇ iŶ ϭϵϴϯ. 

IŶ ĐoŶtƌast to the iŶŶeƌ- spheƌe ŵeĐhaŶisŵ is the outeƌ- spheƌe eleĐtƌoŶ tƌaŶsfeƌ. IŶ this 

tǇpe of ƌeaĐtioŶs the ƌedoǆ paƌtŶeƌs aƌe Ŷot ĐoŶŶeĐted aŶd the eleĐtƌoŶ is ŵoǀiŶg thƌough 

spaĐe fƌoŵ oŶe paƌtŶeƌ to the otheƌ. The pioŶeeƌ of the theoƌǇ to desĐƌiďe the outeƌ- 

spheƌe eleĐtƌoŶ tƌaŶsfeƌ ŵeĐhaŶisŵ is the CheŵistƌǇ Noďel Pƌize ǁiŶŶeƌ iŶ ϭϵϵϮ, Rudolph 

Aƌthuƌ MaƌĐus. The iŶǀestigatioŶ of outeƌ- spheƌe eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶs aŶd the 

appliĐaďilitǇ of the „MaƌĐus TheoƌǇ͞ is the ŵaiŶ topiĐ of this PhD thesis.  

The Đhapteƌ ǁas ǁƌitteŶ uŶdeƌ guidaŶĐe of the folloǁiŶg RefeƌeŶĐes: [ϭϭ], [ϰϯ–ϰϵ] ,[ϲϮ] 

2.2 Kinetics of the electron transfer mechanism 

The outeƌ- spheƌe eleĐtƌoŶ tƌaŶsfeƌ ŵeĐhaŶisŵ ĐoŶsists of thƌee suĐĐessiǀe steps as 

piĐtuƌed iŶ the folloǁiŶg ƌeaĐtioŶ sĐheŵe. 
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Figuƌe Ϯ.ϭ: ReaĐtioŶ sĐheŵe of the outeƌ- spheƌe eleĐtƌoŶ tƌaŶsfeƌ ŵeĐhaŶisŵ. 

1. FoƌŵatioŶ of the pƌeĐuƌsoƌ Đoŵpleǆ  

2. EleĐtƌoŶ tƌaŶsfeƌ fƌoŵ doŶoƌ, D to aĐĐeptoƌ, A 

3. DissoĐiatioŶ of the suĐĐessoƌ Đoŵpleǆ 

 

2.2.1 Formation of the precursor complex 

 

−ܦ + A ݇ௗ ⇌݇−ௗܣ⋯−ܦ 

Figuƌe Ϯ.Ϯ: AssoĐiatioŶ 

IŶ the fiƌst step the doŶoƌ ;DͿ aŶd the aĐĐeptoƌ ;AͿ ŵoleĐules diffuse togetheƌ aŶd foƌŵ the 

pƌeĐuƌsoƌ Đoŵpleǆ ;D-…AͿ. This ƌeaĐtioŶ has aŶ eƋuiliďƌiuŵ ĐoŶstaŶt foƌ assoĐiatioŶ, KA = 

kdiff/k-diff. The AssoĐiatioŶ ĐoŶstaŶt KA is giǀeŶ ďǇ: 

� = �݁−௪ሺௗሻோ்  

(2.1) 

ǁ;dͿ is the eleĐtƌostatiĐ eŶeƌgǇ as a fuŶĐtioŶ of the iŶteƌŵoleĐulaƌ distaŶĐe, dieleĐtƌiĐ 

ĐoŶstaŶt ɸ“ aŶd Đhaƌges. 
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Tǁo ŵodels to desĐƌiďe KϬ aƌe kŶoǁŶ. IŶ ;Ϯ.ϮͿ the haƌd spheƌe ŵodel fƌoŵ EigeŶ-Fuoss is 

shoǁŶ. 

� = Ͷ͵ ߨ ܰ݀ଷ (2.2) 

AŶotheƌ desĐƌiptioŶ of the assoĐiatioŶ ĐoŶstaŶt is giǀeŶ ďǇ “utiŶ usiŶg a ƌeaĐtioŶ zoŶe 

ŵodel: 

� = Ͷߨ ܰ݀ଶ(2.3) ݎߜ 

ɷƌ…ƌeaĐtioŶ zoŶe ;≈ ƌ/ϯ ≈ Ϭ,ϴÅͿ 

d…ƌeaĐtioŶ distaŶĐe 

NA…Aǀogadƌo ĐoŶstaŶt 

 

2.2.2 The overall rate constant 

The kiŶetiĐ eƋuatioŶs foƌ the ƌeaĐtioŶ iŶ Figuƌe Ϯ.ϭ lead to the folloǁiŶg eǆpƌessioŶ foƌ the 

oǀeƌall ƌate ĐoŶstaŶt koďs, 

݇௦ = ݇௫݇ௗ݇−ௗ + ݇௫ 

(2.4) 

assuŵiŶg that Ŷo ďaĐk eleĐtƌoŶ tƌaŶsfeƌ oĐĐuƌs aŶd that the dissoĐiatioŶ of the suĐĐessoƌ 

Đoŵpleǆ to the pƌoduĐts is Ŷegligiďle.  
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� ∗ ݇௫ = ݇௧ (2.5) 

TƌaŶsfoƌŵatioŶ of eƋuatioŶ ;Ϯ.ϰͿ, ďeaƌiŶg iŶ ŵiŶd that KA = kdiff/k-diff aŶd iŶseƌtioŶ of KAkeǆ 

as ket leads to the ĐoŵŵoŶ foƌŵ of koďs. 

ͳ݇௦ = ͳ݇௧ + ͳ݇ௗ 

(2.6) 

 

2.2.3 Self- exchange electron transfer 

 

−ܣ + A ݇ௗ ⇌݇−ௗܣ⋯−ܣ ݇௫ ⇌݇−௫ܣ⋯ܣ− ���→   ܣ +  −ܣ

Figuƌe Ϯ.ϯ: ReaĐtioŶ sĐheŵe of self- eǆĐhaŶge eleĐtƌoŶ tƌaŶsfeƌ. 

The siŵplest foƌŵ of eleĐtƌoŶ tƌaŶsfeƌ is the ƌeaĐtioŶ ďetǁeeŶ tǁo ŵoleĐules of saŵe kiŶd. 

The oŶlǇ diffeƌeŶĐe ďetǁeeŶ the ƌeaĐtaŶts is aŶ eleĐtƌoŶ that is eǆĐhaŶged duƌiŶg the 

ƌeaĐtioŶ. The ďaĐk eleĐtƌoŶ tƌaŶsfeƌ fƌoŵ suĐĐessoƌ to pƌeĐuƌsoƌ Đoŵpleǆ ĐaŶ Ŷo loŶgeƌ ďe 

eǆĐluded aŶd the eǆpƌessioŶ foƌ the oǀeƌall ƌate ĐoŶstaŶt koďs ĐhaŶges to eƋuatioŶ ;Ϯ.ϳͿ. 

ͳ݇௦ = ͳ݇ௗ + ͳ�݇௫ ሺͳ + ݇−௫݇ௗ௦௦ሻ (2.7) 

BeĐause the tǁo ƌeaĐtioŶ paƌtŶeƌs aƌe ideŶtiĐal it ĐaŶ ďe ĐoŶĐluded that the dissoĐiatioŶ of 

the suĐĐessoƌ Đoŵpleǆ aŶd the ďaĐk diffusioŶ is the saŵe aŶd theƌefoƌe kdiss=k-d ŵust ďe 
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ǀalid. This is also ǀalid foƌ the eleĐtƌoŶ tƌaŶsfeƌ aŶd the ďaĐk eleĐtƌoŶ tƌaŶsfeƌ keǆ=k-eǆ. The 

additioŶal iŶseƌtioŶ of ket as KAkeǆ leads to the eƋuatioŶ: 

ͳ݇௦ = ͳ݇௧ + ʹ݇ௗ 

(2.8) 

 

2.2.4 Diffusion 

The ƌate ĐoŶstaŶt foƌ diffusioŶ kdiff, as desĐƌiďed ďǇ “ŵoluĐhoǁski usiŶg a ŵodel of the 

BƌoǁŶiaŶ ŵotioŶ, iŶĐludes the ƌadii of the aĐĐeptoƌ aŶd doŶoƌ ŵoleĐules ƌA aŶd ƌD aŶd the 

diffusioŶ ĐoeffiĐieŶts DA aŶd DD. 

݇ௗ = Ͷߨ ܰሺܦ + ݎሻሺܦ +  ሻ (2.9)ݎ

The diffusioŶ ĐoŶstaŶt is defiŶed iŶ the “tokes-EiŶsteiŶ eƋuatioŶ: 

ܦ = ݇ܶݎߨ� 

(2.10) 

kB…BoltzŵaŶŶ ĐoŶstaŶt 

ƌi…Radius of the ŵoleĐule i 

η…VisĐositǇ of the solǀeŶt 

If the ƌadii of the ƌedoǆ Đouple haǀe the saŵe size ;ƌA = ƌDͿ, ǁiĐh is ofteŶ a pƌaĐtiĐal 

assuŵptioŶ foƌ self- eǆĐhaŶge ƌeaĐtioŶs, the eǆpƌessioŶ of kdiff siŵplifies ďǇ iŶseƌtioŶ of the 

“tokes-EiŶsteiŶ ƌelatioŶ to: 
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݇ௗ = ͺܴܶ͵�  

(2.11) 

 

2.3 The Marcus Theory 

 −ܣ⋯ܦ  →� ܣ⋯−ܦ

Figuƌe Ϯ.ϰ: EleĐtƌoŶ tƌaŶsfeƌ 

This step iŶ the eleĐtƌoŶ tƌaŶsfeƌ ŵeĐhaŶisŵ ǁas desĐƌiďed ďǇ R.A. MaƌĐus ǀia the MaƌĐus 

TheoƌǇ. He desĐƌiďed the eleĐtƌoŶ tƌaŶsfeƌ usiŶg the TƌaŶsitioŶ “tate TheoƌǇ ;T“TͿ aŶd the 

FƌaŶĐk- CoŶdoŶ PƌiŶĐiple. The ƌeaĐtioŶ fƌoŵ the pƌeĐuƌsoƌ Đoŵpleǆ to the suĐĐessoƌ 

Đoŵpleǆ appeaƌs ǀia aŶ aĐtiǀated tƌaŶsitioŶ state. The ƌates oďeǇ the AƌƌheŶius aŶd EǇƌiŶg 

laǁs, ďut MaƌĐus iŶtƌoduĐed the fƌee eŶeƌgǇ ΔG* iŶto the T“T aŶd this leads to aŶ 

eǆpƌessioŶ of the ƌate ĐoŶstaŶt keǆ like iŶ eƋuatioŶ ;Ϯ.ϭϮͿ.  

݇௫ = ܼ݁[−∆ீ∗�் ] (2.12) 

The iŶseƌtioŶ of eƋuatioŶ ;Ϯ.ϱͿ foƌ keǆ leads to the eǆpƌessioŶ ďeloǁ 

݇௧ = �ܼ݁[−∆ீ∗�் ] (2.13) 

 

)…pƌe-eǆpoŶeŶtial faĐtoƌ ;=ʃelʆŶͿ 

ΔG*…Giďďs fƌee eŶeƌgǇ of aĐtiǀatioŶ 
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kB…BoltzŵaŶŶ ĐoŶstaŶt 

T…teŵpeƌatuƌe 

 

 

Figuƌe Ϯ.ϱ: ReaĐtioŶ ĐooƌdiŶate aŶd poteŶtial eŶeƌgǇ diagƌaŵ foƌ a eǆeƌgoŶiĐ ET- ƌeaĐtioŶ. 

Figuƌe Ϯ.ϱ pƌeseŶts the eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ iŶ foƌŵ of a ƌeaĐtioŶ ĐooƌdiŶate aŶd iŶ 

foƌŵ of aŶ eŶeƌgǇ diagƌaŵ ǁith tǁo ĐƌossiŶg paƌaďolas. Both diagƌaŵs poiŶt out that the 

eŶeƌgǇ diffeƌeŶĐe of pƌeĐuƌsoƌ aŶd suĐĐessoƌ Đoŵpleǆ deŶotes the staŶdaƌd Giďďs fƌee 

eŶeƌgǇ ΔGϬ. The figuƌe pƌeseŶts aŶ eǆeƌgoŶiĐ Đase ǁith positiǀe ǀalues of ΔGϬ. Tǁo otheƌ 

Đases aƌe possiďle. ΔGϬ < Ϭ foƌ the eŶdeƌgoŶiĐ ET- ƌeaĐtioŶ aŶd ΔGϬ = Ϭ suĐh as foƌ self- 

eǆĐhaŶge ƌeaĐtioŶs ;Figuƌe Ϯ.ϴͿ. ΔG* is the eŶeƌgǇ Ŷeeded to ƌeaĐh the tƌaŶsitioŶ state 

ǁheƌe the eleĐtƌoŶ is tƌaŶsfeƌƌed. It is the diffeƌeŶĐe ďetǁeeŶ the eŶeƌgǇ of the pƌeĐuƌsoƌ 

Đoŵpleǆ aŶd the ŵaǆiŵuŵ of the Đuƌǀe iŶ the ƌeaĐtioŶ ĐooƌdiŶate diagƌaŵ aŶd the 

ĐƌossiŶg poiŶt of the paƌaďolas iŶ the eŶeƌgǇ diagƌaŵ. 

The Giďďs eŶeƌgǇ of aĐtiǀatioŶ is giǀeŶ iŶ the MaƌĐus eƋuatioŶ: 
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∗ܩ∆ = ܹ + Ͷߣ [ͳ + Δܩߣ ]ଶ − ோܸ� 

(2.14) 

aŶd siŵplifies, iŶ the Đase of self- eǆĐhaŶge ƌeaĐtioŶs ǁheƌe eitheƌ aĐĐeptoƌ oƌ doŶoƌ has 

zeƌo Đhaƌge, to: 

Δܩ∗ = Ͷߣ − ோܸ� 

(2.15) 

ΔGϬ…staŶdaƌd Giďďs fƌee ƌeaĐtioŶ eŶeƌgǇ 

ʄ…ƌeoƌgaŶizatioŶ eŶeƌgǇ 

VRP…ƌesoŶaŶĐe splittiŶg eŶeƌgǇ 

W…desĐƌiďes the ŶeĐessaƌǇ eleĐtƌostatiĐ ǁoƌk to ďƌiŶg the ƌeaĐtaŶts togetheƌ. 

 

The eleĐtƌostatiĐ ǁoƌk teƌŵ is desĐƌiďed ďǇ the Couloŵď laǁ. 

ܹ = ��݁ଶ ܰͶߝߨߝ௦݀  

(2.16) 

zA,zD...poiŶt Đhaƌge of aĐĐeptoƌ aŶd doŶoƌ 

ɸϬ…peƌŵittiǀitǇ of ǀaĐuuŵ 

ɸs… statiĐ dieleĐtƌiĐ ĐoŶstaŶt  

d…distaŶĐe ďetǁeeŶ aĐĐeptoƌ aŶd doŶoƌ 
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2.3.1 Inverted region 

The eƋuatioŶ ;Ϯ.ϭϰͿ shoǁ the depeŶdeŶĐe of ΔG* oŶ ΔGϬ iŶ a seĐoŶd oƌdeƌ polǇŶoŵial 

fuŶĐtioŶ. The depeŶdeŶĐe is plotted iŶ Figuƌe Ϯ.ϲ aŶd shoǁs that the ƌelatioŶ of –ΔGϬ oŶ 

ΔG* ;solid liŶeͿ aŶd of –ΔGϬ oŶ lŶ;ketͿ ;dotted liŶeͿ eŶd up iŶ a paƌaďola. 

 

Figuƌe Ϯ.ϲ: MaƌĐus iŶǀeƌted ƌegioŶ 

The left side of the piĐtuƌe deŵoŶstƌates that ďǇ iŶĐƌeasiŶg the dƌiǀiŶg foƌĐe, the ƌeaĐtioŶ 

goes fasteƌ ;-ΔGϬ<ʄͿ aŶd ƌeaĐhes a ŵaǆiŵuŵ of the ƌate at ;-ΔGϬ=ʄͿ. The ƌight side of the 

piĐtuƌe tells us that ďǇ fuƌtheƌ iŶĐƌeasiŶg the dƌiǀiŶg foƌĐe ;-ΔGϬ>ʄͿ, the ƌeaĐtioŶ gets 

sloǁeƌ. MaƌĐus Đalled this side of the paƌaďola the ͞iŶǀeƌted ƌegioŶ .͟ It ǁas Ŷot easǇ to 

ĐoŶfiƌŵ the iŶǀeƌted ƌegioŶ eǆpeƌiŵeŶtallǇ ďeĐause ďǇ iŶĐƌeasiŶg the dƌiǀiŶg foƌĐe the 

eleĐtƌoŶ tƌaŶsfeƌ gets fasteƌ. IŶ ŵaŶǇ iŶǀestigated ƌedoǆ sǇsteŵs the oďseƌǀed ƌates ǁeƌe 

diffusioŶ ĐoŶtƌolled ďefoƌe the iŶǀeƌted ƌegioŶ Đould ďe ƌeaĐhed. Otheƌ ŵodels foƌ the 

iŶǀeƌted ƌegioŶ aƌe kŶoǁŶ aŶd plotted iŶ the figuƌe aďoǀe. The ƌates iŶ the Rehŵ-Welleƌ- 

Model [ϱϴ] ƌeŵaiŶ ĐoŶstaŶt afteƌ the ŵaǆiŵuŵ aŶd iŶ the BiǆoŶ- JoƌtŶeƌ Model [ϰ], theǇ 

deĐƌease, ďut Ŷot as stƌoŶglǇ as MaƌĐus pƌediĐts. The latteƌ has pƌoǀed foƌ iŶtƌaŵoleĐulaƌ 

eleĐtƌoŶ tƌaŶsfeƌ eǆpeƌiŵeŶts [ϯϱ]. 
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2.3.2 Reorganization energy 

A Ŷeǁ ĐoŵpoŶeŶt iŶ ΔG* is the ƌeoƌgaŶizatioŶ eŶeƌgǇ ʄ ǁhiĐh ĐaŶ ďe split iŶto a 

solǀatioŶal paƌt, the outeƌ ƌeoƌgaŶizatioŶ eŶeƌgǇ ʄo ;depeŶds oŶ the solǀeŶt pƌopeƌtiesͿ 

aŶd a ǀiďƌatioŶal paƌt ʄi, the iŶŶeƌ ƌeoƌgaŶizatioŶ eŶeƌgǇ ;depeŶds oŶ the geoŵetƌǇ of the 

Đoŵpleǆ at the tƌaŶsitioŶ stateͿ. 

ߣ = ߣ +   (2.17)ߣ

MaƌĐus desĐƌiďed the ƌeoƌgaŶizatioŶ eŶeƌgǇ as folloǁs. The ƌeaĐtaŶts aƌe suƌƌouŶded ďǇ 

solǀeŶt ŵoleĐules ĐeƌtaiŶ ĐoŶfiguƌatioŶ. A ƌeoƌgaŶizatioŶ of solǀeŶt ŵoleĐules aŶd 

ƌeaĐtaŶts is ŶeĐessaƌǇ ďefoƌe the eleĐtƌoŶ tƌaŶsfeƌ takes plaĐe. Afteƌ the eleĐtƌoŶ tƌaŶsfeƌ a 

ƌelaǆatioŶ pƌoĐess suĐĐeeds. The ŶeĐessaƌǇ eŶeƌgǇ foƌ the ƌeaƌƌaŶgeŵeŶt is giǀeŶ ďǇ ʄ.  

2.3.2.1 Inner sphere reorganization energy 

The eŶeƌgǇ teƌŵ ǁhiĐh depeŶds oŶ ƌeoƌgaŶizatioŶ of the ƌeaĐtaŶts iŶ foƌŵ of ĐhaŶges iŶ 

ďoŶd leŶgths oƌ aŶgels ĐoŶtƌiďutes to the ƌeoƌgaŶizatioŶ eŶeƌgǇ ʄ iŶ foƌŵ of the iŶŶeƌ 

spheƌe ƌeoƌgaŶizatioŶ eŶeƌgǇ ʄi. MaƌĐus defiŶed the iŶŶeƌ spheƌe ƌeoƌgaŶizatioŶ eŶeƌgǇ as 

folloǁs 

∞ߣ =∑ ݂ ݂݂ + ݂ (Δݍ)ଶ  

(2.18) 

ΔƋj...ĐhaŶge iŶ leŶgth of ďoŶd j 

fj…foƌĐe ĐoŶstaŶt of ďoŶd j iŶ ƌeaĐtaŶts ƌ aŶd pƌoduĐts p 
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AŶotheƌ ĐoŵŵoŶ ŵethod to ĐalĐulate the ʄi is usiŶg the ƋuaŶtuŵ ĐheŵiĐal NelseŶ ŵethod 

[ϱϰ] ǁith the appƌopƌiate eƋuatioŶ ;Ϯ.ϭϵͿ ďeloǁ. KŶoǁledge of the ĐhaŶge iŶ ďoŶd leŶgth 

aŶd foƌĐe ĐoŶstaŶt is Ŷot ŶeĐessaƌǇ ďeĐause the NelseŶ ŵethod is ďased oŶ ƋuaŶtuŵ 

ĐheŵiĐal ĐalĐulatioŶs.  

∞ߣ = ,ܣሺܧ] ሻܦ + ,ܦሺܧ [ሻܣ − ,ܣሺܧ] ሻܣ + ,ܦሺܧ  ሻ] (2.19)ܦ

E;A,DͿaŶd E;D,AͿ…eŶeƌgǇ iŶ the ŵost staďle ĐoŶfiguƌatioŶ of the pƌoduĐts 

E;A,AͿaŶd E;D,DͿ…eŶeƌgǇ iŶ the ŵost staďle ĐoŶfiguƌatioŶ of the ƌeaĐtaŶts 

 

AĐĐoƌdiŶg to HolsteiŶ [Ϯϵ] the teŵpeƌatuƌe depeŶdeŶĐe of ʄi is ĐalĐulated ǀia eƋuatioŶ 

;Ϯ.ϮϬͿ ǁith the ŵeaŶ ǀiďƌatioŶal fƌeƋueŶĐǇ ̅ߥ ;ϱ∙ϭϬϭϯs-ϭ foƌ oƌgaŶiĐ ƌedoǆ ĐouplesͿ , the 

BoltzŵaŶŶ ĐoŶstaŶt kB aŶd the PlaŶĐk ĐoŶstaŶt h 

ሺܶሻߣ = ∞ߣ [Ͷ݇ܶℎ̅ߥ tanh ℎ̅ߥͶ݇ܶ] (2.20) 

 

2.3.2.2 Outer sphere reorganization energy 

This eŶeƌgǇ paƌt desĐƌiďes the ŶeĐessaƌǇ eŶeƌgǇ to ƌeaƌƌaŶge the solǀeŶt ŵoleĐules of 

ĐeƌtaiŶ polaƌities fƌoŵ the aƌƌaŶgeŵeŶt aƌouŶd the pƌeĐuƌsoƌ Đoŵpleǆ to the aƌƌaŶgeŵeŶt 

aƌouŶd the aĐtiǀated Đoŵpleǆ. MaƌĐus eǆpƌessed ʄo oŶ the ďasis of a tǁo spheƌe ŵodel of 

the ƌeaĐtaŶts[ϰϴ]. 
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ߣ = �݁ଶ ܰͶߝߨ ݃ሺݎ, ݀ሻ ∗  ߛ

(2.21) 

ƌA, ƌD…ƌadius of doŶoƌ aŶd aĐĐeptoƌ 

ΔeϬ…Đhaƌge tƌaŶsfeƌƌed fƌoŵ doŶoƌ to aĐĐeptoƌ 

ɸϬ…peƌŵittiǀitǇ of ǀaĐuuŵ 

d…ƌeaĐtioŶ distaŶĐe 

γ…Pekaƌ faĐtoƌ 

 

A Ŷeǁ paƌaŵeteƌ is the Pekaƌ faĐtoƌ ǁhiĐh is defiŶed iŶ eƋuatioŶ ;Ϯ.ϮϮͿ as a fuŶĐtioŶ of the 

dieleĐtƌiĐ pƌopeƌties of the solǀeŶt. 

ߛ = ͳߝ∞ − ͳߝ௦ (2.22) 

ɸ∞…optiĐal dieleĐtƌiĐ ĐoŶstaŶt ;also ƌefeƌƌed to as ɸoptͿ.  

ɸ“…statiĐ dieleĐtƌiĐ ĐoŶstaŶt 

The appƌoǆiŵatioŶ ɸ∞≈ŶD
Ϯ is ofteŶ used foƌ the optiĐal dieleĐtƌiĐ ĐoŶstaŶt.  

The otheƌ Ŷeǁ paƌaŵeteƌ iŶ the eǆpƌessioŶ of the outeƌ spheƌe ƌeoƌgaŶizatioŶ eŶeƌgǇ is 

the teƌŵ g;ƌ,dͿ ǁhiĐh depeŶds oŶ the geoŵetƌǇ of the aĐtiǀated Đoŵpleǆ aŶd is defiŶed as 

folloǁs: 
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݃ሺݎ, ݀ሻ = ͳʹݎ + ͳʹݎ − ͳ݀ 

(2.23) 

EƋuatioŶ ;Ϯ.ϮϯͿ is oŶlǇ ǀalid foƌ d > ƌA , ƌD aŶd siŵplifies to ;Ϯ.ϮϰͿ iŶ the Đase of a self- 

eǆĐhaŶge ƌedoǆ ƌeaĐtioŶ, ďeĐause it is usuallǇ ǀalid to eƋuate the diŵeŶsioŶs of the 

ƌeaĐtioŶ paƌtŶeƌs ;ƌA=ƌDͿ. OfteŶ used is the assuŵptioŶ of the Đlosest ĐoŶtaĐt, so that d = 

ƌA+ƌD aŶd iŶ the Đase of self- eǆĐhaŶge ƌeaĐtioŶs d = Ϯƌ.  

݃ሺݎ, ݀ሻ = ͳݎ − ͳ݀ 

(2.24) 

Foƌ oƌgaŶiĐ ƌeaĐtaŶts ďeĐause of the ŶoŶ- spheƌiĐal geoŵetƌǇ the tǁo spheƌe ŵodel is too 

siŵple. Theƌefoƌe, a tǁo ellipsoid ŵodel [ϭϵ] ŵust ďe used. As shoǁŶ iŶ Figuƌe Ϯ.ϳ the 

ellipsoids haǀe thƌee seŵiaǆes a>ď>Đ aŶd a ŵeaŶ ƌadius ̅ݎ ǁhiĐh is defiŶed as 

ݎ = ݎ̅ ≈ ሺܽଶ − ܿଶሻଵ/ଶܨሺ�, ሻߙ  

(2.25) 

,�ሺܨ � ሻ aƌe elliptiĐal iŶtegƌals of the fiƌst kiŶd ǁithߙ = arcsin [(మ−మ)భమ ] aŶd ߙ =[మ−మమ−మ]ଵ/ଶ. A good appƌoǆiŵatioŶ foƌ the ƌadius is ƌ ≈ ;a+ď+ĐͿ/ϯ. The geoŵetƌiĐ teƌŵ g;ƌ,dͿ 

ďeĐoŵes the eǆpƌessioŶ ;Ϯ.ϮϲͿ as desĐƌiďed ďǇ Khaƌkats [ϯϲ, ϯϳ], ǁheŶ the ellipsoids aƌe 

lǇiŶg upoŶ eaĐh otheƌ oƌ aƌe slightlǇ shifted. 
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݃ሺݎ, ݀ሻ = ͳݎ − ͳ݀ [ͳ + ʹܿଶ − ܽଶ − ܾଶ͵݀ଶ + ܾܽܿ݀ଷ + Ͷሺͺܿସ + ͵ሺܽସ + ܾସሻ − ͺܿଶሺܽଶ + ܾଶሻ + ʹܽଶܾଶሻͳͷ݀ସ ] (2.26) 

 

Figuƌe Ϯ.ϳ: ;aͿ Model of tǁo ĐoŶduĐtiŶg spheƌes, ;ďͿ ŵodel of tǁo ĐoŶduĐtiŶg ellipsoids, R is the sepaƌatioŶ 

distaŶĐe;ƌͿ.©Ref.[ϭϵ] 

 

2.3.3 Marcus Cross Relation 

OŶe of the ŵost tested aspeĐts of the MaƌĐus TheoƌǇ is the Đƌoss ƌelatioŶ. The assuŵptioŶ 

that the ƌeoƌgaŶizatioŶ of the ƌedoǆ paƌtŶeƌs appeaƌs iŶdepeŶdeŶtlǇ leads to the 

appƌoǆiŵatioŶ that ƌate ĐoŶstaŶts of Đƌoss ƌeaĐtioŶs kϭϮ ;Ϯ.ϮϳͿ ĐaŶ ďe eǆpƌessed ǀia self- 

eǆĐhaŶge ƌate ĐoŶstaŶts of the aĐĐeptoƌ A ǁith kϭϭ ;Ϯ.ϮϴͿ aŶd the doŶoƌ D ǁith kϮϮ ;Ϯ.ϮϵͿ.  
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ܣ + ܦ ݇ଵଶ⇌ −ܣ +  +ܦ

(2.27) 

ܣ + −ܣ ݇ଵଵ⇌ −ܣ +  ܣ

(2.28) 

ܦ + +ܦ ݇ଶଶ⇌ +ܦ +  ܦ

(2.29) 

Fƌoŵ eƋuatioŶ ;Ϯ.ϭϰͿ,;Ϯ.ϭϮͿ,;Ϯ.ϭϴͿaŶd ;Ϯ.ϮϭͿ folloǁs the eǆpƌessioŶ foƌ the ƌeoƌgaŶizatioŶ 

eŶeƌgǇ ʄ ;Ϯ.ϯϬͿ aŶd the ƌate ĐoŶstaŶt ;Ϯ.ϯϭͿ of the Đƌoss ƌeaĐtioŶ ǁith the ǁoƌk teƌŵ W 

;see eƋuatioŶ ;Ϯ.ϭϲͿͿ. 

ଵଶߣ = ͳʹ ሺߣଵଵ +  ଵଶሻ (2.30)ߣ

݇ଵଶ = √݇ଵଵ݇ଶଶ�ଵଶ ଵ݂ଶ ∗ ଵܹଶ (2.31) 

 

2.3.4 Resonance splitting energy 

BeĐause of the ƋuaŶtuŵ ŵeĐhaŶiĐal ŶoŶ- ĐƌossiŶg ƌule the ǁaǀe fuŶĐtioŶs ŵust split at the 

iŶteƌseĐtioŶ poiŶt. The eleĐtƌoŶiĐ ĐoupliŶg of the pƌeĐuƌsoƌ aŶd the suĐĐessoƌ Đoŵpleǆ is 

the gap ďetǁeeŶ the dotted liŶes iŶ Figuƌe Ϯ.ϴ aŶd is usuallǇ deŶoted ďǇ VRP.  
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Figuƌe Ϯ.ϴ: EŶeƌgǇ diagƌaŵ of a self-eǆĐhaŶge ET. 

Hoǁ stƌoŶg the ĐoupliŶg is depeŶds oŶ the Ŷatuƌe of the Đoŵpleǆ at the tƌaŶsitioŶ state. 

The pƌoďaďilitǇ of the eleĐtƌoŶ juŵpiŶg fƌoŵ oŶe poteŶtial Đuƌǀe to the otheƌ is depeŶdeŶt 

oŶ the splittiŶg aŶd is fiǆed iŶ the pƌe-eǆpoŶeŶtial faĐtoƌ ) iŶ ;Ϯ.ϭϮͿ. The pƌe- eǆpoŶeŶtial 

faĐtoƌ is a fuŶĐtioŶ of the sepaƌatioŶ distaŶĐe ďetǁeeŶ doŶoƌ aŶd aĐĐeptoƌ. 

ܼሺ݀ሻ =  ሺ݀ሻ (2.32)ߢߥ

νn…ĐollisioŶ fƌeƋueŶĐǇ 

κel(dͿ…tƌaŶsŵissioŶ ĐoeffiĐieŶt oƌ pƌoďaďilitǇ of eleĐtƌoŶ juŵp 

ሺ݀ሻߢ =  ݁−ఉௗߢ
(2.33) 

The ŵagŶitude of the ĐoupliŶg eleŵeŶt deĐides ǁhetheƌ theƌe is eitheƌ a diaďatiĐ oƌ aŶ 

adiaďatiĐ ƌeaĐtioŶ ďehaǀioƌ. Foƌ diaďatiĐ ƌeaĐtioŶs is the ĐoupliŶg ǁeak aŶd VRP is sŵall iŶ 

ĐoŵpaƌisoŶ to the ƌeoƌgaŶizatioŶ eŶeƌgǇ ʄ ;see Figuƌe Ϯ.ϵ aͿ. The top of the eleĐtƌoŶ 

ďaƌƌieƌ is Đusp aŶd the eleĐtƌoŶ tƌaŶsfeƌ appeaƌs Ŷeaƌ the iŶteƌseĐtioŶ ǁith a ĐeƌtaiŶ 
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pƌoďaďilitǇ ;κel << ϭͿ. The eleĐtƌoŶ ŵoǀes too fast thƌough the tƌaŶsitioŶ state to foƌŵ the 

pƌoduĐt side. OŶlǇ a feǁ juŵps aƌe suĐĐessful. 

AdiaďatiĐ ƌeaĐtioŶs haǀe a stƌoŶg ĐoupliŶg aŶd theƌefoƌe a higheƌ VRP ;Figuƌe Ϯ.ϵ ďͿ. The 

eŶeƌgǇ ďaƌƌieƌ deĐƌeases ǁith stƌoŶgeƌ ĐoupliŶgs aŶd leads ĐoŶtiŶuouslǇ fƌoŵ ƌeaĐtaŶts to 

pƌoduĐts ;κel ≈ ϭͿ. The top of the eŶeƌgǇ ďaƌƌieƌ is ďƌoadeŶed aŶd theƌefoƌe the sǇsteŵ has 

tiŵe eŶough to foƌŵ the pƌoduĐt side. EaĐh juŵp is suĐĐessful. 

 

Figuƌe Ϯ.ϵ: aͿ diaďatiĐ ƌeaĐtioŶ, ďͿ adiaďatiĐ ƌeaĐtioŶ. ©[Ϯϳ] 

2.4 Solvent dynamics 

The suƌƌouŶdiŶg solǀeŶt ŵoleĐules ĐaŶ iŶflueŶĐe the ŵotioŶ aloŶg the ƌeaĐtioŶ ĐooƌdiŶate 

aŶd the ďaƌƌieƌ ĐƌossiŶg foƌ the eleĐtƌoŶ. The ƌate iŶ eƋuatioŶ ;Ϯ.ϭϮͿ is giǀeŶ oŶlǇ ďǇ statiĐ 

solǀeŶt pƌopeƌties ;polaƌitǇ, ƌefƌaĐtiǀe iŶdeǆͿ. UŶdeƌ ĐeƌtaiŶ ĐiƌĐuŵstaŶĐes this is Ŷo loŶgeƌ 

eŶough aŶd Ŷeeds a ĐoƌƌeĐtioŶ of the ƌate ĐoŶstaŶt. Kƌaŵeƌ [ϰϭ] ǁas the fiƌst ǁho ƌealized 

a solǀeŶt dǇŶaŵiĐ effeĐt oƌ solǀeŶt fƌiĐtioŶ. The theoƌǇ of solǀeŶt dǇŶaŵiĐs oŶ eleĐtƌoŶ 

tƌaŶsfeƌ ƌeaĐtioŶs appeaƌs ŵuĐh lateƌ ďǇ )usŵaŶ [ϳϰ–ϳϲ].  

Figuƌe ;Ϯ.ϭϬͿ aͿ shoǁs the ďaƌƌieƌ ĐƌossiŶg ǁith ǁeak solǀeŶt dǇŶaŵiĐ effeĐts. Figuƌe ;Ϯ.ϭϬͿ 

ďͿ shoǁs the adiaďatiĐ ƌeaĐtioŶ ǁith solǀeŶt dǇŶaŵiĐ effeĐt, ǁheƌe the sǇsteŵ uŶdeƌgoes 
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seǀeƌal ĐhaŶges iŶ diƌeĐtioŶ ǁithiŶ the tƌaŶsitioŶ state ƌegioŶ ďefoƌe settliŶg doǁŶ oŶ the 

pƌoduĐt side. 

 

Figuƌe Ϯ.ϭϬ: MotioŶs aloŶg the adiaďatiĐ ƌeaĐtioŶ ĐooƌdiŶate aͿ ǁithout solǀeŶt dǇŶaŵiĐ effeĐts ďͿ ǁith 

solǀeŶt dǇŶaŵiĐ effeĐts.©[Ϯϳ] 

 

As ŵeŶtioŶed ďefoƌe, the ďaƌƌieƌ ĐƌossiŶg is ĐoŶtƌolled ďǇ the pƌe- eǆpoŶeŶtial faĐtoƌ ) as a 

fuŶĐtioŶ of the ĐollisioŶ fƌeƋueŶĐǇ ʆŶ aŶd the tƌaŶsŵissioŶ ĐoeffiĐieŶt κel ;Ϯ.ϯϮͿ. Foƌ 

adiaďatiĐ ƌeaĐtioŶs ǁith κel of uŶitǇ, the ďaƌƌieƌ ĐƌossiŶg is oŶlǇ iŶflueŶĐed ďǇ the ĐollisioŶ 

fƌeƋueŶĐǇ ʆŶ. The eǆpƌessioŶ foƌ the total fƌeƋueŶĐǇ ʆŶ fƌoŵ TƌaŶsitioŶ “tate TheoƌǇ is a 

ĐoŵďiŶatioŶ of a ƌeaĐtaŶt paƌt ߥଶߣ aŶd a solǀeŶt paƌt ߥଶߣ. 
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ߥ = ቆߥଶߣ + ߣߣଶߥ ቇଵ/ଶ (2.34) 

The loŶgitudiŶal ƌelaǆatioŶ tiŵe τL ŵust ďe iŶĐluded to take the solǀeŶt dǇŶaŵiĐs iŶto 

aĐĐouŶt. It is Đoŵposed of the dieleĐtƌiĐ paƌaŵeteƌs of the solǀeŶt aŶd the DeďǇe 

ƌelaǆatioŶ tiŵe τD. 

� = ௌߝ∞ߝ � 

(2.35) 

Neǁ ƋuaŶtities iŶ the DeďǇe ƌelaǆatioŶ tiŵe aƌe the ŵolaƌ ǀoluŵe VM aŶd the solǀeŶt 

ǀisĐositǇ η. 

� = ͵ ெܸ�ܴܶ  

(2.36) 

UŶdeƌ assuŵptioŶ that the iŶŶeƌ spheƌe ĐoŶtƌiďutioŶs aƌe Ŷegligiďle sŵall, the ʆŶ ĐaŶ ďe 

eǆpƌessed as folloǁs: 

ߥ = ͳ� (  ଵ/ଶ (2.37)(ܴܶߨͶߣ

AŶd iŶ the Đase of a solǀeŶt ĐoŶtƌolled adiaďatiĐ eleĐtƌoŶ tƌaŶsfeƌ the ƌate ĐoŶstaŶt oďeǇs 

the folloǁiŶg eǆpƌessioŶ. 
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݇௫,ௗ௧ = ͳ� ( ଵ/ଶ(ܴܶߨͳߣ ݁[ −ఒସோ்] (2.38) 

IŶ ĐoŵpaƌisoŶ, the ƌate foƌ diaďatiĐ eleĐtƌoŶ tƌaŶsfeƌ is giǀeŶ ďǇ 

݇௫,ௗ௧ = ଶℏܸߨʹ ܰሺͶߣߨܴܶሻଵ/ଶ ݁(−ఒ�ସோ்)
 

(2.39) 

As suggested ďǇ Weaǀeƌ[ϳϬ, ϳϭ] it is possiďle to eǆtƌaĐt the solǀeŶt dǇŶaŵiĐ depeŶdeŶĐe 

fƌoŵ eǆpeƌiŵeŶtal oďtaiŶed ƌates ǀia douďle logaƌithŵiĐ plots ;Weaǀeƌ plotsͿ. The 

ĐoŶǀeƌsioŶ of the eƋuatioŶ ;Ϯ.ϭϯͿ iŶto aŶ eǆpƌessioŶ foƌ the pƌe eǆpoŶeŶtial faĐtoƌ giǀes 

eƋuatioŶ ;Ϯ.ϰϬͿ. With ĐalĐulated ǀalues of ΔG*ǀia eƋuatioŶ ;Ϯ.ϭϰͿ aŶd the eǆpeƌiŵeŶtal 

oďseƌǀed ƌates ket it is possiďle to ĐalĐulate aŶ eǆpeƌiŵeŶtal ǀalue foƌ ߢߥ. 

ߥߢ = ݇௧� ݁ቆΔீ�∗ோ் ቇ
 

(2.40) 

The folloǁiŶg douďle logaƌithŵiĐ plot ĐaŶ ďe used foƌ the diaďatiĐ Đase aŶd has to pƌoduĐe 

slopes of uŶitǇ. 

lnሺߢߥሻ = ܿ + ln (ߛ−ଵଶ) (2.41) 

Foƌ the adiaďatiĐ Đase the folloǁiŶg plot giǀes a slope of uŶitǇ. 
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lnሺߢߥሻ = ݀ + ln (ߛଵଶ�−ଵ) (2.42) 

Afteƌ deteƌŵiŶiŶg the tǇpe of the eleĐtƌoŶ tƌaŶsfeƌ ;diaďatiĐ oƌ adiaďatiĐͿ the liŶeaƌ 

fuŶĐtioŶs of the Pekaƌ faĐtoƌ ĐaŶ ďe used to ĐalĐulate aŶ eǆpeƌiŵeŶtal ǀalue of g;ƌ,dͿ. 

(ଵ/ଶߛ௧݇)݈݊ :ܿ�ݐܾܽܽ�݀ = ݐݏ݊ܿ − [݁ଶ݃ሺݎ, ݀ሻͳߝߨ݇ܶ]  ߛ

(2.43) 

(ଵ/ଶ−ߛ௧�݇)݈݊ :ܿ�ݐܾܽܽ�݀ܽ = ݐݏ݊ܿ − [݁ଶ݃ሺݎ, ݀ሻͳߝߨ݇ܶ]  ߛ

(2.44) 

The iŶteƌĐepts of ďoth stƌaight liŶes aƌe iŶdepeŶdeŶt fƌoŵ the Pekaƌ faĐtoƌ aŶd shoǁ a 

g;ƌ,dͿ/T depeŶdeŶt slope. EǆpeƌiŵeŶtal ǀalues foƌ g;ƌ,dͿ ĐaŶ theƌefoƌe ďe ĐalĐulated fƌoŵ 

the oďtaiŶed slope. 

݃ሺݎ, ݀ሻ = ݈݁ݏ ∗ ቆ−ͳߝߨ݇ܶ݁ଶ ቇ 

(2.45) 

 

2.5 Pressure dependence of the electron transfer Reaction 

Fƌoŵ the MaƌĐus theoƌǇ desĐƌiďed ďefoƌe it is appaƌeŶt that the ƌate ĐoŶstaŶt has a 

teŵpeƌatuƌe depeŶdeŶĐe uŶdeƌ aŵďieŶt pƌessuƌe. But, theƌe is also a depeŶdeŶĐǇ of the 

ƌate ĐoŶstaŶt oŶ the pƌessuƌe. BǇ ǀaƌiatioŶ of pƌessuƌe the solǀeŶt pƌopeƌties ĐhaŶges like 

ďǇ ǀaƌiatioŶ of teŵpeƌatuƌe. But pƌessuƌe eǆpeƌiŵeŶts haǀe aŶ adǀaŶtage. MaŶǇ of the 
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iŶǀestigated ƌadiĐals aƌe Ŷot staďle at higheƌ teŵpeƌatuƌes ǁhat ƌestƌiĐted the use of suĐh 

eǆpeƌiŵeŶts. “olǀeŶt pƌopeƌties like ǀisĐositǇ ĐhaŶge iŶ the otheƌ diƌeĐtioŶ like at 

iŶĐƌeasiŶg teŵpeƌatuƌes. Theƌefoƌe the iŶǀestigatioŶ oŶ pƌessuƌe depeŶdeŶt ƌate ĐoŶstaŶts 

is a ǀeƌǇ good tool to ŵake ĐoŶĐlusioŶs aďout solǀeŶt effeĐts.  

Detailed geŶeƌal liteƌatuƌe aďout high pƌessuƌe ĐheŵistƌǇ aƌe puďlished ďǇ ǀaŶ Eldik, Le 

Noďle aŶd AsaŶo [Ϯ, ϭϬ, ϭϮ, ϭϯ]. The high pƌessuƌe appliĐatioŶ of the MaƌĐus TheoƌǇ has 

ďeeŶ iŶǀestigated ďǇ “ǁaddle[ϲϱ, ϲϲ]. 

 

2.5.1 Activation volume 

The diffeƌeŶtiatioŶ of the AƌƌheŶius eƋuatioŶ ǁith ƌespeĐt to the pƌessuƌe p giǀes the 

eǆpƌessioŶ foƌ the aĐtiǀatioŶ ǀoluŵe. 

Δ‡ܸ = −ܴܶ (߲݈݊݇௫߲ )் 

(2.46) 

Figuƌe Ϯ.ϭϭ pƌeseŶted the ǀoluŵe ǀeƌsioŶ of aŶ ƌeaĐtioŶ diagƌaŵ ǁith the ǀoluŵes of the 

ƌeaĐtaŶts ;VA+VD
-Ϳ aŶd pƌoduĐts ;VA

-+VDͿ aŶd ǀoluŵe of the tƌaŶsitioŶ state ‡V. The ǀoluŵe 

diffeƌeŶĐe of pƌoduĐts aŶd ƌeaĐtaŶts ΔƌV is iŶ the Đase of self- eǆĐhaŶge ƌeaĐtioŶs zeƌo. This 

is the Đase foƌ all iŶǀestigated ƌeaĐtioŶs iŶ this thesis. 
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Figuƌe Ϯ.ϭϭ: Voluŵe diagƌaŵ of aŶ eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ.©[ϱϲ] 

 

AĐĐoƌdiŶg to “ǁaddle the aĐtiǀatioŶ ǀoluŵe of the tƌaŶsitioŶ state ĐaŶ ďe ǁƌitteŶ as the 

suŵ of diffeƌeŶt ĐoŶtƌiďutiŶg ǀoluŵes.  

∆‡ܸ = ∆‡ ܸ + ∆‡ ܸ + ∆‡ ܸ + ∆‡ ܸு + ∆‡ ௌܸ 
(2.47) 

∆‡ ܸ….iŶŶeƌ spheƌe ƌeoƌgaŶizatioŶal ĐoŶtƌiďutioŶs ;iŶ the ŵost Đases Ϭ.ϲ Đŵϯŵol-ϭ[ϲϯ]Ϳ ∆‡ ܸ….outeƌ spheƌe ƌeoƌgaŶizatioŶal ĐoŶtƌiďutioŶs ∆‡ ܸ….ĐoŶtƌiďutioŶ fƌoŵ CouloŵďiĐ ǁoƌk of the pƌeĐuƌsoƌ Đoŵpleǆ ∆‡ ܸு….ĐoŶtƌiďutioŶs fƌoŵ DeďǇe- HüĐkel tǇpe ioŶ effeĐts ∆‡ ௌܸ…solǀeŶt dǇŶaŵiĐ ĐoŶtƌiďutioŶs 

 

CoŶtƌiďutioŶs fƌoŵ CouloŵďiĐ ǁoƌk ĐaŶ ďe ŶegleĐted iŶ the Đase of the iŶǀestigated self- 

eǆĐhaŶge sǇsteŵs ǁith oŶe Đhaƌged aŶd oŶe Ŷeutƌal ƌedoǆ paƌtŶeƌ. Foƌ the saŵe ƌeasoŶ 

;oŶe Ŷeutƌal ƌedoǆ paƌtŶeƌͿ, CoŶtƌiďutioŶs fƌoŵ DeďǇe- HüĐkel effeĐts ĐaŶ also ďe 

ŶegleĐted foƌ self- eǆĐhaŶge ƌeaĐtioŶs iŶ oƌgaŶiĐ solǀeŶts so that eƋuatioŶ ;Ϯ.ϰϳͿ siŵplifies 
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to ;Ϯ.ϰϴͿ. ∆‡ ܸ is Ŷegligiďle ďeĐause its ĐoŶtƌiďutioŶs aƌe aƌouŶd Ϭ.ϲ Đŵϯŵol-ϭ[ϲϯ], ǁiĐh is 

ǁithiŶ ƌegioŶ of eǆpeƌiŵeŶtal eƌƌoƌ. 

∆‡ܸ = ∆‡ ܸ + ∆‡ ௌܸ 
(2.48) 

 

2.5.2 Volume from outer sphere contributions 

DiffeƌeŶtiatioŶ of the eƋuatioŶ ;Ϯ.ϮϭͿ ǁith ƌespeĐt to the pƌessuƌe p giǀes the folloǁiŶg 

eǆpƌessioŶ foƌ the aĐtiǀatioŶ ǀoluŵe of the outeƌ spheƌe ĐoŶtƌiďutioŶ. 

∆‡ ܸ = ͳͶ ߲ߣ߲) ) = ݁ଶ ܰ݃ሺݎ, ݀ሻͳߝߨ  (2.49) (߲ߛ߲)

Heƌe, the geoŵetƌiĐ teƌŵ g;ƌ,dͿ is eǆpeĐted to ďe iŶdepeŶdeŶt of pƌessuƌe, ǁhat is 

ƋuestioŶaďle aŶd shall ďe disĐussed lateƌ iŶ the eǆpeƌiŵeŶtal paƌt. AŶotheƌ iŵpoƌtaŶt 

poiŶt is the ĐoŵpƌessiďilitǇ β of the solǀeŶt. This iŶĐludes the faĐt that the ǀoluŵe of the 

solǀeŶt deĐƌeases as pƌessuƌe iŶĐƌeases aŶd is giǀeŶ as a fuŶĐtioŶ of the solǀeŶt deŶsitǇ ρ. 

ߚ = ͳߩ  (2.50) (߲ߩ߲)

The ĐoŵpƌessiďilitǇ ĐaŶ ďe iŶĐluded iŶ eƋuatioŶ ;Ϯ.ϰϵͿ aŶd giǀes the eǆteŶded ǀeƌsioŶ of ∆‡ ܸ. 
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∆‡ ܸ = ͳͶ ߲ߣ߲) ) = ݁ଶ ܰͳߝߨ [݃ሺݎ, ݀ሻ (߲ߛ߲) − ߛ ߚ͵݀ ] (2.51) 

 

2.5.3 Volume from solvent dynamic effects 

“olǀeŶt dǇŶaŵiĐs aƌe fouŶd iŶ the pƌe- eǆpoŶeŶtial faĐtoƌ. Its pƌessuƌe depeŶdeŶĐe ĐaŶ ďe 

eǆpƌessed ďǇ eƋuatioŶ ;Ϯ.ϱϮͿ foƌ the Đase of a diaďatiĐ eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ. 

∆‡ ௌܸ = ܴܶ [ ߲߲ ቆ݈݊ ଶℏܸߨʹ ܰሺͶߣߨܴܶሻଵ/ଶቇ] = −ܴܶʹ ߲ߛ݈߲݊) ) (2.52) 

IŶ the Đase of aŶ adiaďatiĐ eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ the eǆpƌessioŶ foƌ the solǀeŶt 

dǇŶaŵiĐ paƌt is giǀeŶ ďǇ a τL depeŶdeŶĐe iŶ eƋuatioŶ ;Ϯ.ϱϯͿ. 

∆‡ ௌܸ = ܴܶ [ ߲߲ ቆ݈݊ ͳ� ( [ଵ/ଶቇ(ܴܶߨͶߣ = ܴܶ [ͳʹ ߲ߛ݈߲݊) ) − (߲݈݊�߲ )] (2.53) 
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2.6 Electron Spin Resonance 

EleĐtƌoŶ “piŶ ResoŶaŶĐe ;E“RͿ is a ŵethod to iŶǀestigate paƌaŵagŶetiĐ suďstaŶĐes like 

ƌadiĐals. The ŵajoƌ adǀaŶtage of E“R speĐtƌosĐopǇ is the high seŶsitiǀitǇ foƌ the 

iŶǀestigated suďstaŶĐes. The ŵagŶetiĐ ĐhaƌaĐteƌistiĐ of oŶe ;oƌ ŵoƌeͿ uŶpaiƌed eleĐtƌoŶ 

aŶd the ŵagŶetiĐ iŶteƌaĐtioŶ ďetǁeeŶ the eleĐtƌoŶ aŶd the ŵagŶetiĐ ŶuĐlei giǀes 

iŶfoƌŵatioŶ aďout the ŵoleĐule. This Đhapteƌ is a shoƌt iŶtƌoduĐtioŶ iŶto the ďasiĐs of the 

E“R aŶd ǁas ǁƌitteŶ uŶdeƌ guidaŶĐe of the folloǁiŶg ƌefeƌeŶĐes: [ϱ], [ϯϯ], [ϲϬ],.[ϳϮ] 

 

2.6.1 Electron Spin in a magnetic field 

EleĐtƌoŶs iŶ atoŵs aŶd ŵoleĐules haǀe aŶ oƌďital aŶgulaƌ ŵoŵeŶtuŵ aŶd aŶ iŶtƌiŶsiĐ 

aŶgulaƌ ŵoŵeŶtuŵ, the spiŶ. IŶ oƌgaŶiĐ ŵoleĐules the oƌďital aŶgulaƌ ŵoŵeŶtuŵ is 

Ŷegligiďle aŶd oŶlǇ the spiŶ has to ďe ĐoŶsideƌed. The aŶgulaƌ ŵoŵeŶtuŵ ĐaŶ ďe defiŶed 

ďǇ the leŶgth aŶd the diƌeĐtioŶ of the ǀeĐtoƌ. The ŵagŶetiĐ ŵoŵeŶt ʅ is pƌopoƌtioŶal to 

the eleĐtƌoŶ spiŶ “. This ŵeaŶs that ďoth aƌe ǀeĐtoƌs aŶd paƌallel to eaĐh otheƌ ;see 

eƋuatioŶ ;Ϯ.ϱϰͿ.The ǀalue g is the LaŶde faĐtoƌ oƌ the g faĐtoƌ ;g = Ϯ.ϬϬϮϯϭϵ foƌ the fƌee 

eleĐtƌoŶͿ aŶd ʅB is the Bohƌ MagŶetoŶ ;ϵ,Ϯϳ ϭϬ-Ϯϰ. JT-ϭͿ. 

 

 

Figuƌe Ϯ.ϭϮ: “piŶ “ aŶd ŵagŶetiĐ ŵoŵeŶt ʅ of the eleĐtƌoŶ. 
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⃗⃗⃗ ߤ  =   ܵ ⃗⃗⃗⃗  (2.54)ߤ ݃− 

RadiĐals iŶ solutioŶ ĐaŶ ďe ǀisualized like a statistiĐal aƌƌaŶgeŵeŶt of ŵaŶǇ ŵagŶetiĐ 

ŵoŵeŶts ǁith aŶ EŶeƌgǇ EϬ. BǇ iŶtƌoduĐiŶg the saŵple iŶto a hoŵogeŶeous ŵagŶetiĐ field, 

BϬ ǁill oƌieŶt the ŵagŶetiĐ ŵoŵeŶts paƌallel oƌ aŶtipaƌallel to the ŵagŶetiĐ field BϬ. The 

oƌieŶtatioŶ of the spiŶ to the ŵagŶetiĐ field is desĐƌiďed ďǇ the ŵagŶetiĐ ƋuaŶtuŵ 

Ŷuŵďeƌs ŵ“ = +ϭ/Ϯ ;α stateͿ aŶd ŵ“ = -ϭ/Ϯ ;β stateͿ. At zeƌo ŵagŶetiĐ field BϬ=Ϭ the α aŶd β 

spiŶ state diffeƌ iŶ the oƌieŶtatioŶ ďut haǀe the saŵe eŶeƌgǇ EϬ. The iŶteƌplaǇ of the 

ŵagŶetiĐ field ǁith the ŵagŶetiĐ ŵoŵeŶts ƌesults iŶ the splittiŶg of the EŶeƌgǇ EϬ iŶto tǁo 

eŶeƌgǇ leǀels ǁith the EŶeƌgǇ E = ŵ“gʅBBϬ aŶd is the so Đalled ͞)eeŵaŶ-effeĐt .͟  

 

Figuƌe Ϯ.ϭϯ: EŶeƌgǇ leǀels of aŶ eleĐtƌoŶ plaĐed iŶ a ŵagŶetiĐ field. 

The eŶeƌgǇ diffeƌeŶĐe ďetǁeeŶ the tǁo states is pƌopoƌtioŶal to the ŵagŶetiĐ field aŶd the 

g faĐtoƌ. The loǁ eŶeƌgǇ state ;β stateͿ ĐaŶ aďsoƌď a ƋuaŶtuŵ of eleĐtƌoŵagŶetiĐ ƌadiatioŶ 

eŶeƌgǇ hʆ to ƌeaĐh the higheƌ eŶeƌgǇ state ;α stateͿ. IŶ ĐoŶtƌast to this ĐaŶ the α state 

ƌeaĐh the loǁeƌ β state ďǇ eŵittiŶg the eŶeƌgǇ hʆ. 

ܧ∆ = ఈܧ − ఉܧ = ℎߥ =   (2.55)ܤߤ݃
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EƋuatioŶ ;Ϯ.ϱϱͿ ƌesults ǁith a staŶdaƌd ƌadiatioŶ fƌeƋueŶĐǇ of ʆ=ϵ.ϱ GHz, ǁhiĐh is used iŶ 

ŵaŶǇ E“R speĐtƌoŵeteƌs, aŶd a g faĐtoƌ of Ϯ.ϬϬϮϯ, iŶ ŵagŶetiĐ field iŶteŶsitǇ of Ϭ.ϯϱ T. This 

is ǁithiŶ the ŵiĐƌoǁaǀe X-ďaŶd ƌegioŶ ;ϴ-ϭϮ GHzͿ aŶd speĐtƌoŵeteƌs that opeƌate iŶ this 

fƌeƋueŶĐǇ ƌegioŶ aƌe Đalled X-ďaŶd speĐtƌoŵeteƌs.  

The eleĐtƌoŶ spiŶs of aŶ eŶseŵďle haǀe eitheƌ α oƌ β ĐoŶfiguƌatioŶ. IŶ aďseŶĐe of a 

ŵagŶetiĐ field BϬ=Ϭ the distƌiďutioŶ is eƋuiǀaleŶt ďut iŶ pƌeseŶĐe of a ŵagŶetiĐ field BϬ≠Ϭ 

aŶd ǁheŶ the spiŶ eŶseŵďle ĐaŶ iŶteƌaĐt ǁith the eŶǀiƌoŶŵeŶt ;the lattiĐeͿ, the 

distƌiďutioŶ ĐhaŶges to haǀe aŶ eǆĐess of the loǁeƌ eŶeƌgǇ leǀel ;β stateͿ. The distƌiďutioŶ 

depeŶds oŶ the teŵpeƌatuƌe of the lattiĐe aŶd is giǀeŶ ďǇ the BoltzŵaŶŶ distƌiďutioŶ laǁ: 

ఈܰܰఉ = ݁−ఓ�బ�்  

(2.56) 

The ƋuaŶtities Nα aŶd Nβ aƌe the spiŶ populatioŶs iŶ the higheƌ aŶd the loǁeƌ eŶeƌgǇ 

states, kB is the BoltzŵaŶŶ ĐoŶstaŶt aŶd T the teŵpeƌatuƌe.  

IŶ ĐoŶtƌast, ǁheŶ the spiŶ eŶseŵďle ĐaŶŶot iŶteƌaĐt ǁith the lattiĐe ;isolated spiŶͿ, the 

ĐoŶtiŶuouslǇ aĐtiŶg ŵiĐƌoǁaǀe ;CW-E“RͿ ǁould eƋualize the leǀel populatioŶ aŶd the E“R 

speĐtƌa ǁould disappeaƌ afteƌ a shoƌt tiŵe. BeĐause the tƌaŶsitioŶ fƌoŵ β to α state aŶd 

ǀiĐe ǀeƌsa appeaƌs to the saŵe eǆteŶt aŶd the aďsoƌptioŶ aŶd the eŵissioŶ ĐoŵpeŶsate 

eaĐh otheƌ ;Ŷet effeĐt is zeƌoͿ.  

The spiŶ lattiĐe iŶteƌaĐtioŶ ƌestoƌes the theƌŵal eƋuiliďƌiuŵ ǁhiĐh leads to aŶ eǆĐess iŶ the 

loǁ eŶeƌgǇ spiŶ populatioŶ. This ŵeaŶs that the aďsoƌptioŶ is doŵiŶaŶt iŶ ĐoŵpaƌisoŶ to 

the eŵissioŶ aŶd the ƌeĐoƌdiŶg of the aďsoƌptioŶ speĐtƌa is possiďle. Theƌefoƌe it is a 

ĐoŵpetitioŶ ďetǁeeŶ the ŵiĐƌoǁaǀe field aŶd the spiŶ lattiĐe iŶteƌaĐtioŶ. But this iŵplies 

that the E“R sigŶal satuƌates ǁheŶ the ŵiĐƌoǁaǀe field gets too stƌoŶg. 
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Figuƌe Ϯ.ϭϰ: PopulatioŶ of the eŶeƌgǇ leǀels. ;aͿ doŵiŶaŶt populatioŶ iŶ the loǁeƌ eŶeƌgǇ leǀel leads to aŶ 

aďsoƌptioŶ speĐtƌuŵ, ;ďͿ eƋual distƌiďutioŶ of the spiŶs iŶ ďoth eŶeƌgǇ leǀels does Ŷot lead to a ESR- 

speĐtƌa.©[ϱ] 

 

2.6.2 Magnetic Resonance 

The oďseƌǀatioŶ of aŶ aďsoƌptioŶ speĐtƌuŵ is possiďle, if eƋuatioŶ ;Ϯ.ϱϱͿ is fulfilled. To 

peƌfoƌŵ aŶ E“R eǆpeƌiŵeŶt the ƌadiĐal solutioŶ is plaĐed iŶ a ĐaǀitǇ aŶd iƌƌadiated ǁith 

ŵiĐƌo ǁaǀe ƌadiatioŶ of ĐoŶstaŶt fƌeƋueŶĐǇ ʆ ǁhile the ŵagŶetiĐ field iŶteŶsitǇ is ǀaƌied. 

The aďsoƌptioŶ takes plaĐe ǁheŶ the ŵagŶetiĐ field ƌeaĐhes the iŶteŶsitǇ BϬ ǁheƌe the 

ƌesoŶaŶĐe ĐoŶditioŶ is fulfilled. The liŶe shape of the aďsoƌptioŶ liŶe is deteƌŵiŶed ďǇ 

dǇŶaŵiĐal pƌoĐesses. 

 

2.6.3 Hyperfine structure 

Fƌoŵ the pƌeǀiouslǇ disĐussed aspeĐts ǁe ǁould eǆpeĐt oŶe liŶe iŶ the E“R speĐtƌa Đaused 

ďǇ the tƌaŶsitioŶ of the eleĐtƌoŶ fƌoŵ the β to α eŶeƌgǇ leǀel. But iŶ ŵost of the Đases, the 

E“R speĐtƌa ĐoŶtaiŶ ŵoƌe thaŶ oŶe liŶe. The ƌeasoŶ foƌ this is the iŶteƌaĐtioŶ of the fƌee 

eleĐtƌoŶ ǁith the ŵagŶetiĐ ŵoŵeŶt of the atoŵiĐ ŶuĐleus µN. MagŶetiĐ ŶuĐlei haǀe 

siŵilaƌlǇ to the eleĐtƌoŶ spiŶ ;“Ϳ a ŶuĐleaƌ spiŶ ;IͿ ǁhiĐh is oƌieŶted iŶ aŶ eǆteƌŶal ŵagŶetiĐ 

field paƌallel oƌ aŶtipaƌallel to the field. Tǁo ŵeĐhaŶisŵ of ĐoupliŶg ďetǁeeŶ eleĐtƌoŶ aŶd 

ŶuĐleus aƌe possiďle: the dipole-dipole iŶteƌaĐtioŶ, ǁhiĐh is aŶisotƌopiĐ aŶd ĐaŶ ďe 
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ŶegleĐted foƌ E“R-ŵeasuƌeŵeŶts iŶ solutioŶ aŶd a Feƌŵi ĐoŶtaĐt iŶteƌaĐtioŶ. The latteƌ 

iŶteƌaĐtioŶ is isotƌopiĐ aŶd plaǇs a ŵajoƌ ƌole iŶ iŶteƌpƌetiŶg aŶ E“R speĐtƌuŵ. This eǆaŵple 

is the siŵplest foƌŵ of hǇpeƌ fiŶe splittiŶg ǁith oŶe pƌotoŶ aŶd its ŶuĐleaƌ spiŶ ;I=ϭ/ϮͿ. 

Heƌe, the eleĐtƌoŶ gets the iŶfoƌŵatioŶ aďout the oƌieŶtatioŶ of the ŶuĐleaƌ spiŶ ǁhiĐh 

ƌesults iŶ a splittiŶg of eaĐh )eeŵaŶ eŶeƌgǇ leǀels iŶ tǁo Ŷeǁ eŶeƌgǇ leǀels. The fouƌ Ŷeǁ 

eŶeƌgǇ leǀels alloǁ tǁo tƌaŶsitioŶs ;tǁo liŶes iŶ the E“R- speĐtƌuŵͿ foƌ the eleĐtƌoŶ. The 

aĐtual Ŷuŵďeƌ aŶd iŶteŶsitǇ of E“R liŶes depeŶds oŶ the Ŷuŵďeƌ of eƋuiǀaleŶt ŶuĐlei aŶd 

theiƌ ŶuĐleaƌ spiŶ I. The Ŷuŵďeƌ of liŶes ĐaŶ ďe pƌediĐted ǀia eƋuatioŶ ;Ϯ.ϱϳͿ ǁheƌe ∏I 

iŶdiĐates the pƌoduĐt oǀeƌ all diffeƌeŶt sets of eƋuiǀaleŶt ŶuĐlei ;iͿ. Heƌe, Ŷi is the Ŷuŵďeƌ 

of ŶuĐleus iŶ set i aŶd Ii is the ŶuĐleaƌ spiŶ of ŶuĐleus i. 

ܰ =∏ ሺʹ݊ܫ + ͳሻ  

(2.57) 

 

2.6.4 g- value 

As ŵeŶtioŶed ďefoƌe iŶ Đhapteƌ Ϯ.ϲ.ϭ the eleĐtƌoŶ aŶgulaƌ ŵoŵeŶtuŵ has tǁo 

ĐoŶtƌiďutioŶs, oŶe fƌoŵ the oƌďital ŵotioŶ aŶd oŶe fƌoŵ the eleĐtƌoŶ spiŶ. The oƌďital aŶd 

the spiŶ aŶgulaƌ ŵoŵeŶtuŵ aƌe Đoupled. This spiŶ-oƌďit ĐoupliŶg ƌesults iŶ a deǀiatioŶ of 

the g faĐtoƌ fƌoŵ that of the fƌee eleĐtƌoŶ. BeĐause of the ŶegligiďlǇ sŵall ĐoŶtƌiďutioŶs 

fƌoŵ the oƌďital aŶgulaƌ ŵoŵeŶtuŵ iŶ oƌgaŶiĐ fƌee ƌadiĐals is the deǀiatioŶ fƌoŵ the g 

faĐtoƌ of the fƌee eleĐtƌoŶ ǀeƌǇ sŵall. Neǀeƌtheless, suĐh sŵall deǀiatioŶ ĐaŶ ďe useful foƌ 

ĐhaƌaĐteƌiziŶg the ƌadiĐal speĐies. The spiŶ-oƌďit ĐoupliŶg is aŶisotƌopiĐ ǁhiĐh ŵeaŶs that 

the g ǀalue ďeĐoŵes depeŶdeŶt oŶ the diƌeĐtioŶ of the ŵagŶetiĐ field ǁith ƌespeĐt to the 

ŵoleĐulaƌ aǆis. But iŶ solutioŶ, ďeĐause of the fƌee ŵoleĐulaƌ ŵotioŶ, the aŶisotƌopǇ is 

aǀeƌaged out aŶd ŵeaŶ ǀalue of g = giso is ŵeasuƌed. 
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2.6.5 Magnetization 

AŶ eleĐtƌoŶ spiŶ eŶseŵďle ĐoŶsists of ŵaŶǇ iŶdiǀidual eleĐtƌoŶ spiŶs, iŶteƌaĐtiŶg ďoth ǁith 

the lattiĐe aŶd ǁith eaĐh otheƌ. The spiŶ pƌopeƌties ĐaŶ ďe desĐƌiďed ďǇ the ŵagŶetizatioŶ 

ǀeĐtoƌ M as a suŵ of ŵagŶetiĐ ŵoŵeŶts of eaĐh eleĐtƌoŶ spiŶ. Is suĐh a sǇsteŵ iŶ a 

ŵagŶetiĐ field BϬ aŶd iŶ theƌŵal eƋuiliďƌiuŵ ǁith the lattiĐe, the ŵagŶetizatioŶ is oƌieŶted 

aloŶg the z aǆis ;aloŶg the ŵagŶetiĐ field diƌeĐtioŶͿ. The ŵagŶetizatioŶ ĐoŵpoŶeŶts 

peƌpeŶdiĐulaƌ to z aƌe zeƌo. 

௭ܯ ௭ߤ∑= =  ܯ

௫ܯ ௫ߤ∑= = Ͳ 

௬ܯ ௬ߤ∑= = Ͳ 

(2.58) 

MϬ is the ŵagŶetizatioŶ iŶ the theƌŵal eƋuiliďƌiuŵ aŶd µzi, µǆi aŶd µǇi aƌe the ŵagŶetiĐ 

ŵoŵeŶts of the iŶdiǀidual spiŶs. The ŵagŶetizatioŶ ǀeĐtoƌ ƌotates aƌouŶd the z aǆis aŶd 

the so-Đalled Laƌŵoƌ pƌeĐessioŶ ĐaŶ ďe desĐƌiďed ďǇ the tiŵe eǀolutioŶ of M iŶ a ŵagŶetiĐ 

field B ďǇ 

ݐܯ݀݀ = ܯ ×  ܤߤ݃

(2.59) 
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Figuƌe Ϯ.ϭϱ: ;aͿ ƌotatioŶ of M aƌouŶd z aǆis ďǇ plaĐiŶg iŶ ŵagŶetiĐ field BϬ, ;ďͿ iŶ a ƌefeƌeŶĐe fƌaŵe is the 

ƌotatioŶ of M aďout the z aǆis statioŶaƌǇ, ;ĐͿ a seĐoŶd ŵagŶetiĐ field Bϭ iŶduĐes a ƌotatioŶ of M aƌouŶd the 

ǆ-aǆis. ©Ref.[ϱ] 

The tƌaŶsitioŶ ďetǁeeŶ the tǁo )eeŵaŶ leǀels ĐaŶ appeaƌ ďǇ aŶ eleĐtƌoŵagŶetiĐ field Bϭ 

ǁith fƌeƋueŶĐǇ ʆ. This additioŶal field osĐillates at ŵiĐƌoǁaǀe fƌeƋueŶĐǇ aloŶg the ǆ aǆis. 

This iŶtƌoduĐes aŶ additioŶallǇ ƌotatioŶ of the ŵagŶetizatioŶ ǀeĐtoƌ aƌouŶd the ǆ aǆis. The 

use of a ƌotatiŶg ƌefeƌeŶĐe fƌaŵe siŵplifies the desĐƌiptioŶ of the ŵotioŶ of M. Figuƌe Ϯ.ϭϱ 

;aͿ pƌeseŶts the ƌotatioŶ of M aloŶg BϬ. This ŵotioŶ oďseƌǀed iŶ a ƌotatiŶg fƌaŵe, ǁheƌe ǆ’ 

aŶd Ǉ’ ƌotatiŶg aƌouŶd z at aŶgulaƌ fƌeƋueŶĐǇ ωϬ is pƌeseŶted iŶ Figuƌe Ϯ.ϭϱ ;ďͿ. The 

pƌeĐessioŶ of M aƌouŶd ǆ’ at aŶ aŶgulaƌ fƌeƋueŶĐǇ ωϭ, iŶduĐed ďǇ the seĐoŶd ŵagŶetiĐ 

field Bϭ is pƌeseŶted iŶ Figuƌe Ϯ.ϭϱ ;ĐͿ. Wheƌeas the ŵagŶetiĐ field ωϭ << ωϬ this iŶ tuƌŶ 

ŵeaŶs that Bϭ <<BϬ.The ŵotioŶ of M ĐaŶ ďe desĐƌiďed ďǇ  

ݐܯ݀݀ = ܯ ×  ܤߤ݃

(2.60) 

ܤ̂ = ሺܤ − ߱ℏ/݃ߤሻ� +  ଵ� (2.61)ܤ

Heƌe, ω is the ƌotatioŶ aŶgulaƌ fƌeƋueŶĐǇ of the ŵagŶetizatioŶ ǀeĐtoƌ M iŶ the ƌotatiŶg 

fƌaŵe. k aŶd i aƌe the uŶit ǀeĐtoƌs diƌeĐted aloŶg the z aŶd ǆ’ aǆis. 
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2.6.6 Relaxation 

“piŶ-lattiĐe iŶteƌaĐtioŶs aŶd iŶteƌaĐtioŶs ďetǁeeŶ the spiŶs eaĐh otheƌ aƌe ƌelaǆatioŶ 

pƌoĐesses ǁith aƌe ĐoŶsideƌed iŶ the faŵous BloĐh eƋuatioŶs: 

ݐ௭݀ܯ݀ = ௬߱ଵܯ− − ሺܯ௭ ሻଵܶܯ−  

ݐ௫݀ܯ݀ = ௬ሺ߱ܯ − ߱ሻ − ௫ଶܶܯ  

ݐ௬݀ܯ݀ = ௭߱ଵܯ− ௫ሺ߱ܯ− − ߱ሻ 
(2.62) 

Neǁ ƋuaŶtities heƌe aƌe the ƌelaǆatioŶ tiŵes Tϭ aŶd TϮ. The loŶgitudiŶal ƌelaǆatioŶ tiŵe Tϭ 

ƌelates to the eŶeƌgǇ tƌaŶsfeƌ pƌoĐess ďetǁeeŶ spiŶ aŶd lattiĐe. The tƌaŶsǀeƌse ƌelaǆatioŶ 

tiŵe TϮ ƌelates to the eŶeƌgǇ tƌaŶsfeƌ ďetǁeeŶ the spiŶs. The E“R aďsoƌptioŶ sigŶal is 

pƌopoƌtioŶal to the ŵagŶetizatioŶ MǇ ;ŵagŶetizatioŶ peƌpeŶdiĐulaƌ to BϭͿ ǁhiĐh is 

oďtaiŶed ďǇ solǀiŶg the diffeƌeŶtial eƋuatioŶs ;Ϯ.ϲϮͿ uŶdeƌ steadǇ-state ĐoŶditioŶs. If the 

ŵiĐƌo ǁaǀe field is ĐoŶtiŶuous aŶd sŵall ;Bϭ<<BϬͿ ǁhiĐh is usuallǇ the Đase, the folloǁiŶg 

eǆpƌessioŶ is ǀalid: 

௬ܯ = (ܤܯ) ଵܤ ଶܶ[ͳ + ሺ߱ − ߱ሻଶ ଶܶଶ] (2.63) 

The eƋuatioŶ aďoǀe is a fuŶĐtioŶ of ω ;LoƌeŶtziaŶ fuŶĐtioŶͿ aŶd the liŶe ǁidth is iŶǀeƌselǇ 

pƌopoƌtioŶal to the ƌelaǆatioŶ tiŵe TϮ. IŶdeed, the use of the seĐoŶd deƌiǀatiǀe of the 

LoƌeŶtziaŶ fuŶĐtioŶ is ĐoŵŵoŶ. IŶ soŵe Đases, foƌ iŶstaŶĐe ǁheŶ soŵe LoƌeŶtziaŶ liŶes aƌe 

supeƌiŵposed, is the liŶe shape ďetteƌ desĐƌiďed ďǇ a Gauss fuŶĐtioŶ. 
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2.6.7 Dynamic line shape effect 

BeĐause of the HeiseŶďeƌg uŶĐeƌtaiŶtǇ pƌiŶĐiple the E“R liŶe ĐaŶŶot ďe iŶfiŶitelǇ Ŷaƌƌoǁ 

ďeĐause the lifetiŵes of the diffeƌeŶt states of oĐĐupatioŶ of the eŶeƌgǇ leǀels aƌe fiŶite. 

The lifetiŵes aƌe giǀeŶ ďǇ diffeƌeŶt ƌelaǆatioŶ pƌoĐesses as ŵeŶtioŶed ďefoƌe. AŶ 

additioŶal ĐheŵiĐal ƌeaĐtioŶ like aŶ eleĐtƌoŶ tƌaŶsfeƌ iŶ the Đase of self- eǆĐhaŶge ƌeaĐtioŶ, 

ƌesults iŶ a ďƌoadeŶiŶg of the E“R liŶes. Via the eǆteŶded BloĐh eƋuatioŶs it is possiďle to 

ĐalĐulate ƌate ĐoŶstaŶts ďǇ oďseƌǀatioŶ the ďƌoadeŶiŶg of the liŶes. IŶ the Đase of a self- 

eǆĐhaŶge ƌeaĐtioŶ the E“R- liŶes of the ƌadiĐal [D-] get ďƌoadeŶed ďǇ addiŶg Ŷeutƌal 

suďstaŶĐe [A] ďǇ staƌtiŶg the eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ. BǇ iŶĐƌeasiŶg the ĐoŶĐeŶtƌatioŶ of 

[A] the ďƌoadeŶiŶg gets ŵoƌe distiŶĐtiǀe ďeĐause of the iŶĐƌeasiŶg pƌoďaďilitǇ of ĐollisioŶs. 

Heƌe ĐaŶ ďe distiŶguished ďetǁeeŶ the tǁo liŵitiŶg Đases, the sloǁ eǆĐhaŶge liŵit ;see 

Figuƌe Ϯ.ϭϲ;ďͿͿ aŶd the fast eǆĐhaŶge liŵit ǁheƌe the liŶes Đollapse to oŶe siŶgle liŶe ;see 

Figuƌe Ϯ.ϭϲ ;dͿͿ. 

 

Figuƌe Ϯ.ϭϲ: ;aͿ Ŷo eǆĐhaŶge ;ďͿ sloǁ eǆĐhaŶge, ;ĐͿ iŶteƌŵediate eǆĐhaŶge aŶd ;dͿ fast eǆĐhaŶge. ©Ref.[ϳϮ] 
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3. EǆpeƌiŵeŶtal 

3.1 Solvents and their properties 

To ŵake ĐoŶĐlusioŶs aďout solǀeŶt effeĐts oŶ the eleĐtƌoŶ tƌaŶsfeƌ aŶ aĐĐuƌate kŶoǁledge 

oŶ the solǀeŶt pƌopeƌties suĐh as ǀisĐositǇ, deŶsitǇ, ƌefƌaĐtiǀe iŶdeǆ aŶd dieleĐtƌiĐ ĐoŶstaŶt 

is iŵpoƌtaŶt. EspeĐiallǇ, it is ŶeĐessaƌǇ to haǀe aŶ idea aďout theiƌ depeŶdeŶĐe oŶ pƌessuƌe 

aŶd  teŵpeƌatuƌe. OfteŶ it is a ĐhalleŶge to fiŶd the suitaďle solǀeŶt pƌopeƌties iŶ the 

liteƌatuƌe aŶd also to tƌust iŶ it. “oŵe teŵpeƌatuƌe depeŶdeŶt ǀisĐosities aŶd deŶsities 

pƌeseŶted heƌe ǁeƌe ŵeasuƌed duƌiŶg the Đouƌse of this ǁoƌk ǁhile otheƌ solǀeŶt 

pƌopeƌties haǀe ďeeŶ eǆtƌaĐted fƌoŵ liteƌatuƌe aŶd otheƌs aƌe siŵple appƌoǆiŵatioŶs. All of 

the used solǀeŶt pƌopeƌties aƌe listed iŶ this Đhapteƌ. 

The oƌdeƌed ILs aƌe deliǀeƌed iŶ a good puƌitǇ gƌade, ďut haǀe ǀeƌǇ sŵall aŵouŶts of  

iŵpuƌities, ǁhiĐh ĐaŶ iŶflueŶĐe theiƌ pƌopeƌties oƌ iŶitialize possiďle ƌeaĐtioŶs ǁith the 

suďstaŶĐes added. The ŵajoƌ iŵpuƌitǇ iŶ the ILs is ǁateƌ ǁhiĐh is deĐƌeasiŶg the ǀisĐositǇ. 

IŶ ĐoŶtƌast, halide iŵpuƌities like Đhloƌide, ďƌoŵide aŶd iodide iŶĐƌease the ǀisĐositǇ of the 

ILs. Fuƌtheƌ iŵpuƌities of the eduĐts ;ŵethǇliŵidazoliuŵͿ ŵaǇ iŶflueŶĐe the iŶǀestigated 

suďstaŶĐes. MethǇliŵidazoliuŵ is a stƌoŶg ƌeduĐiŶg ageŶt aŶd ǁill, foƌ eǆaŵple, ƌeduĐe the 

Ŷeutƌal TCNE to the ƌadiĐal aŶioŶ TCNE-. This is a distuƌďiŶg effeĐt aŶd thus 

ŵethǇliŵidazoliuŵ had to ďe eliŵiŶated ďefoƌe ŵeasuƌeŵeŶts ǁith the ƌedoǆ Đouple 

[TCNE/TCNE•−] aŶd [DDQ/DDQ•−] Đould ďe staƌted. Theƌefoƌe, to test if theƌe aƌe ƌeduĐiŶg 

iŵpuƌities iŶ the used ILs, a siŵple test ǁas doŶe. DissolǀiŶg of a sŵall aŵouŶt of DDQ iŶ 

the IL ĐleaƌlǇ iŶdiĐates ďǇ a ƌed Đolouƌ the pƌeseŶĐe of ŵethǇliŵidazoliuŵ. The Đolouƌ of 

the ILs ĐhaŶges fuƌtheƌ depeŶdiŶg oŶ the pƌoduĐtioŶ ďatĐh. Afteƌ ĐoŶsultatioŶ ǁith the 

ĐoŵpaŶǇ, ǁe Đould ƌelize that the ĐolouƌiŶg depeŶds oŶ iŵidazoliuŵ diŵeƌs, ǁhiĐh do Ŷot 

affeĐt the pƌopeƌties of the IL aŶd the ƌedoǆ Đouple. The puƌifiĐatioŶ ŵethods to ƌeŵoǀe 

suĐh iŵpuƌities aƌe desĐƌiďed iŶ detail iŶ the Đhapteƌ ϯ.ϭ.Ϯ-ϯ.ϭ.ϱ foƌ eaĐh used IL, 

sepaƌatelǇ. 



EǆpeƌiŵeŶtal 

 

ϰϮ 

 

3.1.1 General Observations 

3.1.1.1 Viscosity 

The self-ŵeasuƌed ǀisĐosities aƌe fƌoŵ teŵpeƌatuƌe depeŶdeŶt ŵeasuƌeŵeŶts ǁith a 

ŵiĐƌo-Uďďelohde ǀisĐosiŵeteƌ. The solutioŶs ǁeƌe kept uŶdeƌ ŶitƌogeŶ duƌiŶg the 

ŵeasuƌeŵeŶt to aǀoid ĐoŶtaĐt ǁith aiƌ aŶd huŵiditǇ. The ƌesults ǁeƌe fitted to a Vogel – 

FulĐheƌ - TaŵŵaŶŶ – eƋuatioŶ.  

�ሺܶሻ = ܣ exp ሺ ܶܤ − ܶሻ (3.1) 

 

3.1.1.2 Density 

DeŶsitǇ ŵeasuƌeŵeŶts haǀe ďeeŶ ĐoŶduĐted usiŶg a hoŵe-ďuilt deŶsitǇ ŵeteƌ ďased oŶ 

aŶ AŶtoŶ Paaƌ ;Gƌaz, AustƌiaͿ L-DeŶs deŶsitǇ tƌaŶsŵitteƌ foƌ liƋuids. The OEM ;OƌigiŶal 

EƋuipŵeŶt MaŶufaĐtuƌedͿ paƌts haǀe ďeeŶ eƋuipped ǁith aŶ eǆteƌŶal theƌŵal ďath ;ϱ-ϵϬ 

°CͿ. AŶ LCD ;LiƋuid CƌǇstal DisplaǇͿ as ǁell as a data tƌaŶsfeƌ ǀia R“ϮϯϮ alloǁs siŶgle poiŶt 

ŵeasuƌeŵeŶts aŶd teŵpeƌatuƌe sĐaŶs. The eǆpeƌiŵeŶtal eƌƌoƌ is ± Ϭ.ϬϬϬϮ g/ŵl ;fƌoŵ 

Ϭ.ϱϬϬϬ to Ϯ.ϬϬϬϬͿ aŶd ± Ϭ.ϭ K ;full ƌaŶgeͿ. The ŵeasuƌed deŶsities aƌe liŶeaƌlǇ depeŶdeŶt 

oŶ the teŵpeƌatuƌe aŶd ǁeƌe theƌefoƌe fitted iŶ this ǁaǇ. ;eƋuatioŶ ;ϯ.ϮͿͿ. 

ሺܶሻߩ = ܽ ∗ ܶሺ�ሻ + ܾ 
(3.2) 
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3.1.1.3 Dielectric parameters 

DieleĐtƌiĐ ƌelaǆatioŶ ĐhaƌaĐteƌizes the ƌeaƌƌaŶgeŵeŶt of a polaƌ solǀeŶt ďǇ iŶseƌtioŶ of a 

ĐhaŶgiŶg eleĐtƌiĐ field. This pƌoĐess appeaƌs iŶ depeŶdeŶĐe oŶ the paƌtiĐulaƌ solǀeŶt 

pƌopeƌties usuallǇ ǁithiŶ a tiŵesĐale of ϭ-ϭϬϬ ps, foƌ oƌgaŶiĐ solǀeŶts.  

The dieleĐtƌiĐ ďehaǀiouƌ of a solǀeŶt ĐaŶ ďe pƌeseŶted iŶ foƌŵ of Cole-Cole plots. A tǇpiĐal 

Cole-Cole plot of a DeďǇe solǀeŶt like aĐetoŶitƌile shoǁ oŶe seŵi-ĐiƌĐle, ŶoŶ-DeďǇe 

solǀeŶts like the ILs shoǁ tǁo oƌ ŵoƌe seŵi-ĐiƌĐles ;see Figuƌe ϯ.ϭͿ due to ŵoƌe thaŶ oŶe 

ƌelaǆatioŶ pƌoĐesses. The aďsĐissa pƌeseŶts the ƌeal paƌt ɸ’ of the ƌelatiǀe peƌŵittiǀitǇ ɸ, the 

oƌdiŶate pƌeseŶts the Ŷegatiǀe iŵagiŶaƌǇ paƌt ɸ’’.   

 

Figuƌe ϯ.ϭ: Cole-Cole plot foƌ a solǀeŶt ǁith tǁo ĐhaƌaĐteƌistiĐ ƌelaǆatioŶ tiŵes. ©[ϱϲ] 

IŶ the figuƌe aďoǀe aƌe eaĐh of the tǁo ƌelaǆatioŶs ĐhaƌaĐteƌized ďǇ a loǁ dieleĐtƌiĐ 

ĐoŶstaŶt ɸis, a high dieleĐtƌiĐ ĐoŶstaŶt ɸi∞ aŶd a ƌelaǆatioŶ tiŵe τDi. Foƌ a solǀeŶt ǁith Ŷ 

ƌelaǆatioŶs is the statiĐ dieleĐtƌiĐ ĐoŶstaŶt ɸs=ɸϭs aŶd ɸ∞=ɸŶ∞.AĐĐoƌdiŶg HǇŶes[ϯϭ] aŶd 

FaǁĐett [ϭϰ, ϭϱ] is the fƌeƋueŶĐǇ depeŶdeŶt dieleĐtƌiĐ ƌespoŶse fuŶĐtioŶ afteƌ LaplaĐe 

tƌaŶsfoƌŵatioŶ giǀeŶ as 
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ሻݏሺܧ̂ =∑ ݂ͳ + �ݏ
=ଵ  

(3.3) 

ǁith the defiŶitioŶ of ݂  
݂ = ߝ − ௦ߝ∞ߝ − ∞ߝ  

(3.4) 

IŶ the siŵplest Đase has the solǀeŶt oŶlǇ oŶe DeďǇe ƌelaǆatioŶ ;Ŷ=ϭͿ ǁith a loŶgitudiŶal 

ƌelaǆatioŶ tiŵe � giǀeŶ as iŶ eƋuatioŶ ;ϯ.ϱͿ ǁith � the DeďǇe ƌelaǆatioŶ tiŵe. 

� = ௦ߝ�∞ߝ  

(3.5) 

Foƌ solǀeŶts ǁith tǁo ƌelaǆatioŶ pƌoĐesses the estiŵatioŶ of � gets ŵoƌe Đoŵpleǆ. The 

loŶgitudiŶal ƌelaǆatioŶ tiŵe iŶ suĐh solǀeŶts ǀaƌies ďetǁeeŶ tǁo liŵitiŶg ǀalues τL,Ϭ aŶd 

τL,∞. 

�, = ௦ߝ∞ߝ ( ଵ݂�,ଵ + ଶ݂�,ଶ) (3.6) 

�,∞ = ௦ߝ∞ߝ ቆ ଵ݂�,ଵ + ଶ݂�,ଶቇ−ଵ (3.7) 

The tƌaŶsitioŶ ďetǁeeŶ the tǁo liŵits is deteƌŵiŶed ďǇ the tiŵe τŵ. 

� = ଵ݂�,ଵ + ଶ݂�,ଶ (3.8) 

If the fiƌst ƌelaǆatioŶ pƌoĐess is doŵiŶaŶt, ǁhiĐh is the Đase foƌ the iŶǀestigated solǀeŶts iŶ 

the pƌeseŶt ǁoƌk, ଵ݂ aŶd �,ଵ aƌe laƌgeƌ thaŶ ଶ݂ aŶd �,ଶ aŶd �, is Đlose to �,ଵ. HeŶĐe, the 

loŶgitudiŶal ƌelaǆatioŶ tiŵe � = �,∞at ǀeƌǇ shoƌt tiŵes aŶd � = �, at ǀeƌǇ loŶg tiŵes. 
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� = � + ሺ�∞ − �ሻ ∗ ݁ቀ−௧�ቁ (3.9) 

Heƌe, the tiŵe t desĐƌiďes the oďseƌǀed tiŵesĐale. To estiŵate the oďseƌǀed tiŵesĐale aŶ 

eǆaŵple foƌ tǁo ILs ǁill ďe disĐussed heƌe. The ƌate ĐoŶstaŶts ket iŶ Taďle ϯ-ϭ aƌe eǆtƌaĐted 

fƌoŵ the ƌesults paƌt iŶ Đhapteƌ ϰ.ϯ aŶd the ƌate ĐoŶstaŶts keǆ aƌe ĐalĐulated ǀia eƋ. ;Ϯ.ϱͿ 

usiŶg the assoĐiatioŶ ĐoŶstaŶt KϬ = Ϭ.ϰϮ M-ϭ[ϮϬ]. The tiŵe t = ϭ/keǆ is aƌƌaŶged iŶ the 

ŶaŶoseĐoŶd ƌegioŶ aŶd theƌefoƌe ƌesults eƋuatioŶ ;ϯ.ϵͿ iŶ � = �, foƌ the ILs listed ďeloǁ. 

Taďle ϯ-ϭ: ƌate ĐoŶstaŶts at Ϯϵϴ K of the self-eǆĐhaŶge ƌedoǆ Đouple [TCNE/TCNE•-] 

IL ket [ϭϬϳM-ϭs-ϭ] keǆ [ϭϬϴs-ϭ] t [Ŷs] 

[hŵiŵ+][TfϮN-] ϵ.ϭϵ Ϯ.ϭϵ ϰ.ϱϳ 

[ďŵiŵ+][BFϰ
-] Ϯ.ϯϲ Ϭ.ϱϲ ϭϳ.ϴ 
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3.1.2 [emim
+
][Tf2N

-
] 

The stƌuĐtuƌe of this ioŶiĐ liƋuid is pƌeseŶted iŶ Figuƌe ϯ.Ϯ. The ioŶiĐ liƋuid ǁas puƌĐhased 

fƌoŵ io.li.teĐ CoŵpaŶǇ ;GeƌŵaŶǇͿ ǁith the CA“-Nƌ. ϭϳϰϴϵϵ-ϴϮ-Ϯ. The ŵost iŵpoƌtaŶt 

speĐifiĐatioŶs of the suďstaŶĐe aƌe the appeaƌaŶĐe ;Đolouƌless to ǇelloǁͿ, the ǁateƌ 

ĐoŶteŶt ;<ϭϬϬ ppŵͿ aŶd the halide ĐoŶteŶt ;<ϭϬϬ ppŵͿ. 

 

Figuƌe ϯ.Ϯ: StƌuĐtuƌe of [eŵiŵ+][TfϮN-] 

 Befoƌe use, the IL ǁas dƌied at ϰϬ-ϱϬ°C iŶ ǀaĐuo ; < ϱ*ϭϬ-ϱ ToƌƌͿ foƌ Ϯϰ h to ƌeŵoǀe ǁateƌ 

aŶd suďseƋueŶtlǇ stoƌed uŶdeƌ NϮ iŶ a desiĐĐatoƌ oǀeƌ PϰOϭϬ. The IL used foƌ 

ŵeasuƌeŵeŶts ǁith the [TCNE/TCNE•−] ƌedoǆ Đouple ǁas puƌified, pƌioƌ to the high ǀaĐuuŵ 

puŵp, ďǇ ĐoluŵŶ ĐhƌoŵatogƌaphǇ oǀeƌ aluŵiŶiuŵ oǆide ;AlϮOϯ, Fluka, tǇpe ϱϬϰĐ aĐidiĐͿ. 

The Ǉelloǁ IL ǁas, afteƌ the puƌifiĐatioŶ, ŶeaƌlǇ Đolouƌless aŶd did Ŷot shoǁ aŶǇ ƌeduĐiŶg 

ƌeaĐtioŶ ǁith TCNE aŶǇŵoƌe. To ďe suƌe that the puƌifiĐatioŶ did Ŷot alteƌ the pƌopeƌties of 

the IL, ǀisĐositǇ aŶd deŶsitǇ ŵeasuƌeŵeŶts ǁith aŶd ǁithout puƌifiĐatioŶ ǁeƌe doŶe. IŶ 

Figuƌe ϯ.ϯ it appeaƌs that the puƌifiĐatioŶ ŵethod oƌ iŶ faĐt the iŵpuƌities iŶ the IL do Ŷot 

ĐhaŶge the solǀeŶt pƌopeƌties ŶotiĐeaďle. 

3.1.2.1 Viscosity [emim
+
][Tf2N

-
] 

The teŵpeƌatuƌe depeŶdeŶt ǀisĐosities aƌe self- ŵeasuƌed as desĐƌiďed iŶ Đhapteƌ ϯ.ϭ aŶd 

the ƌesults ǁeƌe fitted to a VFT–eƋuatioŶ ;ϯ.ϭͿ ;Vogel-FulĐheƌ-TaŵŵaŶŶͿ. The ƌesultiŶg 

ďest-fit ĐoeffiĐieŶts aƌe listed iŶ Taďle ϯ-Ϯ. 

Taďle ϯ-Ϯ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭͿ / [eŵiŵ+][TfϮN-] 

η[ŵPa s] ;Ϯϵϴ KͿ A [ŵPa s] B  [ϭϬϮ K] TϬ [K] Teŵpeƌatuƌe ƌaŶge  [K] 

ϯϮ.ϴϵ Ϭ.Ϯϯ±Ϭ.Ϭϯ ϲ.ϴ±Ϭ.ϯ ϭϲϭ±ϰ Ϯϵϯ-ϯϮϯ 



EǆpeƌiŵeŶtal 

 

ϰϳ 

 

 

The pƌessuƌe depeŶdeŶt ǀisĐosities aƌe eǆtƌaĐted fƌoŵ liteƌatuƌe [ϭ]. The ǀisĐosities aƌe 

ĐalĐulated ǀia the HǇďƌid Tait-Litoǀitz eƋuatioŶ ;ϯ.ϭϬͿ 

�ሺ, ܶሻ = exp ሺ ܣ ଷሻሺܤܶ ܦ + ܦ + Ͳ,ͳሻா (3.10) 

Taďle ϯ-ϯ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϬͿ / [eŵiŵ+][TfϮN-] 

η [ŵPa s] ;Ϯϵϲ KͿ A [ŵPa s] B [ϭϬϲ Kϯ] D [MPa] E 

ϯϲ.ϳϱ Ϭ.ϴϰ±Ϭ.Ϭϯ ϵϴ±ϰ ϴϴϳ±ϯϱ ϭϬ.ϯ±Ϭ.ϰ 

 

 

 

Figuƌe ϯ.ϯ: Teŵpeƌatuƌe depeŶdeŶĐe of the ǀisĐositǇ of [eŵiŵ+][TfϮN-] puƌified aŶd uŶpuƌified iŶ 

ĐoŵpaƌisoŶ. 

  



EǆpeƌiŵeŶtal 

 

ϰϴ 

 

3.1.2.2 Density of [emim
+
][Tf2N

-
] 

The teŵpeƌatuƌe depeŶdeŶt deŶsities aƌe ĐalĐulated ǀia eƋ. ;ϯ.ϮͿ ǁith ĐoeffiĐieŶts fƌoŵ 

Taďle ϯ-ϰ. 

Taďle ϯ-ϰ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϮͿ / [eŵiŵ+][TfϮN-] 

ρ ;ϮϵϴKͿ [kg dŵ-ϯ] a  [ϭϬ-ϰkg dŵ-ϯ K-ϭ] ď [kg dŵ-ϯ] Teŵpeƌatuƌe ƌaŶge  [K] 

ϭ.ϱϮ -ϵ.ϳ±Ϭ.Ϯ ϭ.ϴϭϬ±Ϭ.ϬϬϳ Ϯϵϯ-ϯϮϯ 

The pƌessuƌe depeŶdeŶt deŶsities aƌe eǆtƌaĐted fƌoŵ liteƌatuƌe [ϯϮ] aŶd ĐalĐulated ǀia a 

Tait-eƋuatioŶ ;ϯ.ϭϭͿ aŶd ;ϯ.ϭϮͿ ǁith the ƌelated ĐoeffiĐieŶts iŶ Taďle ϯ-ϱ 

,ሺߩ ʹͻ�ሻ = ,�ሺʹͻߩ Ͳ,ͳܽܲܯሻͳ − ܥ ∗ ln ሺ ሺܶሻܤ + ሺܶሻܤ + Ͳ,ͳሻ (3.11) 

ሺܶሻܤ = ܤ + ଵܶଵܤ +  ଶܶଶ (3.12)ܤ

Taďle ϯ-ϱ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϭͿ / [eŵiŵ+][TfϮN-] 

Bϭ [MPa K-ϭ] BϮ [ϭϬ-ϯ MPa K-Ϯ] BϬ  [MPa] C  [ϭϬ-Ϯ MPa K-Ϯ] B;TͿ / MPa 

-ϭ.ϱϰϲ ϭ.Ϯϴϰ ϱϳϵ.ϲϮ ϴ.ϴϰϵ±Ϭ.ϬϬϭ ϭϮϰϲ.ϵϵ±Ϭ.Ϭϳ 

3.1.2.3 Refractive index [emim
+
][Tf2N

-
] 

The ƌefƌaĐtiǀe iŶdiĐes aƌe eǆtƌaĐted fƌoŵ liteƌatuƌe [ϲϴ] aŶd fitted liŶeaƌlǇ. To oďtaiŶ the 

ƌefƌaĐtiǀe iŶdeǆ foƌ eaĐh teŵpeƌatuƌe, the ĐoeffiĐieŶts iŶ Taďle ϯ-ϲ ǁeƌe used. 

݊ሺܶሻ = ܽ ∗ ܶሺ�ሻ + ܾ (3.13) 

Taďle ϯ-ϲ : CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϯͿ / [eŵiŵ+][TfϮN-] 

ŶD ;ϮϵϴKͿ a [ϭϬ-ϲ K-ϭ] ď Teŵpeƌatuƌe ƌaŶge [K] 

ϭ.ϰϮϮ -Ϯϱϰ±ϱ ϭ.ϰϵϴ±Ϭ.ϭ Ϯϵϯ-ϯϯϯ 



EǆpeƌiŵeŶtal 

 

ϰϵ 

 

3.1.2.4 Summary of solvent properties for [emim
+
][Tf2N

-
] 

Taďle ϯ-ϳ: SolǀeŶt pƌopeƌties of [eŵiŵ+][TfϮN-] at atŵospheƌiĐ pƌessuƌe aŶd diffeƌeŶt teŵpeƌatuƌes. 

T [K] 
ρ  

[kg ŵ-ϯ] 
ŶD ɸ“ ɸ∞ τL [ps] ŶD

Ϯ η [ŵPa s] 

Ϯϴϴ ϭϱϮϲ ϭ.ϰϮϱ    Ϯ.ϬϯϬ ϰϵ.Ϭϲ 

Ϯϵϴ ϭϱϭϳ ϭ.ϰϮϮ 
ϭϮ.Ϯϱ;aͿ 

ϭϮ.ϯ;ĐͿ 

ϯ.Ϯϯ;aͿ 

ϰ.ϳ;ĐͿ 

ϱϴ.ϵϮ;ďͿ 

ϯϯ.ϯϮ;dͿ 
Ϯ.ϬϮϯ ϯϮ.ϴϵ 

ϯϬϴ ϭϱϬϳ ϭ.ϰϮϬ    Ϯ.Ϭϭϲ Ϯϯ.ϯϴ 

ϯϭϴ ϭϰϵϳ ϭ.ϰϭϳ    Ϯ.ϬϬϵ ϭϳ.ϰϭ 

ϯϮϴ ϭϰϴϴ ϭ.ϰϭϱ    Ϯ.ϬϬϮ ϭϯ.ϯϳ 

ϯϯϴ ϭϰϳϴ ϭ.ϰϭϮ    ϭ.ϵϵϰ ϭϬ.ϳϴ 

ϯϰϴ ϭϰϲϴ ϭ.ϰϭϬ    ϭ.ϵϴϳ ϴ.ϲϳ 

ϯϱϴ ϭϰϱϵ ϭ.ϰϬϳ    ϭ.ϵϴϬ ϳ.ϭϵ 
;aͿ Fƌoŵ Ref. [ϴ] 
;ďͿĐalĐulated ǀia eƋuatioŶ ;ϯ.ϵͿ ǁith data fƌoŵ ƌef. [ϴ] 
;ĐͿFƌoŵ Ref.[ϱϯ] 
;dͿĐalĐulated ǀia eƋuatioŶ ;ϯ.ϵͿ ǁith data fƌoŵ ƌef. [ϱϯ] 

 

Taďle ϯ-ϴ: SolǀeŶt pƌopeƌties of [eŵiŵ+][TfϮN-] at ϮϵϲK aŶd eleǀated pƌessuƌes. 

P  [MPa] ρ [kg ŵ-ϯ] η [ŵPa s] 

Ϭ.ϭ ϭϱϭϵ ϯϲ.ϳϱ 

ϭϬ ϭϱϮϰ ϰϭ.ϭϵ 

ϮϬ ϭϱϯϬ ϰϲ.ϭϲ 

ϯϬ ϭϱϯϱ ϱϭ.ϲϳ 

ϰϬ ϭϱϰϬ ϱϳ.ϳϳ 

ϱϬ ϭϱϰϱ ϲϰ.ϱϭ 

ϲϬ ϭϱϱϬ ϳϭ.ϵϱ 

ϳϬ ϭϱϱϰ ϴϬ.ϭϲ 

ϴϬ ϭϱϱϵ ϴϵ.ϮϬ 

ϵϬ ϭϱϲϯ ϵϵ.ϭϲ 

ϭϬϬ ϭϱϲϴ ϭϭϬ.ϭϬ 



EǆpeƌiŵeŶtal 

 

ϱϬ 

 

3.1.3 [bmim
+
][Tf2N

-
] 

The stƌuĐtuƌe of the ioŶiĐ liƋuid is pƌeseŶted iŶ Figuƌe ϯ.ϰ. The Ǉelloǁ to oƌaŶge ioŶiĐ liƋuid 

;CA“-Nƌ. ϭϳϰϴϵϵ-ϴϯ-ϯͿ ǁas puƌĐhased fƌoŵ io.li.teĐ CoŵpaŶǇ ;GeƌŵaŶǇͿ ǁith a ǁateƌ 

ĐoŶteŶt <ϭϬϬ ppŵ aŶd halides ĐoŶteŶt <ϭϬϬ ppŵ. Befoƌe use, the IL ǁas dƌied at ϰϬ-ϱϬ°C 

iŶ ǀaĐuo ; < ϱ×ϭϬ-ϱ ToƌƌͿ foƌ Ϯϰ h to ƌeŵoǀe ǁateƌ aŶd suďseƋueŶtlǇ stoƌed uŶdeƌ NϮ iŶ a 

desiĐĐatoƌ oǀeƌ PϰOϭϬ. The IL used foƌ ŵeasuƌeŵeŶts ǁith the [TCNE/TCNE•−] ƌedoǆ Đouple 

ǁas puƌified, pƌioƌ to the high ǀaĐuuŵ puŵp as folloǁs. The IL ǁas eǆtƌaĐted ǁith ϯ,ϳ % 

HCl iŶ a sepaƌatiŶg fuŶŶel ϰ tiŵes aŶd suďseƋueŶtlǇ ǁashed ǁith ďidistilled ǁateƌ uŶtil the 

sepaƌated ǁashiŶg ǁateƌ ǁas pH Ŷeutƌal.   

 

Figuƌe ϯ.ϰ StƌuĐtuƌe of [ďŵiŵ+][TfϮN-] 

3.1.3.1 Viscosity of [bmim
+
][Tf2N

-
] 

Best-fit ĐoeffiĐieŶts foƌ the VFT eƋuatioŶ desĐƌiďiŶg the self-ŵeasuƌed teŵpeƌatuƌe 

depeŶdeŶt ǀisĐosities aƌe listed iŶTaďle ϯ-ϵ.  

Taďle ϯ-ϵ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭͿ / [ďŵiŵ+][TfϮN-] 

η [ŵPa s] ;Ϯϵϴ KͿ A [ŵPa s] B [ϭϬϮ K] TϬ [K] Teŵpeƌatuƌe ƌaŶge [K] 

ϱϭ.ϳϯ Ϭ.ϭϴ±Ϭ.ϬϬϮ ϳ.ϰ±Ϭ.ϯ ϭϲϴ±ϯ Ϯϵϯ-ϯϰϯ 

 

The pƌessuƌe depeŶdeŶt ǀisĐosities aƌe eǆtƌaĐted fƌoŵ liteƌatuƌe [Ϯϲ]. The ǀisĐosities aƌe 

ĐalĐulated ǀia a ŵodified VFT- eƋuatioŶ ;ϯ.ϭϰͿ ǁith ĐoeffiĐieŶts fƌoŵ Taďle ϯ-ϭϬ. 



EǆpeƌiŵeŶtal 

 

ϱϭ 

 

�ሺܶ, ሻ = exp ሺܣ + ܤ ∗  + ܥ + ܦ ∗  + ܧ ∗ ଶܶ − ܶ ሻ (3.14) 

Taďle ϯ-ϭϬ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϰͿ/ [ďŵiŵ+][TfϮN-] 

A 
B   

[ϭϬ-ϯMPa-ϭ] 
C [K] 

D   

[K MPa-ϭ] 

E   

[ϭϬ-ϱK MPa-ϭ] 
TϬ [K] 

-ϭ,ϳϳ±Ϭ.Ϭϯ -Ϭ.ϵϲ±Ϭ.Ϭϵ ϳϱϱ±ϭϬ ϭ.ϳϭ±Ϭ.ϬϮ -ϳϱ±Ϯ ϭϲϱ.ϳ±Ϭ.ϵ 

3.1.3.2 Density of [bmim
+
][Tf2N

-
] 

The deŶsities foƌ eaĐh teŵpeƌatuƌe ǁeƌe ĐalĐulated ǀia ;ϯ.ϮͿ ǁith the ƌesulted ďest-fit 

ĐoeffiĐieŶts ;Taďle ϯ-ϭϭͿ fƌoŵ the teŵpeƌatuƌe depeŶdeŶt deŶsitǇ ŵeasuƌeŵeŶts like 

desĐƌiďed iŶ Đhapteƌ ϯ.ϭ.ϭ.Ϯ. 

Taďle ϯ-ϭϭ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϮͿ / [ďŵiŵ+][TfϮN-] 

ρ ;ϮϵϴKͿ  

[kg dŵ-ϯ] 

a  

[ϭϬ-ϰkg dŵ-ϯ K-ϭ] 

ď  

[kg dŵ-ϯ] 

Teŵpeƌatuƌe ƌaŶge 

 [K] 

ϭ.ϰϰ -ϴ.ϳϱ±Ϭ.Ϭϯ ϭ.ϲϵϳ±Ϭ.ϬϬϭ Ϯϵϯ-ϯϰϯ 

 

CalĐulatioŶ of the pƌessuƌe depeŶdeŶt deŶsities at Ϯϵϴ K ǁeƌe doŶe ǀia a polǇŶoŵial 

fuŶĐtioŶ eƋ. ;ϯ.ϭϱͿ ǁith ďest-fit ĐoeffiĐieŶts eǆtƌaĐted fƌoŵ liteƌatuƌe [Ϯϲ].  

ߩ = ܣ + ܤ +  ଶ (3.15)ܥ

Taďle ϯ-ϭϮ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϱͿ / [ďŵiŵ+][TfϮN-] 

A  

[kg dŵ-ϯ] 

B  

[ϭϬ-ϱkg dŵ-ϯďaƌ-ϭ] 

C 

[ϭϬ-ϴkg dŵ-ϯďaƌ-Ϯ] 

ϭ.ϰϯϲϲ ϳ.ϯϯ -ϭ.ϯϲ 



EǆpeƌiŵeŶtal 

 

ϱϮ 

 

3.1.3.3 Refractive index of [bmim
+
][Tf2N

-
] 

The teŵpeƌatuƌe depeŶdeŶt ƌefƌaĐtiǀe iŶdiĐes aƌe ĐalĐulated aĐĐoƌdiŶg to eƋuatioŶ ;ϯ.ϭϯͿ 

ǁith the ďest-fit ĐoeffiĐieŶts eǆtƌaĐted fƌoŵ liteƌatuƌe [ϲϴ]. 

Taďle ϯ-ϭϯ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϯͿ/ [ďŵiŵ+][TfϮN-] 

ŶD ;ϮϵϴKͿ a [ϭϬ-ϲ K-ϭ] ď Teŵpeƌatuƌe ƌaŶge [K] 

ϭ.ϰϮϲ -Ϯϵϲ±ϵ ϭ.ϱϭϰ±Ϭ.ϬϬϯ Ϯϵϯ-ϯϯϯ 

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

-
] 

Taďle ϯ-ϭϰ: SolǀeŶt pƌopeƌties of [ďŵiŵ+][TfϮN-] at atŵospheƌiĐ pƌessuƌe aŶd diffeƌeŶt teŵpeƌatuƌes. 

T [K] 
ρ  

[kg ŵ-ϯ] 
ŶD ɸ“ ɸ∞ τL [ps] ŶD

Ϯ 
η  

[ŵPa s] 

Ϯϴϴ ϭϰϰϱ ϭ.ϰϮϵϵ    Ϯ.Ϭϰϱ ϴϯ.Ϯϲ 

Ϯϵϴ ϭϰϯϳ ϭ.ϰϮϲϵ 
ϭϭ.ϱϮ;aͿ 

ϭϯ.ϳ;ĐͿ 

ϯ.Ϭϯ;aͿ 

ϰ.Ϯϱ;ĐͿ 

ϭϭϮ.ϭ;ďͿ 

ϭϯϮ.Ϯ;dͿ 
Ϯ.Ϭϯϲ ϱϭ.ϳϯ 

ϯϬϴ ϭϰϮϴ ϭ.ϰϮϯϵ    Ϯ.ϬϮϴ ϯϰ.ϱϱ 

ϯϭϴ ϭϰϭϵ ϭ.ϰϮϭϬ    Ϯ.Ϭϭϵ Ϯϰ.ϯϱ 

ϯϮϴ ϭϰϭϬ ϭ.ϰϭϴϬ    Ϯ.Ϭϭϭ ϭϳ.ϵϮ 

ϯϯϴ ϭϰϬϮ ϭ.ϰϭϱϭ    Ϯ.ϬϬϮ ϭϯ.ϲϴ 

ϯϰϴ ϭϯϵϯ ϭ.ϰϭϮϭ    ϭ.ϵϵϰ ϭϬ.ϳϱϯ 

ϯϱϴ ϭϯϴϰ ϭ.ϰϬϵϮ    ϭ.ϵϴϲ ϴ.ϲϴϵ 
;aͿ EǆtƌaĐted fƌoŵ Ref. [ϴ], ;ďͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϵͿ ǁith Data fƌoŵ Ref. [ϴ], ;ĐͿ EǆtƌaĐted fƌoŵ Ref.[ϱϯ]  
;dͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϵͿ ǁith Data fƌoŵ Ref.[ϱϯ]  

Taďle ϯ-ϭϱ: SolǀeŶt pƌopeƌties of [ďŵiŵ+][TfϮN-] at ϮϵϲK aŶd eleǀated pƌessuƌes. 

p [MPa] ρ [kg ŵ-ϯ] η [ŵPa s] p [MPa] ρ [kg ŵ-ϯ] η [ŵPas] 

Ϭ.ϭ ϭϰϯϳ ϱϲ.Ϭϲ ϲϬ ϭϰϳϲ ϭϭϲ.ϭϴ 

ϭϬ ϭϰϰϰ ϲϯ.Ϯϰ ϳϬ ϭϰϴϭ ϭϯϭ.Ϯϭ 

ϮϬ ϭϰϱϭ ϳϭ.ϰϮ ϴϬ ϭϰϴϳ ϭϰϴ.ϭϵ 

ϯϬ ϭϰϱϳ ϴϬ.ϲϲ ϵϬ ϭϰϵϮ ϭϲϳ.ϯϲ 

ϰϬ ϭϰϲϰ ϵϭ.Ϭϵ ϭϬϬ ϭϰϵϲ ϭϴϵ.Ϭϭ 

ϱϬ ϭϰϳϬ ϭϬϮ.ϴϳ    



EǆpeƌiŵeŶtal 

 

ϱϯ 

 

3.1.4 [hmim
+
][Tf2N

-
] 

The stƌuĐtuƌe of the ioŶiĐ liƋuid is pƌeseŶted iŶ Figuƌe ϯ.ϱ. The ioŶiĐ liƋuid ǁas puƌĐhased 

fƌoŵ io.li.teĐ ĐoŵpaŶǇ ;GeƌŵaŶǇͿ ǁith the CA“-Nƌ. ϯϴϮϭϱϬ-ϱϬ-ϳ. The ǁateƌ aŶd halides 

ĐoŶteŶt is sŵalleƌ thaŶ ϭϬϬ ppŵ aŶd the Đolouƌ of the IL ŵaǇ ǀaƌǇ fƌoŵ Đoloƌless to oƌaŶge. 

Befoƌe use, the IL ǁas dƌied at ϰϬ-ϱϬ°C iŶ ǀaĐuo ; < ϱ×ϭϬ-ϱ ToƌƌͿ foƌ Ϯϰ h to ƌeŵoǀe ǁateƌ 

aŶd suďseƋueŶtlǇ stoƌed uŶdeƌ NϮ iŶ a desiĐĐatoƌ oǀeƌ PϰOϭϬ. The IL used foƌ 

ŵeasuƌeŵeŶts ǁith the [TCNE/TCNE•−] ƌedoǆ Đouple ǁas puƌified, pƌioƌ to the high ǀaĐuuŵ 

puŵp as folloǁs. The IL ǁas eǆtƌaĐted ǁith ϯ,ϳ % HCl iŶ a sepaƌatiŶg fuŶŶel ϭϬ tiŵes aŶd 

suďseƋueŶtlǇ ǁashed ǁith ďidistilled ǁateƌ uŶtil the sepaƌated ǁashiŶg ǁateƌ ǁas of 

Ŷeutƌal pH. “uďseƋueŶtlǇ a ĐoluŵŶ ĐhƌoŵatogƌaphǇ oǀeƌ siliĐa gel ϲϬ ;Roth, Ϭ.Ϭϲ-Ϭ.Ϯ ŵŵͿ 

ǁas Ŷeeded to ƌeŵoǀe all of the ƌeduĐiŶg iŵpuƌities. 

 

Figuƌe ϯ.ϱ StƌuĐtuƌe of [hŵiŵ+][TfϮN-] 

 

3.1.4.1 Viscosity of [hmim
+
][Tf2N

-
] 

The self- ŵeasuƌed teŵpeƌatuƌe depeŶdeŶt ǀisĐosities ;Đhapteƌ ϯ.ϭ.ϭ.ϭͿ ǁeƌe fitted to a 

VFT- eƋuatioŶ ;ϯ.ϭͿ ǁith ƌesultiŶg ĐoeffiĐieŶts of ďest fit listed iŶ the folloǁiŶg taďle. 

Taďle ϯ-ϭϲ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭͿ / [hŵiŵ+][TfϮN-] 

η [ŵPa s] ;Ϯϵϴ KͿ A [ŵPa s] B [K] TϬ [K] Teŵpeƌatuƌe ƌaŶge [K] 

ϳϮ.ϭϵ Ϭ.ϭϰ ± Ϭ.ϬϮ ϴϭϴ ± ϯϮ ϭϲϲ ± ϯ Ϯϵϯ - ϯϮϴ 

 



EǆpeƌiŵeŶtal 

 

ϱϰ 

 

3.1.4.2 Density of [hmim
+
][Tf2N

-
] 

Foƌ the ĐalĐulatioŶ of the teŵpeƌatuƌe depeŶdeŶt deŶsities eƋ. ;ϯ.ϮͿ ǁas used ǁith 

appƌopƌiate ĐoeffiĐieŶts fƌoŵ Taďle ϯ-ϭϳ. 

Taďle ϯ-ϭϳ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϮͿ / [hŵiŵ+][TfϮN-] 

ρ ;ϮϵϴKͿ [kg dŵ-ϯ] a ď Teŵpeƌatuƌe ƌaŶge [K] 

ϭ.ϯϳ -Ϭ.ϬϬϬϵϮϯ ϭ.ϲϰϱϮ Ϯϵϯ - ϯϮϳ 

 

3.1.4.3 Refractive index of [hmim
+
][Tf2N

-
] 

The teŵpeƌatuƌe depeŶdeŶt ƌefƌaĐtiǀe iŶdiĐes fƌoŵ Ref. [ϱϮ] ǁeƌe fitted liŶeaƌlǇ aŶd 

ĐalĐulated aĐĐoƌdiŶg eƋuatioŶ ;ϯ.ϭϯͿ ǁith the folloǁiŶg ďest-fit ĐoeffiĐieŶts. 

Taďle ϯ-ϭϴ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϯͿ / [hŵiŵ+][TfϮN-] 

ŶD ;ϮϵϴKͿ a [ϭϬ-ϲ K-ϭ] ď Teŵpeƌatuƌe ƌaŶge [K] 

ϭ.ϰϯϬ -ϭϴϳ±ϱ ϭ.ϰϴϲ±Ϭ.ϬϬϮ ϯϬϯ-ϯϯϯ 

 

3.1.4.4 Dielectric Properties of [hmim
+
][Tf2N

-
] 

The used dieleĐtƌiĐ pƌopeƌties foƌ [hŵiŵ+][TfϮN-] ǁeƌe eǆtƌaĐted fƌoŵ liteƌatuƌe [ϯϰ]. All 

otheƌ ǀalues iŶ Taďle ϯ-ϭϵ ǁeƌe ĐalĐulated as desĐƌiďed iŶ Đhapteƌ ϯ.ϭ.ϭ.ϯ.  

  



EǆpeƌiŵeŶtal 

 

ϱϱ 

 

 

Taďle ϯ-ϭϵ: DieleĐtƌiĐ pƌopeƌties foƌ [hŵiŵ+][TfϮN-] 

T[K] ɸs;aͿ 
τD,ϭ 

;aͿ 
[ps]  

ɸ∞,ϭ;aͿ 
τD,Ϯ 

;aͿ 
[ps]  

ɸ∞;aͿ fϭ;ďͿ fϮ;ďͿ τL,Ϭ 

;ĐͿ[ps] 
τL,∞ 
;dͿ[ps] 

τŵ 

;eͿ[ps] 
τl 

;fͿ[ps] 

Ϯϳϴ ϭϯ.ϴ ϵϮϱ ϯ.Ϯ Ϭ.ϴ Ϯ.ϳϳ Ϭ.ϵϲϭϬ Ϭ.ϬϯϵϬ ϭϳϴ.ϰϰ ϰ.Ϭϯ ϴϴϴ.ϵϳ ϭϳϴ.ϰϰ 

Ϯϴϴ ϭϮ.ϭ Ϯϵϵ ϯ.ϯϴ Ϭ.ϴ Ϯ.ϳϭ Ϭ.ϵϮϴϲ Ϭ.Ϭϳϭϰ ϲϮ.ϮϬ Ϯ.ϰϯ Ϯϳϳ.ϳϮ ϲϮ.ϮϬ 

Ϯϵϴ ϭϮ.ϳ Ϯϯϯ ϯ.ϯ Ϭ.ϴ Ϯ.ϱϴ Ϭ.ϵϮϴϵ Ϭ.Ϭϳϭϭ ϰϯ.ϵϴ Ϯ.ϭϵ Ϯϭϲ.ϰϴ ϰϯ.ϵϴ 

ϯϬϴ ϭϭ.ϲ ϭϮϴ ϯ.ϰϵ Ϭ.ϲϵ Ϯ.ϰ Ϭ.ϴϴϭϱ Ϭ.ϭϭϴϱ Ϯϯ.ϯϲ ϭ.ϭϲ ϭϭϮ.ϵϮ Ϯϯ.ϯϲ 

ϯϭϴ ϭϭ.ϵ ϭϬϳ ϯ.ϱ Ϭ.ϴ Ϯ.ϱϮ Ϭ.ϴϵϱϱ Ϭ.ϭϬϰϱ ϮϬ.ϯϭ ϭ.ϱϮ ϵϱ.ϵϬ ϮϬ.ϯϭ 

ϯϮϴ ϭϭ.ϯ ϳϯ.ϭ ϯ.ϲϮ Ϭ.ϴ Ϯ.ϯϴ Ϭ.ϴϲϭϬ Ϭ.ϭϯϵϬ ϭϯ.Ϯϴ ϭ.ϭϰ ϲϯ.Ϭϱ ϭϯ.Ϯϴ 

ϯϯϴ ϭϭ.Ϯ ϲϰ ϯ.ϲϰ ϭ.Ϯ Ϯ.ϲϲ Ϭ.ϴϴϱϮ Ϭ.ϭϭϰϴ ϭϯ.ϰϵ Ϯ.ϭϳ ϱϲ.ϳϵ ϭϯ.ϰϵ 

;aͿ ǀalues eǆtƌaĐted fƌoŵ Ref.[ϯϰ], ;ďͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϰͿ, ;ĐͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϲͿ, ;dͿ 
ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϳͿ, ;eͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϴͿ, ;fͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϵͿ 

 

To oďtaiŶ the dieleĐtƌiĐ paƌaŵeteƌs foƌ eaĐh teŵpeƌatuƌe the statiĐ peƌŵittiǀitǇ ɸs aŶd the 

iŶfiŶite fƌeƋueŶĐǇ peƌŵittiǀitǇ ɸ∞ ǁeƌe fitted liŶeaƌlǇ ;eƋuatioŶ ;ϯ.ϭϲͿͿ, ǁith ƌesultiŶg the 

paƌaŵeteƌs listed iŶ Taďle ϯ-ϮϬ. 

ሺܶሻߝ = ܽ ∗ ܶሺ�ሻ + ܾ (3.16) 

Taďle ϯ-ϮϬ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϲͿ/ [hŵiŵ+][TfϮN-] 

ɸ ;ϮϵϴKͿ a ď Teŵpeƌatuƌe ƌaŶge [K] 

ϭϮ.ϱ -Ϭ.Ϭϯϲ±Ϭ.ϬϬϵ Ϯϯ±ϯ Ϯϳϴ-ϯϮϴ 

ɸ∞ ;ϮϵϴKͿ    

Ϯ.ϲ -Ϭ.ϬϬϴ±Ϭ.ϬϬϮ ϰ.ϵ±Ϭ.ϱ Ϯϳϴ-ϯϮϴ 

 



EǆpeƌiŵeŶtal 

 

ϱϲ 

 

3.1.4.5 Summary of solvent properties for [hmim
+
][Tf2N

-
] 

Taďle ϯ-Ϯϭ: SolǀeŶt pƌopeƌties of [hŵiŵ+][TfϮN-] at atŵospheƌiĐ pƌessuƌe aŶd diffeƌeŶt teŵpeƌatuƌes. 

T [K] 
ρ 

[kg ŵ-ϯ] 
ŶD ɸ“ ɸ∞ τL [ps] ŶD

Ϯ η [ŵPa s] 

Ϯϴϴ ϭϯϳϵ ϭ.ϰϯϮϮ ϭϮ.ϴϮ Ϯ.ϲϴ ϱϴ.ϲϮ Ϯ.ϬϱϭϮ ϭϮϬ.Ϭϴ 

Ϯϵϴ ϭϯϳϬ ϭ.ϰϯϬϯ ϭϮ.ϰϲ Ϯ.ϲϬ ϰϬ.ϰϬ Ϯ.Ϭϰϱϵ ϳϭ.ϴϱ 

ϯϬϴ ϭϯϲϭ ϭ.ϰϮϴϱ ϭϮ.Ϭϵ Ϯ.ϱϮ Ϯϴ.ϱϯ Ϯ.ϬϰϬϱ ϰϲ.Ϯϯ 

ϯϭϴ ϭϯϱϮ ϭ.ϰϮϲϲ ϭϭ.ϳϯ Ϯ.ϰϱ ϮϬ.ϱϵ Ϯ.ϬϯϱϮ ϯϭ.ϱϯ 

ϯϮϴ ϭϯϰϮ ϭ.ϰϮϰϳ ϭϭ.ϯϲ Ϯ.ϯϳ ϭϱ.ϭϲ Ϯ.ϬϮϵϵ ϮϮ.ϱϱ 

ϯϯϴ ϭϯϯϯ ϭ.ϰϮϮϵ ϭϭ.ϬϬ Ϯ.Ϯϵ ϭϭ.ϯϲ Ϯ.ϬϮϰϱ ϭϲ.ϳϳ 

ϯϰϴ ϭϯϮϰ ϭ.ϰϮϭϬ ϭϬ.ϲϯ Ϯ.Ϯϭ ϴ.ϲϲ Ϯ.ϬϭϵϮ ϭϮ.ϴϵ 

ϯϱϴ ϭϯϭϱ ϭ.ϰϭϵϭ ϭϬ.Ϯϳ Ϯ.ϭϰ ϲ.ϳϬ Ϯ.Ϭϭϯϵ ϭϬ.ϭϴ 

 

  



EǆpeƌiŵeŶtal 

 

ϱϳ 

 

3.1.5 [bmim
+
][BF4

-
] 

The ioŶiĐ liƋuid pƌeseŶted iŶ Figuƌe ϯ.ϲ ǁas puƌĐhased fƌoŵ io.li.teĐ ĐoŵpaŶǇ ;GeƌŵaŶǇͿ 

ǁith the CA“-Nƌ. ϭϳϰϱϬϭ-ϲϱ-ϲ. The IL ǁith a Ǉelloǁ to oƌaŶge appeaƌaŶĐe has ǁith <ϮϱϬ 

ppŵ slightlǇ higheƌ ǁateƌ ĐoŶteŶt thaŶ the pƌeǀious ŵeŶtioŶed ILs. The halide ĐoŶteŶt 

;<ϭϬϬ ppŵͿ hoǁeǀeƌ is iŶ the saŵe ĐoŶditioŶ. Afteƌ the dƌǇiŶg pƌoĐeduƌe ;ϰϬ-ϱϬ°C, < ϱ×ϭϬ-

ϱ Toƌƌ, Ϯϰ hͿ the IL ǁas stoƌed uŶdeƌ NϮ iŶ a desiĐĐatoƌ oǀeƌ PϰOϭϬ. The IL did Ŷot shoǁ aŶǇ 

ƌeduĐiŶg iŵpuƌities aŶd Đould theƌefoƌe ďe used ǁithout aŶǇ additioŶal puƌifiĐatioŶ foƌ 

ŵeasuƌeŵeŶts ǁith TCNE. 

 

Figuƌe ϯ.ϲ StƌuĐtuƌe of [ďŵiŵ+][BFϰ
-] 

 

3.1.5.1 Viscosity of [bmim
+
][BF4

-
] 

The teŵpeƌatuƌe depeŶdeŶt ǀisĐosities aƌe eǆtƌaĐted fƌoŵ liteƌatuƌe [ϳ] aŶd ĐalĐulated 

aĐĐoƌdiŶg to eƋuatioŶ ;ϯ.ϭϳͿ ǁith the fittiŶg paƌaŵeteƌs iŶ Taďle ϯ-ϮϮ. 

�ሺܶሻ = ,ହܶܣ exp ሺ ܶܤ − ܶሻ (3.17) 

Taďle ϯ-ϮϮ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϳͿ/ [ďŵiŵ+][BFϰ
-] 

η [ŵPa s] ;Ϯϵϴ KͿ A [ŵPa s K-Ϭ,ϱ] B [K] TϬ [K] Teŵpeƌatuƌe ƌaŶge [K] 

ϭϬϲ.Ϭ±Ϭ.ϭ Ϭ.ϬϬϲϭ ϴϴϱ ϭϳϬ Ϯϵϯ - ϯϱϯ 

 



EǆpeƌiŵeŶtal 

 

ϱϴ 

 

3.1.5.2 Density of [bmim
+
][BF4

-
] 

The teŵpeƌatuƌe depeŶdeŶt deŶsities foƌ [ďŵiŵ+][BFϰ
-] ǁeƌe ĐalĐulated ǀia a polǇŶoŵial 

fuŶĐtioŶ ;ϯ.ϭϴͿ ǁith ďest-fit ĐoeffiĐieŶts eǆtƌaĐted fƌoŵ liteƌatuƌe [ϲϳ]. 

ߩ = ܣ + ଵܶܣ +  ଶܶଶ (3.18)ܣ

  

Taďle ϯ-Ϯϯ CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϴͿ / [ďŵiŵ+][BFϰ
-] 

ρ ;ϮϵϴKͿ [kg dŵ-ϯ] 
AϬ 

[kg dŵ-ϯ] 

Aϭ 

[ϭϬ-ϰ kg K-ϭdŵ-ϯ] 

AϮ  

[ϭϬ-ϳkg K-Ϯdŵ-ϯ] 

Teŵpeƌatuƌe ƌaŶge  

[K] 

ϭ.ϮϬ ϭ.ϰϰϯϯϯ -ϵ.ϭϬϮϵϰ ϯ.ϮϮϭϴϲ Ϯϵϯ - ϯϱϯ 

 

3.1.5.3 Refractive index of [bmim
+
][BF4

-
] 

The ƌefƌaĐtiǀe iŶdiĐes aƌe as ǁell as the deŶsities eǆtƌaĐted fƌoŵ ƌef [ϲϳ] aŶd ǁeƌe fitted 

liŶeaƌlǇ. The teŵpeƌatuƌe depeŶdeŶt ƌefƌaĐtiǀe iŶdiĐes ǁeƌe ĐalĐulated aĐĐoƌdiŶg eƋuatioŶ 

;ϯ.ϭϯͿ ǁith ĐoeffiĐieŶts listed ďeloǁ. 

Taďle ϯ-Ϯϰ: CoeffiĐieŶts of ďest it foƌ eƋuatioŶ ;ϯ.ϭϯͿ / [ďŵiŵ+][BFϰ
-] 

ŶD ;ϮϵϴKͿ a [ϭϬ-ϲ K-ϭ] ď Teŵpeƌatuƌe ƌaŶge [K] 

ϭ.ϰϮϰ ϮϰϮ±ϯ ϭ.ϰϵϳϬ±Ϭ.ϬϬϬϵ Ϯϵϯ - ϯϱϯ 

 

  



EǆpeƌiŵeŶtal 

 

ϱϵ 

 

 

3.1.5.4 Dielectric Properties of [bmim
+
][BF4

-
] 

The dieleĐtƌiĐ pƌopeƌties of [ďŵiŵ+][BFϰ
-] eǆtƌaĐted fƌoŵ ƌef. [ϯϰ] ǁeƌe used foƌ a liŶeaƌ fit 

as desĐƌiďed iŶ Đhapteƌ ϯ.ϭ.ϰ.ϰ foƌ [hŵiŵ+][TfϮN-]. The teŵpeƌatuƌe depeŶdeŶt statiĐ 

peƌŵittiǀitǇ ɸs aŶd iŶfiŶite fƌeƋueŶĐǇ peƌŵittiǀitǇ ɸ∞ ǁeƌe ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϭϲͿ 

ǁith the ƌesultiŶg paƌaŵeteƌs iŶ Taďle ϯ-Ϯϲ. The ƌelaǆatioŶ paƌaŵeteƌs iŶ Taďle ϯ-Ϯϱ ǁeƌe 

ĐalĐulated as desĐƌiďed iŶ Đhapteƌ ϯ.ϭ.ϭ.ϯ. 

Taďle ϯ-Ϯϱ: DieleĐtƌiĐ pƌopeƌties foƌ [ďŵiŵ+][BFϰ
-] 

T[K] ɸs;aͿ 
τD,ϭ 

;aͿ 
[ps]  

ɸ∞,ϭ;aͿ 
τD,Ϯ 

;aͿ 
[ps]  

ɸ∞;aͿ fϭ;ďͿ fϮ;ďͿ τL,Ϭ 

;ĐͿ[ps] 
τL,∞ 
;dͿ[ps] 

τŵ 

;eͿ[ps] 
τl 

;fͿ[ps] 

Ϯϳϴ ϭϰ.ϰ ϲϳϬ ϰ.ϯ Ϭ.Ϯϲ ϭ.ϭ Ϭ.ϳϱϵϰ Ϭ.ϮϰϬϲ ϯϴ.ϴϳ Ϭ.Ϭϴ ϱϬϴ.ϴϲ ϯϴ.ϴϳ 

Ϯϴϴ ϭϰ.ϭ ϯϱϭ ϰ.ϰϲ Ϭ.ϰ ϭ.ϳϮ Ϭ.ϳϳϴϳ Ϭ.ϮϮϭϯ ϯϯ.ϯϱ Ϭ.ϮϮ Ϯϳϯ.ϰϬ ϯϯ.ϯϱ 

Ϯϵϴ ϭϰ.ϲ Ϯϴϰ ϰ.ϲ Ϭ.ϲϮ Ϯ.ϱϳ Ϭ.ϴϯϭϯ Ϭ.ϭϲϴϳ ϰϭ.ϱϳ Ϭ.ϲϰ Ϯϯϲ.ϭϴ ϰϭ.ϱϳ 

ϯϬϴ ϭϯ.ϴ ϭϰϬ ϰ.ϳϭ Ϭ.ϴ Ϯ.ϵϴ Ϭ.ϴϰϬϭ Ϭ.ϭϱϵϵ Ϯϱ.ϰϯ ϭ.Ϭϱ ϭϭϳ.ϳϰ Ϯϱ.ϰϯ 

ϯϭϴ ϭϯ.ϯ ϵϯ.ϳ ϰ.ϴϳ Ϭ.ϵϰ ϯ.ϭϭ Ϭ.ϴϮϳϯ Ϭ.ϭϳϮϳ ϭϴ.ϭϲ ϭ.Ϯϭ ϳϳ.ϲϴ ϭϴ.ϭϲ 

ϯϮϴ ϭϮ.ϱ ϱϵ.ϰ ϰ.ϵϰ Ϭ.ϵϳ ϯ.ϭϳ Ϭ.ϴϭϬϯ Ϭ.ϭϴϵϳ ϭϮ.Ϯϱ ϭ.Ϯϭ ϰϴ.ϯϮ ϭϮ.Ϯϱ 

ϯϯϴ ϭϮ.ϱ ϱϮ.ϱ ϱ.ϭϲ ϭ.ϰϮ ϯ.ϱϲ Ϭ.ϴϮϭϬ Ϭ.ϭϳϵϬ ϭϮ.ϯϱ Ϯ.Ϭϭ ϰϯ.ϯϲ ϭϮ.ϯϱ 

;aͿ ǀalues eǆtƌaĐted fƌoŵ Ref.[ϯϰ], ;ďͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϰͿ, ;ĐͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϲͿ, ;dͿ 
ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϳͿ, ;eͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϴͿ, ;fͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϵͿ 

 

Taďle ϯ-Ϯϲ: CoeffiĐieŶts of Best Fit foƌ eƋuatioŶ ;ϯ.ϭϲͿ/ [ďŵiŵ+][BFϰ
-] 

ɸs ;ϮϵϴKͿ a ď Teŵpeƌatuƌe ƌaŶge [K] 

ϭϯ.ϵϳ -Ϭ.Ϭϯϲ±Ϭ.ϬϬϳ Ϯϱ±Ϯ Ϯϳϴ-ϯϯϴ 

ɸ∞ ;ϮϵϴKͿ a ď Teŵpeƌatuƌe ƌaŶge [K] 

Ϯ.Ϯϭ Ϭ.Ϭϯϵ±Ϭ.ϬϬϲ -ϵ±Ϯ Ϯϳϴ-ϯϯϴ 

 

  



EǆpeƌiŵeŶtal 

 

ϲϬ 

 

 

3.1.5.5 Summary of solvent properties for [bmim
+
][BF4

-
] 

 

Taďle ϯ-Ϯϳ: SolǀeŶt pƌopeƌties of [ďŵiŵ+][BFϰ
-] at atŵospheƌiĐ pƌessuƌe aŶd diffeƌeŶt teŵpeƌatuƌes. 

T [K] 
ρ 

[kg ŵ-ϯ] 
ŶD ɸ“ ɸ∞ τL [ps] ŶD

Ϯ η [ŵPa s] 

Ϯϴϴ ϭϮϭϳ ϭ.ϰϮϳϯ ϭϰ.ϯϯ ϭ.ϴϮ ϯϲ.ϯϳ Ϯ.ϬϯϳϮ ϭϴϳ.ϭϳ 

Ϯϵϴ ϭϮϭϭ ϭ.ϰϮϰϵ 
ϭϯ.ϵϳ 

ϭϰ.ϭ;aͿ 

Ϯ.Ϯϭ 

ϱ.ϰϱ;aͿ 

Ϯϴ.ϱϰ 

ϮϵϬ;ďͿ Ϯ.ϬϯϬϯ ϭϬϱ.ϵϳ 

ϯϬϴ ϭϮϬϰ ϭ.ϰϮϮϱ ϭϯ.ϲϭ Ϯ.ϲϬ ϮϮ.ϳϱ Ϯ.ϬϮϯϰ ϲϱ.Ϯϴ 

ϯϭϴ ϭϭϵϴ ϭ.ϰϮϬϬ ϭϯ.Ϯϰ Ϯ.ϵϴ ϭϴ.ϯϵ Ϯ.Ϭϭϲϱ ϰϯ.ϬϬ 

ϯϮϴ ϭϭϵϭ ϭ.ϰϭϳϲ ϭϮ.ϴϴ ϯ.ϯϳ ϭϱ.Ϭϳ Ϯ.ϬϬϵϳ Ϯϵ.ϵϭ 

ϯϯϴ ϭϭϴϱ ϭ.ϰϭϱϮ ϭϮ.ϱϭ ϯ.ϳϱ ϭϮ.ϰϵ Ϯ.ϬϬϮϴ Ϯϭ.ϳϲ 

ϯϰϴ ϭϭϳϴ ϭ.ϰϭϮϴ ϭϮ.ϭϱ ϰ.ϭϰ ϭϬ.ϰϲ ϭ.ϵϵϲϬ ϭϲ.ϰϮ 

ϯϱϴ ϭϭϳϭ ϭ.ϰϭϬϰ ϭϭ.ϳϴ ϰ.ϱϯ ϴ.ϴϱ ϭ.ϵϴϵϭ ϭϮ.ϳϴ 
;aͿFƌoŵ Ref.[ϱϯ] 
;ďͿ ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϵͿ ǁith Data fƌoŵ Ref.[ϱϯ]  

 

  



EǆpeƌiŵeŶtal 

 

ϲϭ 

 

3.1.6 Dimethylphthalate 

The solǀeŶt DiŵethǇlphthalate ;DMP, CA“ ϭϯϭ-ϭϭ-ϯͿ ǁas puƌĐhased fƌoŵ Fluka ǁith a 

puƌitǇ gƌade of ϵϴ%. The liƋuid ǁas dƌied oǀeƌ ϰÅ ŵoleĐulaƌ sieǀe aŶd distilled afteƌǁaƌds 

iŶ ǀaĐuo aŶd stoƌed uŶdeƌ ŶitƌogeŶ. 

 

Figuƌe ϯ.ϳ: StƌuĐtuƌe of DMP 

3.1.6.1 Viscosity of DMP 

The teŵpeƌatuƌe depeŶdeŶt ǀisĐosities aƌe self- ŵeasuƌed as desĐƌiďed iŶ Đhapteƌ ϯ.ϭ aŶd 

ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϭͿ ǁith ĐoeffiĐieŶts iŶ Taďle ϯ-Ϯϴ. 

Taďle ϯ-Ϯϴ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭͿ / DMP 

η [ŵPa s] ;Ϯϵϴ KͿ A [ŵPa s] B [K] TϬ [K] Teŵpeƌatuƌe ƌaŶge [K] 

ϭϯ.ϲϰ Ϭ.Ϯϯ±Ϭ.Ϭϭ ϯϰϰ±ϭϬ Ϯϭϯ±ϭ Ϯϴϯ - ϯϱϯ 

 

3.1.6.2 Density of DMP 

The self-ŵeasuƌed teŵpeƌatuƌe depeŶdeŶt deŶsities ;see Đhapteƌ ϯ.ϭ.ϭ.ϮͿ ǁeƌe fitted 

liŶeaƌlǇ. With the ĐoeffiĐieŶts fƌoŵ Taďle ϯ-Ϯϵ ǁas it possiďle to ĐalĐulate deŶsities foƌ eaĐh 

used teŵpeƌatuƌe ǀia eƋuatioŶ ;ϯ.ϮͿ. 

Taďle ϯ-Ϯϵ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϮͿ / DMP 

ρ ;ϮϵϴKͿ [kg dŵ-ϯ] a [ϭϬ-ϰ kg dŵ-ϯ K-ϭ] ď [kg dŵ-ϯ] Teŵpeƌatuƌe ƌaŶge [K] 

ϭ.ϭϴ -ϵ.Ϭ±Ϭ.ϭ ϭ.ϰϱϬ±Ϭ.ϬϬϰ Ϯϴϯ - ϯϱϯ 
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3.1.6.3 Dielectric properties of DMP 

The statiĐ dieleĐtƌiĐ ĐoŶstaŶts ɸs ǁeƌe eǆtƌaĐted fƌoŵ liteƌatuƌe [ϭϳ] aŶd fitted liŶeaƌlǇ 

aĐĐoƌdiŶg to eƋuatioŶ;ϯ.ϭϲͿ. The ƌesultiŶg ĐoeffiĐieŶts aƌe listed ďeloǁ. 

Taďle ϯ-ϯϬ: CoeffiĐieŶts of ďest fit foƌ eƋuatioŶ ;ϯ.ϭϲͿ / DMP 

ɸs ;ϮϵϴKͿ a ď Teŵpeƌatuƌe ƌaŶge [K] 

ϴ.ϯϳ -Ϭ.ϬϭϯϬ±Ϭ.ϬϬϬϲ ϭϮ.Ϯ±Ϭ.Ϯ Ϯϵϴ-ϯϭϴ 

 

3.1.6.4 Summary of solvent properties for DMP 

Taďle ϯ-ϯϭ: SolǀeŶt pƌopeƌties of DMP at atŵospheƌiĐ pƌessuƌe aŶd diffeƌeŶt teŵpeƌatuƌes. 

T [K] 
ρ 

[kg ŵ-ϯ] 
ŶD ɸ“ ŶD

Ϯ η [ŵPa s] 

Ϯϵϴ ϭϭϴϰ ϭ.ϱϭϰϵ;aͿ ϴ.ϯϳ Ϯ.Ϯϵϰϵ ϭϯ.ϲϱ 

ϯϬϴ ϭϭϳϱ  ϴ.Ϯϱ  ϵ.ϬϬ 

ϯϭϴ ϭϭϲϲ  ϴ.ϭϮ  ϲ.ϯϭ 

ϯϮϴ ϭϭϱϳ  ϳ.ϵϵ  ϰ.ϳϯ 

ϯϯϴ ϭϭϰϴ  ϳ.ϴϲ  ϯ.ϳϭ 

ϯϰϴ ϭϭϯϵ  ϳ.ϳϯ  ϯ.ϬϮ 

ϯϱϴ ϭϭϯϬ  ϳ.ϲϬ  Ϯ.ϱϮ 

ϯϲϴ ϭϭϮϭ  ϳ.ϰϳ  Ϯ.ϭϲ 

;aͿ eǆtƌaĐted fƌoŵ Ref. [ϭϳ] 
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3.1.7 Acetonitrile 

The aĐetoŶitƌile ;ANͿ used fƌoŵ “igŵa-AldƌiĐh, ϵϵ.ϴ%, CA“: ϳϱ-Ϭϱ-ϴ ǁas dƌied oǀeƌ ϯÅ 

ŵoleĐulaƌ sieǀe. The solǀeŶt ǁas kept afteƌ a distillatioŶ uŶdeƌ ŶitƌogeŶ iŶ aŶ appƌopƌiate 

“ĐhleŶk flask. 

3.1.7.1 Densities of AN 

The pƌessuƌe aŶd teŵpeƌatuƌe depeŶdeŶt ǀisĐosities aƌe eǆtƌaĐted fƌoŵ liteƌatuƌe [Ϯϰ] aŶd 

ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϭϵͿ 

,ሺܲߩ ܶሻ = Ͳ, (ܲ + ͵ͶͲ͵ − ,ͷ͵ܶͳ + ͵ͶͲ͵ − ,ͷ͵ ),ଵଶହ 

∗ exp ሺ−͵,͵ͲͶ ∗ ͳͲ−ସ[ܶ − ʹͻͺ,ʹͷ] − ͳ,ͷ ∗ ͳͲ−[ܶଶ − ʹͻͺ,ʹͷଶ]ሻ 
(3.19) 

3.1.7.2 Viscosity of AN 

The deŶsities used, ǁeƌe ĐalĐulated ǀia eƋuatioŶ ;ϯ.ϮϬͿ ǁhiĐh ǁas takeŶ fƌoŵ ƌef.[Ϯϰ]. This 

eƋuatioŶ iŶĐludes ďoth the teŵpeƌatuƌe depeŶdeŶĐe aŶd the pƌessuƌe depeŶdeŶĐe. 

�ሺ, ܶሻ = ͳͲሺ−ଵ,ହ+ሺଷ଼் ሻሺͳ + ,ʹ͵ ∗ ͳͲ−ସ[ − ͳ]ሻ (3.20) 

 

3.1.7.3 Refractive index of AN 

The ƌefƌaĐtiǀe iŶdiĐes aƌe appƌoǆiŵated as giǀeŶ iŶ [ϲϱ] ǀia the LoƌeŶz-LoƌeŶz eƋuatioŶ 
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݊ଶ = ߩ + ߩܳʹ − ܳ  (3.21) 

The ĐoƌƌeĐtioŶ faĐtoƌ Q giǀeŶ iŶ eƋuatioŶ ;ϯ.ϮϮͿ is ŶeaƌlǇ iŶdepeŶdeŶt of pƌessuƌe aŶd 

teŵpeƌatuƌe.  

ܳ = ݊ଶ − ͳ݊ଶ + ʹ (3.22) 

The ĐoƌƌeĐtioŶ faĐtoƌ ǁas ĐalĐulated usiŶg liteƌatuƌe ǀalues of the ƌefƌaĐtiǀe iŶdeǆ[ϲϱ]. 

3.1.7.4 Summary of solvent properties for AN 

Taďle ϯ-ϯϮ: SolǀeŶt pƌopeƌties of AN at eleǀated pƌessuƌe aŶd ϮϵϲK 

p [MPa] 
ρ  

[kg ŵ-ϯ] 
ŶD ɸ“

;aͿ ŶD
Ϯ η [ŵPas] 

Ϭ.ϭ ϳϴϬ.ϭ ϭ.ϳϵϰϵ ϯϳ.ϱϬ ϭ.ϯϯϵϳ Ϭ.ϯϲ 

ϭϬ ϳϴϳ.ϵ ϭ.ϳϴϰϴ ϯϳ.ϵϬ ϭ.ϯϯϲϬ Ϭ.ϯϴ 

ϮϬ ϳϵϱ.ϰ ϭ.ϳϳϱϲ ϯϴ.ϯϬ ϭ.ϯϯϮϱ Ϭ.ϰϬ 

ϯϬ ϴϬϮ.ϰ ϭ.ϳϲϳϭ ϯϴ.ϲϱ ϭ.ϯϮϵϯ Ϭ.ϰϮ 

ϰϬ ϴϬϴ.ϵ ϭ.ϳϱϵϯ ϯϵ.ϬϬ ϭ.ϯϮϲϰ Ϭ.ϰϰ 

ϱϬ ϴϭϱ.Ϯ ϭ.ϳϱϮϭ ϯϵ.ϯϬ ϭ.ϯϮϯϳ Ϭ.ϰϳ 

ϲϬ ϴϮϭ.ϭ ϭ.ϳϰϱϯ ϯϵ.ϲϬ ϭ.ϯϮϭϭ Ϭ.ϰϵ 

ϳϬ ϴϮϲ.ϳ ϭ.ϳϯϵϬ  ϭ.ϯϭϴϳ Ϭ.ϱϭ 

ϴϬ ϴϯϮ.ϭ ϭ.ϳϯϯϭ ϰϬ.ϭϱ ϭ.ϯϭϲϱ Ϭ.ϱϯ 

ϵϬ ϴϯϳ.Ϯ ϭ.ϳϮϳϱ  ϭ.ϯϭϰϯ Ϭ.ϱϲ 

ϭϬϬ ϴϰϮ.ϭ ϭ.ϳϮϮϮ ϰϬ.ϲϱ ϭ.ϯϭϮϯ Ϭ.ϱϴ 
;aͿ… ǀalues foƌ Ϯϵϯ K eǆtƌaĐted fƌoŵ liteƌatuƌe Ref. [Ϯϴ] 
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3.1.8 Solvent mixture 

AŶ additioŶal task of this thesis ǁas to test a speĐial solǀeŶt ŵiǆtuƌe Đoŵposed of pƌopǇl 

aĐetate ;PAͿ, AldƌiĐh ϵϵ% CA“:ϭϬϵ-ϲϬ-ϰ, ďutǇƌoŶitƌile ;BNͿ, Alfa Aesaƌ ϵϵ% CA“: ϭϬϵ-ϳϰ-Ϭ 

aŶd diethǇl phthalate ;DEPͿ, MeƌĐk ϵϵ% CA“: ϴϰ-ϲϲ-Ϯ. The used solǀeŶts ǁeƌe ďuďďled ďǇ 

ŶitƌogeŶ oǀeƌ a feǁ ŵiŶutes to ƌeŵoǀe the ƌeŵaiŶiŶg oǆǇgeŶ iŶ the solutioŶ. The degassed 

solutioŶs ǁeƌe kept uŶdeƌ ŶitƌogeŶ iŶ a “ĐhleŶk tuďe. The ĐoŵpositioŶ of the ŵiǆtuƌes aƌe 

eǆtƌaĐted fƌoŵ ƌef.[ϲϵ]. “olǀeŶt ŵiǆtuƌes at thƌee diffeƌeŶt teŵpeƌatuƌes ǁeƌe used aŶd 

theiƌ ĐoŵpositioŶs aƌe listed iŶ the taďles ďeloǁ.  

Taďle ϯ-ϯϯ: Mole fƌaĐtioŶ X of the ĐoŵpoŶeŶts iŶ the used solǀeŶt ŵiǆtuƌes at ϮϵϴK aŶd the assoĐiated 

solǀeŶt pƌopeƌties eǆtƌaĐted fƌoŵ Ref. [ϲϵ]. 

Miǆtuƌe T[K] X [PA] X [BN] X [DEP] ɸs 

η  

[ŵPa s] 
ŶD 

Mϭa Ϯϵϴ Ϭ.ϵϳϬ Ϭ.ϬϬϬ Ϭ.ϬϯϬ ϱ.ϵ Ϭ.ϲϭϯϱ ϭ.ϯϴϴϰ 

Mϭď Ϯϵϴ Ϭ.ϳϴϬ Ϭ.ϭϵϱ Ϭ.ϬϮϱ ϴ.ϲ Ϭ.ϲϬϱϱ ϭ.ϯϴϵϬ 

MϭĐ Ϯϵϴ Ϭ.ϱϵϬ Ϭ.ϯϵϬ Ϭ.ϬϮϱ ϭϭ.ϲ Ϭ.ϲϬϲϮ ϭ.ϯϴϴϯ 

Mϭd Ϯϵϴ Ϭ.ϯϵϬ Ϭ.ϱϴϱ Ϭ.ϬϮϱ ϭϱ.ϭ Ϭ.ϲϭϬϴ ϭ.ϯϴϵϰ 

Mϭe Ϯϵϴ Ϭ.ϮϬϬ Ϭ.ϳϴϬ Ϭ.ϬϮϬ ϭϴ.ϳ Ϭ.ϲϬϲϰ ϭ.ϯϴϴϱ 

Mϭf Ϯϵϴ Ϭ.ϬϬϬ Ϭ.ϵϴϬ Ϭ.ϬϮϬ Ϯϯ.ϰ Ϭ.ϲϬϱϰ ϭ.ϯϴϴϲ 

 

Taďle ϯ-ϯϰ: Mole fƌaĐtioŶ X of the ĐoŵpoŶeŶts iŶ the used solǀeŶt ŵiǆtuƌes at ϮϴϴK aŶd the assoĐiated 

solǀeŶt pƌopeƌties eǆtƌaĐted fƌoŵ Ref. [ϲϵ]. 

Miǆtuƌe T[K] X [PA] X [BN] X [DEP] ɸs 

η  

[ŵPa s] 
ŶD 

Mϭj Ϯϴϴ Ϭ.ϴ Ϭ.Ϯ Ϭ ϴ.ϵ Ϭ.ϲϮϳϳ ϭ.ϯϴϳϭ 

Mϭh Ϯϴϴ Ϭ.ϰ Ϭ.ϲ Ϭ ϭϲ.Ϭ Ϭ.ϲϮϴϳ ϭ.ϯϴϲϴ 

Mϭi Ϯϴϴ Ϭ ϭ.Ϭ Ϭ Ϯϱ.Ϯ Ϭ.ϲϮϵϴ ϭ.ϯϴϳϳ 
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Taďle ϯ-ϯϱ Mole fƌaĐtioŶ X of the ĐoŵpoŶeŶts iŶ the used solǀeŶt ŵiǆtuƌes at ϯϮϴK aŶd the assoĐiated 

solǀeŶt pƌopeƌties eǆtƌaĐted fƌoŵ Ref. [ϲϵ]. 

Miǆtuƌe T[K] X [PA] X [BN] X [DEP] ɸs 

η  

[ŵPa s] 
ŶD 

Mϭϱϱď ϯϮϴ Ϭ.ϲϵ Ϭ.ϭϳϬ Ϭ.ϭϰϬ ϳ.ϱ Ϭ.ϲϬϮϳ ϭ.ϰϬϭϭ 

MϭϱϱĐ ϯϮϴ Ϭ.ϱϮ Ϭ.ϯϰϱ Ϭ.ϭϯϱ ϵ.ϲ Ϭ.ϲϬϱϭ ϭ.ϰϬϬϳ 

Mϭϱϱe ϯϮϴ Ϭ.ϭϳϱ Ϭ.ϳϬϬ Ϭ.ϭϮϱ ϭϰ.ϴ Ϭ.ϲϬϱϭ ϭ.ϰϬϭϲ 
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3.2 Redox couples 

The ƌedoǆ Đouples TTF / TTF•+, TCNE / TCNE•- aŶd DDQ / DDQ•- ǁeƌe iŶǀestigated ǁithiŶ 

this ǁoƌk. The Ŷeutƌal suďstaŶĐes aŶd the appƌopƌiate ƌadiĐals aƌe the aĐĐeptoƌ A aŶd 

doŶoƌ A- ŵoleĐule. 

PƌepaƌatioŶ of the suďstaŶĐes aŶd stƌuĐtuƌe iŶfoƌŵatioŶ foƌ the ŵoleĐules aŶd the 

pƌeĐuƌsoƌ Đoŵpleǆes aƌe desĐƌiďed iŶ detail iŶ the suďseƋueŶt Đhapteƌs. 

 

3.2.1 TTF / TTF
•+

 

TetƌathiafulǀaleŶe ;TTF, CA“: ϯϭϯϲϲ-Ϯϱ-ϯͿ ǁas puƌĐhased fƌoŵ Fluka ǁith a puƌitǇ gƌade of 

ϵϵ%.The suďstaŶĐe ǁas suďliŵated iŶ ǀaĐuo aŶd the oƌaŶge suďstaŶĐe ǁas stoƌed iŶ a 

“ĐhleŶk tuďe uŶdeƌ ŶitƌogeŶ.  

  

Figuƌe ϯ.ϴ: StƌuĐtuƌe of TTF 

The TTF•+ ƌadiĐal ĐatioŶ ǁas sǇŶthesized as a peƌĐhloƌate salt ;TTF•+ClOϰ
-Ϳ as desĐƌiďed ďǇ 

HüŶig [ϯϬ]. The suďliŵated TTF ;Ϭ.Ϯϱϱ gͿ ǁas solǀed iŶ ϭϬϬ ŵl aĐetiĐ aĐid ;ϭϬϬ %Ϳ uŶdeƌ 

stiƌƌiŶg aŶd giǀes aŶ oĐhƌe ďƌoǁŶ solutioŶ. Afteƌǁaƌds a solutioŶ of Ϭ.Ϯϴϯ g Lead;IVͿ 

aĐetate iŶ ϴ.ϱ ŵl aĐetiĐ aĐid ǁas added dƌop ǁise duƌiŶg ĐooliŶg so that the solutioŶ keeps 

at ƌooŵ teŵpeƌatuƌe. The solutioŶ gets daƌk ďƌoǁŶ to ďlaĐk aŶd ǁas stiƌƌed additioŶallǇ ϭϬ 

ŵiŶutes. Afteƌǁaƌds a solutioŶ of Ϭ.ϲϭϱ g sodiuŵ peƌĐhloƌate ;NaClOϰͿ iŶ Ϯϱ ŵl distilled 

ǁateƌ aŶd ϱ ŵl peƌĐhloƌiĐ aĐid ;ϳϬ%, HClOϰͿ ǁas added. The solutioŶ ĐƌǇstallized ďǇ ĐooliŶg 

ǁith aŶ iĐe ďath. The ďƌoǁŶ ĐƌǇstals ǁeƌe filteƌed aŶd ǁashed ǁith ĐaƌďoŶ tetƌaĐhloƌide 

;CClϰͿ aŶd dƌied iŶ a desiĐĐatoƌ oǀeƌ diphosphoƌus peŶtoǆide ;PϰOϭϬͿ. The dƌǇ ĐƌǇstals ǁeƌe 

stoƌed iŶ a “ĐhleŶk tuďe uŶdeƌ ŶitƌogeŶ. 
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The stƌuĐtuƌe of the TTF/TTF•+ pƌeĐuƌsoƌ Đoŵpleǆ is eǆpeĐted to ďe slightlǇ shifted aloŶg 

the loŶg seŵiaǆis as giǀeŶ fƌoŵ ĐƌǇstal stƌuĐtuƌe. 

 

Figuƌe ϯ.ϵ: CƌǇstall stƌuĐtuƌe of the TTF peƌĐhloƌate aloŶg the Đ-aǆis.©[ϳϯ] 

 

The geoŵetƌiĐal data of the TTF/TTF•+.pƌeĐuƌsoƌ Đoŵpleǆ ĐaŶ ďe estiŵated ďǇ the stƌuĐtuƌe 

of a TTF ĐatioŶ diŵeƌ as desĐƌiďed iŶ ƌef.[ϳϯ] oƌ ǀia aŶ ellipsoid ŵodel desĐƌiďed iŶ ƌef.[ϮϬ]. 

The seŵiaǆis iŶ the ellipsoid ŵodel aƌe giǀeŶ as a=Ϭ.ϱϬϬ Ŷŵ, ď=Ϭ.ϮϳϬ Ŷŵ aŶd Đ=Ϭ.ϭϳϬ Ŷŵ.  

Taďle ϯ-ϯϲ: DesĐƌiptioŶ of the tƌaŶsitioŶ state Đoŵpleǆ TTF/TTF+. ǁith the ƌeaĐtioŶ distaŶĐe d, the 

geoŵetƌiĐal teƌŵ g;ƌ,dͿ, the ŵeaŶ elliptiĐal ƌadius ƌ aŶd the ƌesoŶaŶĐe splittiŶg eŶeƌgǇ VRP 

ƌ;aͿ [Ŷŵ] 
d;ĐƌǇst.Ϳ  

[Ŷŵ] 

d;eǆp.Ϳ
;ĐͿ  

[Ŷŵ] 
d;ďͿ

;KhaƌkatsͿ  
[Ŷŵ] 

g;ƌ,dͿ;hͿ
;eǆpͿ 

[ϭϬϴ ŵ-ϭ] 
ʄi,∞ 

[kJ ŵol-ϭ] 

VRP  

[kJ ŵol-ϭ] 

Ϭ.ϯϬϰ[ϮϬ] 
Ϭ.ϯϰϬ[ϳϯ] 

Ϭ.ϯϰϮ;gͿ 

Ϭ.ϯϰ±Ϭ.ϬϮ 
[ϮϬ] Ϭ.ϱϭ[ϮϬ] ϯ.ϯ±Ϭ.ϴ 

[ϮϬ] 
ϯϰ.ϵ [ϮϬ] 

Ϯϳ.Ϯ[ϱϵ] 

ϰ.Ϭ;dͿ[ϮϬ] 

ϴ.ϵ;eͿ[ϮϬ] 

ϭϵ.ϭ;fͿ[ϲϭ] 
;aͿfƌoŵ eƋuatioŶ ;Ϯ.ϮϱͿ, ;ďͿfƌoŵ eƋuatioŶ ;Ϯ.ϮϲͿ, ;ĐͿfƌoŵ eƋuatioŶ ;Ϯ.ϮϰͿ ǁith g;ƌ,dͿ;eǆpͿ, 

;dͿĐalĐulated fƌoŵ ɶL)=ϭ 

;eͿfƌoŵ oǀeƌlap iŶtegƌals, ;fͿeǆpeƌiŵeŶtal ǀalue ;used solǀeŶt CHϮClϮͿ, 

 ;gͿCDFT;ĐoŶstƌaiŶed deŶsitǇ fuŶĐtioŶal theoƌǇͿ ĐalĐulatioŶs Ref.[ϱϵ], ;hͿ eǆpeƌiŵeŶtal ǀalues ;Ϯϵϯ K diffeƌeŶt 
solǀeŶtsͿ  
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3.2.2 DDQ / DDQ
•-

 

The Ǉelloǁ Ϯ,ϯ-DiĐhloƌo-ϱ,ϲ-diĐǇaŶo-ϭ,ϰ-ďeŶzoƋuiŶoŶe ;DDQ, CA“: ϴϰ-ϱϴ-ϮͿ ǁas puƌĐhased 

fƌoŵ Fluka ǁith a puƌitǇ gƌade of ϵϳ%. 

 

Figuƌe ϯ.ϭϬ: StƌuĐtuƌe of DDQ 

The ƌadiĐal DDQ•- ǁas pƌoduĐed iŶ situ iŶ the DDQ solutioŶ at a ĐeƌtaiŶ ĐoŶĐeŶtƌatioŶ ďǇ 

addiŶg eƋuiŵolaƌ tetƌaďutǇlaŵŵoŶiuŵ iodide ;TBAIͿ. The TBAI ƌeduĐes the DDQ to the 

ƌadiĐal aŶioŶ DDQ•- ǁith TBA+ as ĐouŶteƌioŶ ;see eƋ. ;ϯ.ϮϯͿͿ. The ĐhoiĐe to use TBA+ is 

ďeĐause of the ǀoluŵiŶous stƌuĐtuƌe of that ioŶ ǁhiĐh pƌeǀeŶts aŶǇ ioŶ paiƌiŶg effeĐts. 

ܳܦܦ ʹ + −ܫ+ܣܤܶ ʹ → −•ܳܦܦ ʹ + +ܣܤܶ ʹ +  ଶ (3.23)ܫ

 

 

Figuƌe ϯ.ϭϭ:AĐtiǀated Đoŵpleǆ of DDQ/DDQ•-©Ref.[ϲϭ] 
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Taďle ϯ-ϯϳ: DesĐƌiptioŶ of the tƌaŶsitioŶ state Đoŵpleǆ DDQ / DDQ•- ǁith the ƌeaĐtioŶ distaŶĐe d, the 

geoŵetƌiĐal teƌŵ g;ƌ,dͿ, the ŵeaŶ elliptiaĐal ƌadius ƌ aŶd the ƌesoŶaŶĐe splittiŶg eŶeƌgǇ VRP 

ƌ;aͿ [Ŷŵ] 
d;ĐƌǇst.Ϳ  
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d;eǆp.Ϳ
;ĐͿ  
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[Ŷŵ] 
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[kJ ŵol-ϭ] 

VRP 
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ϵ.ϰ[ϱϲ] 
ϰϬ.ϵ [ϰϮ] 

Ϯϭ.ϭ [ϰϮ] 

ϭϯ.ϰ [ϭϴ] 
;aͿfƌoŵ eƋuatioŶ ;Ϯ.ϮϱͿ, ;ďͿfƌoŵ eƋuatioŶ ;Ϯ.ϮϲͿ 
 ;ĐͿfƌoŵ eƋuatioŶ ;Ϯ.ϮϰͿ ǁith g;ƌ,dͿ;eǆpͿ,

 ;dͿeǆpeƌiŵeŶtal ǀalue  
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3.2.3 TCNE / TCNE
•-

 

TetƌaĐǇaŶoethǇleŶe ;TCNE, ϲϳϬ-ϱϰ-ϮͿ ǁas puƌĐhased fƌoŵ Fluka ǁith a puƌitǇ gƌade of ϵϳ%. 

 

Figuƌe ϯ.ϭϮ: StƌuĐtuƌe of TCNE 

The TCNE ƌadiĐal aŶioŶ ǁas pƌoduĐed iŶ situ ǁith [ďŵiŵ+][I-] as ƌeduĐiŶg ageŶt iŶ the 

saŵple oƌ ǁas added iŶ foƌŵ of the TBA salt. The TCNE•-TBA+ ǁas sǇŶthesized like 

desĐƌiďed iŶ [ϭϴ]. Figuƌe ϯ.ϭϯ shoǁs the stƌuĐtuƌe of the [TCNEϮ]Ϯ- diŵeƌ ǁith the 

iŶteƌplaŶaƌ distaŶĐe of Ϯ.ϴϳ Å oďtaiŶed fƌoŵ the ĐƌǇstal stƌuĐtuƌe [ϯϵ]. 

 

Figuƌe ϯ.ϭϯ: DiŵeƌiĐ paiƌ of TCNE•-  iŶ a TCNE•-  ;BuϰNͿ+ ĐƌǇstal stƌuĐtuƌe ǁith aŶ iŶteƌplaŶaƌ distaŶĐe 

d.©[ϯϵ] 

Taďle ϯ-ϯϴ: DesĐƌiptioŶ of the tƌaŶsitioŶ state Đoŵpleǆ TCNE / TCNE•- ǁith the ƌeaĐtioŶ distaŶĐe d, the 

geoŵetƌiĐal teƌŵ g;ƌ,dͿ, the ŵeaŶ elliptiĐal ƌadius ƌ aŶd the ƌesoŶaŶĐe splittiŶg eŶeƌgǇ VRP 
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[Ŷŵ] d;ďͿ
;KhaƌkatsͿ 

[Ŷŵ] 
g;ƌ,dͿ;eǆpͿ 

[ϭϬϴ ŵ-ϭ] 

KϬ  

[dŵϯ  

ŵol-ϭ] 

ʄi,∞  

[kJ ŵol-ϭ] 
VRP  

[kJ ŵol-ϭ] 

Ϭ.ϯϭϬ[ϮϬ] 

Ϭ.ϯϳϬ[ϮϬ] 
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Ϭ.ϰϮ 
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Ϯϳ.ϭ [ϱϵ] 

ϰ.ϳ;dͿ[ϮϬ] 

Ϭ.Ϯϭ;eͿ[ϮϬ] 

ϵ.ϰϱ;fͿ[ϭϴ]  
;aͿfƌoŵ eƋuatioŶ ;Ϯ.ϮϱͿ,;ďͿfƌoŵ eƋuatioŶ ;Ϯ.ϮϲͿ, ;ĐͿfƌoŵ eƋuatioŶ ;Ϯ.ϮϰͿ ǁith g;ƌ,dͿ;eǆpͿ, 

;dͿĐalĐulated fƌoŵ ɶL)=ϭ 

;eͿfƌoŵ oǀeƌlap iŶtegƌals, ;fͿeǆpeƌiŵeŶtal ǀalue ;iŶ aĐetoŶitƌileͿ, ;gͿCDFT ĐalĐulatioŶs Ref.[ϱϵ] 
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3.3 Apparatus 

DuƌiŶg the Đouƌse of this ǁoƌk tǁo E“R speĐtƌoŵeteƌs ǁeƌe used. The Bƌukeƌ speĐtƌoŵeteƌ 

ǁas used foƌ the teŵpeƌatuƌe depeŶdeŶt eǆpeƌiŵeŶts aŶd the Jeol speĐtƌoŵeteƌ ǁas used 

foƌ the pƌessuƌe depeŶdeŶt eǆpeƌiŵeŶts. This Đhapteƌ pƌoǀides a desĐƌiptioŶ of the used 

E“R speĐtƌoŵeteƌs aŶd the assoĐiated saŵple pƌepaƌatioŶ.  

 

3.3.1 Bruker ELEXSYS E500 / Temperature unit 

The teŵpeƌatuƌe depeŶdeŶt E“R speĐtƌa ǁeƌe ƌeĐoƌded ǁith a Bƌukeƌ ELEX“Y“ EϱϬϬ X-

BaŶd speĐtƌoŵeteƌ. The iŶstƌuŵeŶt is eƋuipped ǁith a teŵpeƌatuƌe ĐoŶtƌol uŶit 

;ERϰϭϯϭVTͿ ǁoƌkiŶg at teŵpeƌatuƌes ϭϬϬ-ϱϬϬK.  

Foƌ the saŵple pƌepaƌatioŶ a speĐial glass ĐoŶstƌuĐtioŶ ;Figuƌe ϯ.ϭϰͿ ǁas used ǁhiĐh 

eŶaďles the sealiŶg of the saŵple solutioŶ uŶdeƌ eliŵiŶatioŶ of aiƌ.  

 

Figuƌe ϯ.ϭϰ: Saŵple pƌepaƌatioŶ uŶdeƌ eliŵiŶatioŶ of aiƌ. 

The glass ĐoŶstƌuĐtioŶ ǁas ĐoŶŶeĐted to a oŶe-ǁaǇ Pasteuƌ pipette ;sealed at the ĐoŶe 

eŶdͿ ǀia a sĐƌeǁ Đap. This iŶstallatioŶ ǁas eǀaĐuated aŶd ǀeŶted ǁith ŶitƌogeŶ ϯ tiŵes. 

Afteƌ that, the saŵple ǁas filled ǀia a tƌaŶsfeƌ pipette uŶdeƌ ŶitƌogeŶ iŶto the Pasteuƌ 
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pipette. The sǇsteŵ ǁas afteƌǁaƌds Đlosed aŶd fƌozeŶ ďǇ duŶkiŶg the Pasteuƌ pipette iŶto a 

Deǁaƌ ǀessel ǁith liƋuid ŶitƌogeŶ. The fƌozeŶ sǇsteŵ ǁas eǀaĐuated aŶd Đlosed agaiŶ 

afteƌǁaƌds ďefoƌe the saŵple ǁas ŵelted. Thƌough the ŵeltiŶg pƌoĐess the ƌeŵaiŶiŶg gas 

iŶ the saŵple solutioŶ ǁas ƌeŵoǀed. This so Đalled fƌeeze-puŵp-thaǁ steps ǁeƌe ƌepeated 

ϯ tiŵes aŶd fiŶished ďǇ sealiŶg the Pasteuƌ pipette iŶ ǀaĐuo. 

 

3.3.2 Jeol 3-PX / high-pressure unit 

The pƌessuƌe depeŶdeŶt E“R speĐtƌa ǁeƌe ƌeĐoƌded ǁith a Jeol ϯ-PX X-ďaŶd speĐtƌoŵeteƌ 

eƋuipped ǁith a hoŵe ďuilt high-pƌessuƌe uŶit [ϰϬ, ϱϳ]. The high-pƌessuƌe uŶit ǁas 

ŵodified ďǇ a high-pƌessuƌe E“R Đell. The ĐoŶstƌuĐtioŶ of the E“R Đell ǁas doŶe duƌiŶg this 

ǁoƌk aŶd is ŵade of a fused siliĐa ĐapillaƌǇ1 ;o.d.:ϯϳϬ µŵ, i.d.:ϭϬϬ µŵͿ aĐĐoƌdiŶg to Huďďell 

[ϱϬ] aŶd YoŶkeƌ [ϱϱ]. A siliĐa ĐapillaƌǇ ǁith a leŶgth of aƌouŶd Ϯ ŵ ǁas ďeŶt iŶ a glass 

ďloǁeƌ flaŵe ϮϬ-Ϯϰ tiŵes. 

Figuƌe ϯ.ϭϱ: High pƌessuƌe ESR Đell 

The ĐapillaƌǇ ǁas ĐoŶŶeĐted to the pƌessuƌe geŶeƌatiŶg paƌt ǀia a VHP MiĐƌo Feƌƌule 

ϯϲϬµŵ ;KiŶesisͿ. Thƌough aŶ additioŶallǇ added ǀessel at the eŶd of the ĐapillaƌǇ it is 

possiďle to ĐleaŶ aŶd fill the Đell easilǇ. The saŵple pƌessuƌe ǁas ǀaƌied ďetǁeeŶ Ϭ.ϭ aŶd 

ϭϬϬ MPa at Ϯϵϲ K. The stƌuĐtuƌe of the high pƌessuƌe uŶit is illustƌated iŶ the diagƌaŵ iŶ 

Figuƌe ϯ.ϭϲ. Befoƌe filliŶg the sǇsteŵ ǁith the saŵple, the sǇsteŵ ǁas ĐoŵpletelǇ 

eǀaĐuated. IŶ the ŵeaŶtiŵe the saŵple ǁas filled iŶ the saŵple ƌeseƌǀoiƌ aŶd ďuďďled 

                                                      
1 PolǇŵiĐƌo TeĐhŶologies 
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ǁith ŶitƌogeŶ to aǀoid ĐoŶtaĐt ǁith aiƌ. Afteƌǁaƌds the ǀaĐuuŵ ǁas used to fill the saŵple 

side of the sǇsteŵ ǁith the saŵple. BǇ pulliŶg the sepaƌatioŶ disĐ iŶ diƌeĐtioŶ of the 

pƌessuƌe geŶeƌatiŶg paƌt the ŵedia eǆĐhaŶgeƌ ǁas filled ǁith the saŵple solutioŶ. Afteƌ 

ĐlosiŶg all ǀalǀes at the saŵple side the pƌessuƌe geŶeƌatiŶg side ǁas eǀaĐuated aŶd filled 

ǁith the tƌaŶsŵissioŶ fluid ethǇleŶe glǇĐol. Afteƌ ĐlosiŶg all ƌeŵaiŶiŶg ǀalǀes the solutioŶ 

ǁas pƌessed ǀia the ŵeĐhaŶiĐal haŶd puŵp iŶto the high pƌessuƌe Đell. BeĐause of the high 

ǀisĐositǇ iŶ the Đase of ILs this step takes loŶgeƌ aŶd Ŷeeds a ďit of patieŶĐe. WheŶ the 

solutioŶ dƌipped out of the ǀalǀe at the eŶd, the filliŶg of the E“R Đell ǁas fiŶished aŶd the 

eŶd ǀalǀe Đould ďe Đlosed. Noǁ the pƌessuƌe Đould ďe adjusted aŶd E“R ŵeasuƌeŵeŶt 

staƌted. 

 

Figuƌe ϯ.ϭϲ: SĐheŵe of the high pƌessuƌe uŶit. 
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“tep ďǇ “tep iŶstƌuĐtioŶ foƌ filliŶg: 

 

1. The sepaƌatioŶ disĐ has to ďe ĐoŵpletelǇ pushed to the saŵple side 

2. “ǁitĐh oŶ ǀaĐuuŵ puŵp 

3. Close ǀalǀe ϭ, Ϯ, ϰ, ϲ aŶd opeŶ ǀalǀe ϱ aŶd ϯ -> eǀaĐuatioŶ 

4. CoŶŶeĐt the eŵptǇ saŵple ƌeseƌǀoiƌ ǁith the ŶitƌogeŶ liŶe 

5. Close ǀalǀe ϯ aŶd opeŶ ǀalǀe ϰ -> ǀeŶtilatioŶ ǁith ŶitƌogeŶ 

6. Close ǀalǀe ϰ aŶd opeŶ ǀalǀe ϯ -> eǀaĐuatioŶ 

7. Repeat step ϱ. aŶd ϲ 

8. Close ǀalǀe ϯ 

9. Fill the saŵple ƌeseƌǀoiƌ aŶd ďuďďle ŶitƌogeŶ thƌough the solutioŶ 

10. OpeŶ ǀalǀe ϰ aŶd ŵoǀe the sepaƌatioŶ disĐ to the pƌessuƌe side 

11. Close ǀalǀe ϰ 

12. OpeŶ ǀalǀe ϭ -> eǀaĐuatioŶ of the pƌessuƌe side 

13. Close ǀalǀe ϭ aŶd opeŶ ǀalǀe Ϯ 

14. FilliŶg of the high pƌessuƌe puŵp ǁith the tƌaŶsŵissioŶ fluid ďǇ sĐƌeǁiŶg the 

ŵeĐhaŶiĐal ƌegulatioŶ 

15. Close ǀalǀe Ϯ 

16. OpeŶ ǀalǀe ϲ -> sĐƌeǁiŶg of the high pƌessuƌe ƌegulatioŶ sloǁlǇ uŶtil the solutioŶ 

dƌops out of ǀalǀe ϲ. BǇ filliŶg the sǇsteŵ ǁith ILs do Ŷot eǆĐeed the pƌessuƌe of ϰϬϬ 

MPa. Bƌakes duƌiŶg the filliŶg pƌoĐess ŵeaŶǁhile the pƌessuƌe ĐaŶ dƌop doǁŶ aƌe 

adǀised 

17. Valǀe ϲ should staǇ opeŶ uŶtil the pƌessuƌe dƌops doǁŶ to staŶdaƌd atŵospheƌiĐ 

pƌessuƌe 

18. Afteƌ ĐlosiŶg ǀalǀe ϲ the ŵeasuƌeŵeŶts ĐaŶ staƌt 
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3.4 Interpretation of the ESR spectra 

All E“R- speĐtƌa eǆpeĐt those ŵeasuƌed iŶ the solǀeŶt ŵiǆtuƌes ǁeƌe siŵulated ǁith a 

hoŵe ǁƌitteŶ Đoŵputeƌ pƌogƌaŵ. The pƌogƌaŵ is ǁƌitteŶ iŶ Matlaď aŶd FoƌtƌaŶ ϵϱ aŶd is 

ďased oŶ the deŶsitǇ ŵatƌiǆ algoƌithŵ aŶd siŵulates speĐtƌa ďased oŶ aŶ adǀaŶĐed 

ƋuaŶtuŵ ŵeĐhaŶiĐal appƌoaĐh [ϮϮ]. AŶ adǀaŶtage of the pƌogƌaŵ is the sepaƌate 

siŵulatioŶ of eaĐh E“R liŶe ǁhiĐh alloǁs the siŵulatioŶ of E“R speĐtƌa ŵeasuƌed iŶ ioŶiĐ 

liƋuids. Those aƌe asǇŵŵetƌiĐ ďeĐause of the high ǀisĐositǇ, ǁhiĐh ŵakes it iŵpossiďle to 

siŵulate the speĐtƌa ǁith otheƌ siŵpleƌ pƌogƌaŵs. 

The E“R- speĐtƌa ŵeasuƌed iŶ the solǀeŶt ŵiǆtuƌes aƌe siŵulated ǁith a hoŵe ǁƌitteŶ 

Đoŵpute pƌogƌaŵ deǀeloped ďǇ “tiegleƌ [Ϯϯ]. The pƌogƌaŵ Ǉields iŶ liŶeǁidths aŶd ƌate 

ĐoŶstaŶts. 
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4. Results  

4.1 Self-exchange reaction of [TTF/TTF
•+

] in dependence of temperature 

Teŵpeƌatuƌe depeŶdeŶt E“R speĐtƌa ǁeƌe ƌeĐoƌded foƌ the self-eǆĐhaŶge of TTF/TTF•+ iŶ 

the ILs [eŵiŵ+][TfϮN-] aŶd [ďŵiŵ+][TfϮN-] aŶd the oƌgaŶiĐ solǀeŶt diŵethǇlphthalate ;DMPͿ. 

The shape oŶ aŶ E“R speĐtƌa ĐhaŶges ǁith teŵpeƌatuƌe aŶd ďǇ iŶĐƌeasiŶg the 

ĐoŶĐeŶtƌatioŶ of the Ŷeutƌal ƌedoǆ paƌtŶeƌ TTF. RespoŶsiďle foƌ this eǀeŶt is the eleĐtƌoŶ 

tƌaŶsfeƌ ďetǁeeŶ the Đhaƌged ƌadiĐal aŶd the Ŷeutƌal paƌtŶeƌ. The eleĐtƌoŶ tƌaŶsfeƌ is 

iŶhiďited iŶ the high-ǀisĐous ILs, ďut ďǇ iŶĐƌeasiŶg the teŵpeƌatuƌe it is possiďle to oďseƌǀe 

the ͞sloǁ eǆĐhaŶge͟ ƌegioŶ ;Figuƌe ϰ.ϭďͿ as ǁell as the ͞iŶteƌŵediate͟ ƌegioŶ ;Figuƌe ϰ.ϭĐͿ 

aŶd the ͞fast eǆĐhaŶge͟ ƌegioŶ ;Figuƌe ϰ.ϭdͿ. IŶ the IL [eŵiŵ+][TfϮN-] the fast eǆĐhaŶge liŵit 

is ƌeaĐhed at ĐoŶĐeŶtƌatioŶ of [TTF] = Ϯϳ.ϵ ŵM aŶd ϯϱϴ K. The liŶe ďƌoadeŶiŶg effeĐt iŶ 

[ďŵiŵ+][TfϮN-] is Ŷot as distiŶĐtiǀe as iŶ [eŵiŵ+][TfϮN-]. The ƌeasoŶ foƌ this is the higheƌ 

ǀisĐositǇ aŶd the loǁeƌ teŵpeƌatuƌe liŵit. Aďoǀe ϯϯϴ K the sigŶal disappeaƌs ďeĐause the 

ƌadiĐal deĐoŵposes. The ŵaǆiŵuŵ liŶe ďƌoadeŶiŶg effeĐt is ƌeaĐhed at [TTF] = ϮϬ.Ϭ ŵM 

aŶd ϯϯϴK ;Figuƌe ϰ.Ϯ dͿ. The liŶe ďƌoadeŶiŶg iŶ DMP as aŶ eǆaŵple of high-ǀisĐous oƌgaŶiĐ 

solǀeŶt ƌeaĐhed the ŵaǆiŵuŵ ďƌoadeŶiŶg at ϯϲϴ K aŶd [TTF] = ϭϰ.ϭ ŵM iŶ the fast 

eǆĐhaŶge ƌegioŶ. 
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Figuƌe ϰ.ϭ: ESR speĐtƌa of Ϭ.ϰ ŵM TTF.+ iŶ [eŵiŵ+][TfϮN-].ǁith diffeƌeŶt ĐoŶĐeŶtƌatioŶs of [TTF] at ϯϱϴ K. ;aͿ 

[TTF] = Ϭ ŵM, ;ďͿ [TTF] = ϱ.ϲϲ ŵM ;ĐͿ [TTF] = ϭϱ.ϱ ŵM, ;dͿ [TTF] = Ϯϳ.ϵ ŵM 

 

 

Figuƌe ϰ.Ϯ: ESR speĐtƌa of Ϭ.ϰ ŵM TTF.+ iŶ [ďŵiŵ+][TfϮN-].ǁith diffeƌeŶt ĐoŶĐeŶtƌatioŶs of [TTF] at ϯϯϴ K. ;aͿ 

[TTF] = Ϭ ŵM, ;ďͿ [TTF] = ϳ.Ϭϴ ŵM ;ĐͿ [TTF] = ϭϯ.ϴ ŵM, ;dͿ [TTF] = ϮϬ.Ϭ ŵM 
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Figuƌe ϰ.ϯ: ESR speĐtƌa of Ϭ.ϰ ŵM TTF.+ iŶ DMP ǁith diffeƌeŶt ĐoŶĐeŶtƌatioŶs of [TTF] at ϯϲϴ K. ;aͿ [TTF] = Ϭ 

ŵM, ;ďͿ [TTF] = ϰ.ϭϵ ŵM ;ĐͿ [TTF] = ϴ.ϰϮ ŵM, ;dͿ [TTF] = ϭϰ.ϭ ŵM 

 

The ĐoŶĐeŶtƌatioŶ depeŶdeŶĐes of the oďseƌǀed eǆĐhaŶge ƌates aƌe plotted iŶ Figuƌe ϰ.ϰ - 

Figuƌe ϰ.ϲ foƌ the diffeƌeŶt teŵpeƌatuƌes. The slopes of the ǀeƌǇ ŶiĐe stƌaight liŶes giǀe the 

ĐoŶĐeŶtƌatioŶ iŶdepeŶdeŶt ƌates ĐoŶstaŶts of the self-eǆĐhaŶge ƌeaĐtioŶ [TTF/TTF•+] iŶ 

thƌee diffeƌeŶt solǀeŶts listed iŶ Taďle ϰ-ϭ - Taďle ϰ-ϯ. 
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Figuƌe ϰ.ϰ: Teŵpeƌatuƌe aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ [eŵiŵ+][TfϮN-]. 

 

 

 

Figuƌe ϰ.ϱ: Teŵpeƌatuƌe aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ [ďŵiŵ+][TfϮN-]. 
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Figuƌe ϰ.ϲ: Teŵpeƌatuƌe aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ DMP. 

 

Taďle ϰ-ϭ: Rates foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of [TTF/TTF•+] iŶ [eŵiŵ+][TfϮN-]. Oďseƌǀed ƌate ĐoŶstaŶts koďs 

aŶd ƌates foƌ diffusioŶ kdiff ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϭϭͿ . 

T [K] 
koďs  

[ϭϬϴ M-ϭs-ϭ] 

kdiff  

[ϭϬϴ M-ϭs-ϭ] 

Ϯϵϴ ϭ.ϲϴ±Ϭ.Ϭϲ Ϯ.Ϭϭ 

ϯϬϴ Ϯ.Ϭϵ±Ϭ.Ϭϯ Ϯ.ϵϮ 

ϯϭϴ Ϯ.ϴϭ±Ϭ.Ϭϯ ϰ.Ϭϱ 

ϯϮϴ ϯ.ϳϬ±Ϭ.Ϭϳ ϱ.ϰϱ 

ϯϯϴ ϰ.ϴ±Ϭ.Ϯ ϲ.ϵϰ 
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Taďle ϰ-Ϯ: Rates foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of [TTF/TTF•+] iŶ [ďŵiŵ+][TfϮN-]. Oďseƌǀed ƌate ĐoŶstaŶts 

koďs aŶd ƌates foƌ diffusioŶ kdiff ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϭϭͿ  

T [K] 
koďs 

[ϭϬϴ M-ϭs-ϭ] 

kdiff 

[ϭϬϴ M-ϭs-ϭ] 

Ϯϵϴ ϭ.ϮϬ±Ϭ.Ϭϰ ϭ.Ϯϴ 

ϯϬϴ ϭ.ϱϭ±Ϭ.Ϭϯ ϭ.ϵϴ 

ϯϭϴ Ϯ.Ϭϵ±Ϭ.ϬϮ Ϯ.ϵϬ 

ϯϮϴ Ϯ.ϴϳ±Ϭ.Ϭϭ ϰ.Ϭϲ 

ϯϯϴ ϯ.ϴϬ±Ϭ.ϬϮ ϱ.ϰϴ 
 

Taďle ϰ-ϯ: Rates foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of [TTF/TTF•+] iŶ DMP iŶ depeŶdeŶĐe of teŵpeƌatuƌe. 

Oďseƌǀed ƌate ĐoŶstaŶts koďs, ƌates foƌ diffusioŶ kdiff ;ǀia eƋuatioŶ ;Ϯ.ϭϭͿͿ aŶd ket ; ǀia eƋuatioŶ ;Ϯ.ϲͿͿ  

T [K] η [ŵPa s] 
koďs 

[ϭϬϴ M-ϭs-ϭ] 

kdiff 

[ϭϬϴ M-ϭs-ϭ] 

ket 

[ϭϬϴ M-ϭs-ϭ] 

Ϯϵϴ ϭϯ.ϲϱ ϭ.ϱ±Ϭ.ϭ ϰ.ϴϰ ϰ.Ϯ±Ϭ.ϵ 

ϯϬϴ ϵ.ϬϬ Ϯ.ϰϮ±Ϭ.Ϭϴ ϳ.ϱϴ ϲ.ϳ±Ϭ.ϳ 

ϯϭϴ ϲ.ϯϭ ϯ.ϱϴ±Ϭ.Ϭϴ ϭϭ.Ϯ ϭϬ.Ϭ±Ϭ.ϲ 

ϯϮϴ ϰ.ϳϯ ϰ.ϵϮ±Ϭ.Ϭϵ ϭϱ.ϯ ϭϯ.ϴ±Ϭ.ϳ 

ϯϯϴ ϯ.ϳϭ ϲ.ϲ±Ϭ.Ϯ ϮϬ.Ϯ ϭϵ±ϭ 

ϯϰϴ ϯ.ϬϮ ϴ.ϱ±Ϭ.Ϯ Ϯϱ.ϱ Ϯϲ±Ϯ 

ϯϱϴ Ϯ.ϱϮ ϭϬ.ϴ±Ϭ.ϯ ϯϭ.ϱ ϯϰ±ϯ 

ϯϲϴ Ϯ.ϭϲ ϭϯ.ϱ±Ϭ.ϰ ϯϳ.ϳ ϰϳ±ϲ 

It is eǀideŶt fƌoŵ the plots of lŶ;koďsͿ ǀs. ϭ/T ;Figuƌe ϰ.ϳ - Figuƌe ϰ.ϴͿ that the ĐalĐulated ƌate 

ĐoŶstaŶts of diffusioŶ aƌe so Đlosed to the oďseƌǀed eǆĐhaŶge ƌate ĐoŶstaŶts that ǁe ĐaŶ 

eǆpeĐt a diffusioŶ ĐoŶtƌolled eleĐtƌoŶ eǆĐhaŶge ŵeĐhaŶisŵ. A ĐoƌƌeĐtioŶ ǀia eƋuatioŶ ;Ϯ.ϲͿ 

ǁould ƌesult iŶ a Ŷegatiǀe ǀalue of ket. IŶ DMP, a highlǇ ǀisĐous oƌgaŶiĐ solǀeŶt, the 

oďseƌǀed ƌate ĐoŶstaŶt is sŵall eŶough ;see Figuƌe ϰ.ϵͿ to peƌfoƌŵ a diffusioŶ ĐoƌƌeĐtioŶ 

ǀia eƋuatioŶ ;Ϯ.ϲͿ aŶd this leads to the eleĐtƌoŶ tƌaŶsfeƌ ƌates ket. Hoǁeǀeƌ, the ƌate 

ĐoŶstaŶts of the eleĐtƌoŶ tƌaŶsfeƌ aŶd the ƌate ĐoŶstaŶts of the diffusioŶ aƌe alŵost 

ideŶtiĐal ;see Taďle ϰ-ϯͿ. This iŶdiĐates that the eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ iŶ DMP opeƌates 

iŶ a ƌegioŶ ďetǁeeŶ diffusioŶ aŶd kiŶetiĐ ĐoŶtƌol. 
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Figuƌe ϰ.ϳ: Teŵpeƌatuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ aŶd the ĐalĐulated 

ƌate ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ of the ƌedoǆ Đouple [TTF/TTF•+] iŶ [eŵiŵ+][TfϮN-]. 

 

 

Figuƌe ϰ.ϴ: Teŵpeƌatuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ aŶd the ĐalĐulated 

ƌate ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ of the ƌedoǆ Đouple [TTF/TTF•+] iŶ [ďŵiŵ+][TfϮN-]. 
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Figuƌe ϰ.ϵ: Teŵpeƌatuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ aŶd the ĐalĐulated 

ƌate ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ of the ƌedoǆ Đouple [TTF/TTF•+] iŶ DMP. 

 

4.1.1 Activation energies / Discussion 

AƌƌheŶius plots of lŶ;koďsͿ ǀeƌsus ϭ/T foƌ the ILs aŶd lŶ;ketͿ ǀeƌsus ϭ/T foƌ DMP gaǀe the 

ĐoƌƌespoŶdiŶg aĐtiǀatioŶ eŶeƌgies fƌoŵ the teŵpeƌatuƌe depeŶdeŶt ƌate ĐoŶstaŶts. Plots 

aƌe shoǁŶ iŶ Figuƌe ϰ.ϳ aŶd Figuƌe ϰ.ϴ foƌ the ILs aŶd iŶ Figuƌe ϰ.ϭϬ foƌ the DMP. The 

ƌesultiŶg aĐtiǀatioŶ eŶeƌgies aƌe listed iŶ Taďle ϰ-ϰ. 

Taďle ϰ-ϰ: AĐtiǀatioŶ eŶeƌgies oďtaiŶed fƌoŵ AƌƌheŶius plots. 

solǀeŶt Ea [kJ ŵol-ϭ] Hη [kJ ŵol-ϭ] Teŵpeƌatuƌe ƌaŶge 
[K] 

[ďŵiŵ+][TfϮN-] Ϯϱ±ϭ;aͿ Ϯϳ.ϯ±Ϭ.ϳ Ϯϵϴ - ϯϯϴ 

[eŵiŵ+][TfϮN-] Ϯϯ.Ϭ±Ϭ.ϱ;aͿ ϮϮ.ϯ±Ϭ.ϱ Ϯϵϴ – ϯϱϴ 

DiŵethǇlphthalate ϯϭ.Ϭ±Ϭ.ϱ;ďͿ Ϯϰ±ϭ Ϯϵϴ - ϯϲϴ 
Note: Ea= AĐtiǀatioŶ eŶeƌgǇ: lŶ k = ĐoŶst.-Ea/RT 

Hη fƌoŵ lŶ η = ĐoŶst + Hη/RT 

;aͿ fƌoŵ lŶ koďs=lŶ A – Ea/RT ;Figuƌe ϰ.ϴ aŶd Figuƌe ϰ.ϳͿ 
;ďͿ fƌoŵ lŶ ket=lŶ A – Ea/RT ;Figuƌe ϰ.ϭϬͿ 
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Figuƌe ϰ.ϭϬ: AƌƌheŶius plots of lŶ;ketͿ ǀeƌsus ϭ/T foƌ DMP. 

 

The eleĐtƌoŶ tƌaŶsfeƌ of the ƌedoǆ Đouple [TTF/TTF•+] is ĐoŶtƌolled ďǇ adiaďatiĐ solǀeŶt 

dǇŶaŵiĐs iŶ seǀeƌal oƌgaŶiĐ solǀeŶts as puďlished ďǇ Gƌaŵpp aŶd JaeŶiĐke[ϮϬ]. The 

aĐtiǀatioŶ eŶeƌgǇ is aĐĐoƌdiŶg to the authoƌs Đoŵposed of tǁo teƌŵs [ϮϬ]. 

ܧ = ΔG௫∗ +   (4.1)ܪ

Heƌe, HL the loŶgitudiŶal ƌelaǆatioŶ eŶeƌgǇ is oďtaiŶed fƌoŵ lŶτL = lŶď + HL/RT. BeĐause of 

the laĐk of teŵpeƌatuƌe depeŶdeŶt dieleĐtƌiĐ data foƌ DMP the appƌoǆiŵatioŶ HL ≈ Hη ǁas 

used ǁheƌeas the ǀisĐositǇ eŶeƌgǇ Hη is oďtaiŶed fƌoŵ lŶη = ĐoŶst + Hη/RT. 

Taďle ϰ-ϱ: ReoƌgaŶizatioŶ eŶeƌgies aŶd fƌee Giďďs eŶeƌgies foƌ the ƌedoǆ Đouple [TTF/TTF•+] iŶ DMP 

ʄo
;aͿ 

[kJ ŵol-ϭ] 
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[kJ ŵol-ϭ] 

ϭϰ.ϱ ϭϳ[ϮϬ] ϯ.ϴϴ ϳ.Ϯ±ϭ.ϱ ϳ.ϴϴ 
;aͿ…ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϮϭͿ, ;ďͿ…ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϭϱͿ, used VRP=ϰ.Ϭ kJ/ŵol[ϮϬ], ;ĐͿ…ĐalĐulated 
ǀia eƋuatioŶ ;Ϯ.ϮϳͿ 
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As ĐaŶ ďe seeŶ iŶ the taďle aďoǀe aƌe the oďtaiŶed ΔG*eǆp foƌ the eleĐtƌoŶ tƌaŶsfeƌ iŶ DMP 

alŵost tǁiĐe as high thaŶ eǆpeĐted fƌoŵ the ĐalĐulated ΔG*ĐalĐ. A ĐoŵpaƌisoŶ of the 

eǆpeƌiŵeŶtal ǀalue to the ʄ/ϰ shoǁs that it seeŵs to ďe, that the used VRP is a ďit 

oǀeƌestiŵated. Otheƌ ƌeasoŶs foƌ the disagƌeeŵeŶt ǁith the ĐalĐulated ǀalues Đould ďe 

that possiďlǇ the ƌeaĐtioŶ distaŶĐe iŶ the high ǀisĐous solǀeŶt is laƌgeƌ so that the ĐoupliŶg 

is Ŷot as stƌoŶg as pƌediĐted. This assuŵptioŶ ǁas ĐoŶfiƌŵed ďǇ Rosokha aŶd KoĐhi [ϲϭ] 

ǁho fouŶd a ǀeƌǇ high ƌesoŶaŶĐe splittiŶg eŶeƌgǇ of ϭϵ kJ ŵol-ϭ iŶ the loǁ ǀisĐous solǀeŶt 

CHϮClϮ. Fuƌtheƌŵoƌe aŶ eƌƌoƌ fƌoŵ the estiŵatioŶ HL ≈ Hη ŵaǇ aƌise. The aĐtiǀatioŶ eŶeƌgies 

iŶ the tǁo ILs aƌe Đlose to the aĐtiǀatioŶ eŶeƌgies foƌ ǀisĐositǇ, ǁhat is eǆpeĐted ďeĐause of 

the diffusioŶ ĐoŶtƌolled ƌeaĐtioŶs.  

4.2 Pressure dependence of the self-exchange reaction of [TTF/TTF
•+

] 

The self-eǆĐhaŶge of the ƌedoǆ Đouple [TTF/TTF•+] ǁas iŶǀestigated oŶ teŵpeƌatuƌe 

depeŶdeŶĐe iŶ tǁo diffeƌeŶt ILs, [eŵiŵ+][TfϮN-] aŶd [ďŵiŵ+][TfϮN-] aŶd tǁo oƌgaŶiĐ 

solǀeŶts, diŵethǇlphthalate ;DMPͿ aŶd aĐetoŶitƌile ;ANͿ. A feǁ ƌeĐoƌded speĐtƌa aƌe 

pƌeseŶted ďeloǁ. 

 

Figuƌe ϰ.ϭϭ: ESR speĐtƌa of Ϭ.ϰ ŵM TTF•+ iŶ [eŵiŵ+][TfϮN-] at diffeƌeŶt pƌessuƌes at Ϯϵϲ K. ;aͿ Ϭ.ϭ MPa, ;ďͿ 

ϯϬ MPa, ;ĐͿ ϳϬ MPa, ;dͿ ϭϬϬ MPa. 
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Figuƌe ϰ.ϭϮ: ESR speĐtƌa of Ϭ.ϰ ŵM TTF•+ iŶ [ďŵiŵ+][TfϮN-] at Ϯϵϲ K aŶd ϯϬ MPa. ;aͿ [TTF] = Ϭ ŵM, ;ďͿ [TTF] 

= ϯ.Ϭ ŵM ;ĐͿ [TTF] = ϲ.ϳ ŵM, ;dͿ [TTF] = ϭϬ.ϭ ŵM. 

 

 

Figuƌe ϰ.ϭϯ: ESR speĐtƌa of Ϭ.ϰ ŵM TTF•+ iŶ DMP at Ϯϵϲ K aŶd ϱϬ MPa. ;aͿ [TTF] = Ϭ ŵM, ;ďͿ [TTF] = 

ϰ.ϭϵ ŵM ;ĐͿ [TTF] = ϴ.ϰϮ ŵM, ;dͿ [TTF] = ϭϰ.Ϭ ŵM. 
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The pƌessuƌe depeŶdeŶĐe of the liŶe ďƌoadeŶiŶg effeĐt is Ŷot as distiŶĐtiǀe as the 

teŵpeƌatuƌe depeŶdeŶĐe. Figuƌe ϰ.ϭϭ pƌeseŶts the liŶe ďƌoadeŶiŶg of a ƌadiĐal solutioŶ of 

Ϭ.ϰ ŵM TTF+. iŶ depeŶdeŶĐe oŶ pƌessuƌe. The ďƌoadeŶiŶg of the liŶes iŶ Figuƌe ϰ.ϭϭ is oŶlǇ 

due to the iŶĐƌeasiŶg ǀisĐositǇ Đaused ďǇ iŶĐƌeasiŶg pƌessuƌe. The liŶe ďƌoadeŶiŶg effeĐt at 

eleǀated pƌessuƌe iŶ depeŶdeŶĐe oŶ ĐoŶĐeŶtƌatioŶ is pƌeseŶted iŶ Figuƌe ϰ.ϭϮ - Figuƌe ϰ.ϭϯ. 

The ƌed liŶes iŶ the figuƌes aƌe the siŵulated speĐtƌa aŶd ďlaĐk oŶes aƌe the eǆpeƌiŵeŶtal 

speĐtƌa. The oďseƌǀed ƌate ĐoŶstaŶts koďs, fƌoŵ the siŵulatioŶ, aƌe plotted agaiŶst the 

ĐoŶĐeŶtƌatioŶ foƌ eaĐh pƌessuƌe. It is appaƌeŶt fƌoŵ the folloǁiŶg plots that the poiŶts aƌe 

spƌead out. This diffeƌeŶĐe iŶ ĐoŵpaƌisoŶ to the teŵpeƌatuƌe depeŶdeŶt eǆpeƌiŵeŶts ĐaŶ 

fiƌst of all ďe attƌiďuted to the E“R Đell. The ďeŶt ĐapillaƌǇ has a lot of aiƌ Đaǀities ďetǁeeŶ 

the siŶgle stƌiŶgs ;see Đhapteƌ ϯ.ϯ.ϮͿ ǁhiĐh leads to a higheƌ sigŶal to Ŷoise ƌatio.  

 

 

Figuƌe ϰ.ϭϰ: Pƌessuƌe ;Ϭ.ϭ – ϰϬ MPaͿ aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ 

[eŵiŵ+][TfϮN-]. 
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Figuƌe ϰ.ϭϱ: Pƌessuƌe ;ϲϬ – ϭϬϬ MPaͿ aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ 

[eŵiŵ+][TfϮN-]. 

The spƌeadiŶg of the poiŶts at higheƌ pƌessuƌes is ŵoƌe distiŶĐtiǀe thaŶ at loǁeƌ pƌessuƌes. 

This leads to eƌƌoƌs ďeloǁ ϭϬ% foƌ uŶtil ϰϬ MPa aŶd up to ϯϬ% foƌ the higheƌ pƌessuƌes foƌ 

the ďiŵoleĐulaƌ ƌate ĐoŶstaŶts ƌeĐeiǀed fƌoŵ the slopes. All ƌesults aƌe listed iŶ Taďle ϰ-ϲ. 

 

Figuƌe ϰ.ϭϲ: Pƌessuƌe ;Ϭ.ϭ - ϱϬ MPaͿ aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ 

[ďŵiŵ+][TfϮN-]. 
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Figuƌe ϰ.ϭϳ: Pƌessuƌe ;ϲϬ-ϭϬϬ MPaͿ aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ 

[ďŵiŵ+][TfϮN-]. 

The ŵeasuƌeŵeŶts iŶ [ďŵiŵ+][TfϮN-] ƌesulted iŶ the laƌgest spƌeadiŶg ǁithiŶ the high 

pƌessuƌe seƌies. Although ŵaŶǇ poiŶts ǁeƌe ŵeasuƌed, the slopes lead to ƌate ĐoŶstaŶts 

ǁith eƌƌoƌs aƌouŶd ϯϬ% aŶd ŵoƌe ;see Taďle ϰ-ϲͿ. The ƌepƌoduĐiďilitǇ of seǀeƌal poiŶts ǁas 

Ŷot good, ǁhiĐh leads to the assuŵptioŶ that the pƌessuƌe iŶĐƌeasiŶg ƌate plaǇs aŶ 

iŵpoƌtaŶt ƌole, as shall ďe disĐussed lateƌ. 

 

Figuƌe ϰ.ϭϴ:Pƌessuƌe;Ϭ.ϭ – ϰϬ MPaͿ aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ 

DMP. 
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Figuƌe ϰ.ϭϵ: Pƌessuƌe;ϱϬ – ϵϬ MPaͿ aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ 

DMP. 

 

The high pƌessuƌe E“R eǆpeƌiŵeŶts iŶ the oƌgaŶiĐ solǀeŶt DMP lead to ƌate ĐoŶstaŶts listed 

iŶ Taďle ϰ-ϳ ǁith eƌƌoƌs ďeloǁ ϮϬ % eǆĐept foƌ the ŵeasuƌeŵeŶts at ϳϬ aŶd ϵϬ MPa. 

 

 

Figuƌe ϰ.ϮϬ: Pƌessuƌe ;Ϭ.ϭ-ϰϬ MPaͿ aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ AN. 
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Figuƌe ϰ.Ϯϭ: Pƌessuƌe ;Ϭ.ϭ-ϰϬ MPaͿ aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TTF/TTF•+] iŶ AN. 

MeasuƌeŵeŶts of the self-eǆĐhaŶge ƌeaĐtioŶ of [TTF/TTF•+] iŶ the loǁ-ǀisĐous solǀeŶt 

aĐetoŶitƌile aƌe doŶe to Đoŵpaƌe ǁith the high ǀisĐous solǀeŶts. The poiŶts lead to ŶiĐe 

stƌaight liŶes aŶd pƌoǀide ƌate ĐoŶstaŶts ǁith aŶ eƌƌoƌ ďeloǁ ϱ % ;see Taďle ϰ-ϳͿ. 

Teŵpeƌatuƌe depeŶdeŶt ŵeasuƌeŵeŶts ǁeƌe also doŶe, ďut the sǇsteŵ is Ŷot staďle at 

higheƌ teŵpeƌatuƌes iŶ AN so that the ƌesults Đould Ŷot ďe used foƌ fuƌtheƌ ĐalĐulatioŶs. 

Hoǁeǀeƌ, iŶ the pƌessuƌe depeŶdeŶt eǆpeƌiŵeŶts theƌe ǁas Ŷo eǀideŶĐe of aŶǇ pƌoďleŵ 

ǁith the staďilitǇ of the suďstaŶĐe.  

0.0E+00

7.0E+06

1.4E+07

0 0.001 0.002 0.003 0.004 0.005

k(obs)

[s-1]

c [M]

60 MPa

70 MPa

80 MPa

100 MPa

50 MPa



Results 

 

ϵϯ 

 

Taďle ϰ-ϲ: Rates foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of [TTF/TTF•+] iŶ [eŵiŵ+][TfϮN-] aŶd [ďŵiŵ+][TfϮN-] iŶ 

depeŶdeŶĐe of pƌessuƌe at Ϯϵϲ K. Oďseƌǀed ƌate ĐoŶstaŶts koďs aŶd ƌates foƌ diffusioŶ kdiff ;eƋuatioŶ ;Ϯ.ϭϭͿͿ. 

P [MPa] 

[eŵiŵ+][TfϮN-] [ďŵiŵ+][TfϮN-] 

η [ŵPa s] 
koďs 

[ϭϬϳ M-ϭs-ϭ] 

kdiff 

[ϭϬϳ M-ϭs-ϭ] 
η [ŵPa s] 

koďs 

[ϭϬϳ M-ϭs-ϭ] 

kdiff 

[ϭϬϳ M-ϭs-ϭ] 

Ϭ.ϭ ϯϲ.ϳϱ ϭϱ.ϳ±Ϭ.ϱ ϭϴ.Ϭ ϱϲ.Ϭϲ ϭϳ±ϯ ϭϭ.ϴ 

ϭϬ ϰϭ.ϭϵ ϭϲ.ϭ±Ϭ.ϲ ϭϲ.Ϭ ϲϯ.Ϯϰ Ϯϭ±ϲ ϭϬ.ϰ 

ϮϬ ϰϲ.ϭϲ ϭϱ.ϭ±Ϭ.ϵ ϭϰ.ϯ ϳϭ.ϰϮ ϮϬ±ϳ ϵ.Ϯϱ 

ϯϬ ϱϭ.ϲϳ ϭϱ±ϭ ϭϮ.ϴ ϴϬ.ϲϲ ϮϮ±ϵ ϴ.ϭϵ 

ϰϬ ϱϳ.ϳϳ ϭϱ±ϭ ϭϭ.ϰ ϵϭ.Ϭϵ Ϯϯ±ϳ ϳ.Ϯϱ 

ϱϬ ϲϰ.ϱϭ ϭϲ±ϯ ϭϬ.Ϯ ϭϬϮ.ϴϳ Ϯϲ±ϳ ϲ.ϰϮ 

ϲϬ - - - ϭϭϲ.ϭϴ Ϯϲ±ϳ ϱ.ϲϵ 

ϳϬ ϴϬ.ϭϲ ϭϳ±ϱ ϴϮ.ϰ ϭϯϭ.Ϯϭ Ϯϱ±ϴ ϱ.Ϭϰ 

ϴϬ ϴϵ.ϮϬ ϭϴ±ϭ ϳϰ.ϭ ϭϰϴ.ϭϵ ϮϮ±ϳ ϰ.ϰϲ 

ϵϬ ϵϵ.ϭϲ ϭϳ±ϰ ϲϲ.ϲ ϭϲϳ.ϯϲ ϭϳ±ϱ ϯ.ϵϱ 

ϭϬϬ ϭϭϬ.ϭϬ ϭϴ±ϱ ϲϬ.Ϭ ϭϴϵ.Ϭϭ ϭϲ±ϰ ϯ.ϱϬ 

Taďle ϰ-ϳ: Rates foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of [TTF/TTF•+] iŶ DMP aŶd AN iŶ depeŶdeŶĐe of pƌessuƌe at 

Ϯϵϲ K. Oďseƌǀed ƌate ĐoŶstaŶts koďs ,eleĐtƌoŶ tƌaŶsfeƌ ƌates ket ;ǀia eƋuatioŶ ;Ϯ.ϴͿ Ϳ aŶd ƌates foƌ diffusioŶ 

kdiff ;ǀia eƋuatioŶ ;Ϯ.ϭϭͿͿ. 

P [MPa] 

DMP AN 

koďs 

[ϭϬϳ M-ϭs-ϭ] 
η [ŵPa s] 

koďs 

[ϭϬϴ M-ϭs-ϭ] 

kdiff 

[ϭϬϴ M-ϭs-ϭ] 

ket 

[ϭϬϴ M-ϭs-ϭ] 

Ϭ.ϭ ϭϲ±Ϯ Ϭ.ϯϲ ϰϰ±ϭ ϭϴϲ ϴϯ±ϱ 

ϭϬ ϭϴ±ϭ Ϭ.ϯϴ ϰϭ±Ϯ ϭϳϱ ϳϳ±ϴ 

ϮϬ ϭϲ.ϴ±Ϭ.ϱ Ϭ.ϰϬ ϰϮ±Ϯ ϭϲϱ ϴϰ±ϴ 

ϯϬ ϭϲ±ϭ Ϭ.ϰϮ ϯϵ±ϭ ϭϱϲ ϳϲ±ϱ 

ϰϬ ϭϵ±ϯ Ϭ.ϰϰ ϯϳ±ϭ ϭϰϴ ϳϯ±ϱ 

ϱϬ ϭϴ±ϯ Ϭ.ϰϳ ϯϴ±Ϯ ϭϰϭ ϴϭ±ϴ 

ϲϬ Ϯϯ±ϱ Ϭ.ϰϵ ϯϱ±ϭ ϭϯϱ ϳϰ±ϲ 

ϳϬ Ϯϯ±ϲ Ϭ.ϱϭ ϯϰ±ϭ ϭϮϵ ϳϬ±ϱ 

ϴϬ  Ϭ.ϱϯ ϯϰ±Ϯ ϭϮϰ ϳϱ±ϴ 

ϵϬ ϭϴ±ϲ Ϭ.ϱϲ ϯϯ±ϭ ϭϭϵ ϳϯ±ϳ 

ϭϬϬ  Ϭ.ϱϴ ϯϮ±ϭ ϭϭϰ ϳϮ±ϲ 
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The iŶ listed ƌate ĐoŶstaŶts koďs Taďle ϰ-ϲ aŶd Taďle ϰ-ϳ aƌe plotted togetheƌ ǁith the 

ĐalĐulated ƌate ĐoŶstaŶts of diffusioŶ iŶ the folloǁiŶg figuƌes. 

 

Figuƌe ϰ.ϮϮ: Pƌessuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ aŶd the ĐalĐulated 

ƌate ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ of the ƌedoǆ Đouple [TTF/TTF•+] iŶ [eŵiŵ+][TfϮN-] at Ϯϵϲ K . 

 

Figuƌe ϰ.Ϯϯ: Pƌessuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ aŶd the ĐalĐulated 

ƌate ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ of the ƌedoǆ Đouple [TTF/TTF•+] iŶ [ďŵiŵ+][TfϮN-] at Ϯϵϲ K . 
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Figuƌe ϰ.ϮϮ aŶd Figuƌe ϰ.Ϯϯ ĐleaƌlǇ shoǁ that the oďseƌǀed ƌate ĐoŶstaŶts aƌe higheƌ thaŶ 

eǆpeĐted fƌoŵ the oďseƌǀed diffusioŶ ĐoŶtƌol iŶ the teŵpeƌatuƌe depeŶdeŶt eǆpeƌiŵeŶts. 

Figuƌe ϰ.ϮϮ shoǁs ŶiĐelǇ that it seeŵs to ďe that uŶtil ϮϬ MPa the diffusioŶ ĐoŶtƌol, 

oďseƌǀed ďǇ the teŵpeƌatuƌe eǆpeƌiŵeŶts, ĐaŶ ďe oďseƌǀed as ǁell ďut fƌoŵ that poiŶt oŶ 

the oďseƌǀed ƌate ĐoŶstaŶts deǀiate fƌoŵ the ĐalĐulated ƌate ĐoŶstaŶts of diffusioŶ. This 

iŶdiĐates that upoŶ ƌeaĐhiŶg a ĐeƌtaiŶ ǀisĐositǇ a ďƌeakdoǁŶ of the diffusioŶ ŵodel oƌ 

possiďlǇ a ďƌeak of the diffusioŶ peƌ se oĐĐuƌs, soŵethiŶg ǁhiĐh ǁill ďe disĐussed iŶ ŵoƌe 

detail lateƌ. 

 

 

Figuƌe ϰ.Ϯϰ: Pƌessuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ of the ƌedoǆ Đouple 

[TTF/TTF•+] iŶ DMP at Ϯϵϲ K . 

 

The diffeƌeŶĐe ďetǁeeŶ the ĐalĐulated ƌate ĐoŶstaŶts of diffusioŶ aŶd the oďseƌǀed ƌate 

ĐoŶstaŶts iŶ aĐetoŶitƌile is laƌge eŶough to peƌfoƌŵ the diffusioŶ ĐoƌƌeĐtioŶ ǀia eƋuatioŶ 

;Ϯ.ϭϭͿ. The ƌate ĐoŶstaŶts ket oďtaiŶed aƌe listed iŶ Taďle ϰ-ϳ. 
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Figuƌe ϰ.Ϯϱ: Pƌessuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ, the ĐalĐulated ƌate 

ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ aŶd the ƌates foƌ the eleĐtƌoŶ tƌaŶsfeƌ ket ;•Ϳ of the ƌedoǆ Đouple [TTF/TTF•+] 

iŶ AN at Ϯϵϲ K . 

 

4.2.1 Activation volume / Discussion 

Fƌoŵ the plot lŶ;ketͿ ǀs. p iŶ Figuƌe ϰ.Ϯϱ aŶd fƌoŵ the ƌesultiŶg slope, the aĐtiǀatioŶ ǀoluŵe ∆ ܸ௧‡  Đould ďe ĐalĐulated usiŶg eƋuatioŶ ;Ϯ.ϰϲͿ. The oďseƌǀed aĐtiǀatioŶ ǀoluŵes ∆ ܸ௦‡  foƌ 

the ƌedoǆ Đouple [TTF/TTF.+] iŶ [eŵiŵ+][TfϮN-], [ďŵiŵ+][TfϮN-] aŶd DMP ǁeƌe oďtaiŶed 

fƌoŵ the slopes iŶ Figuƌe ϰ.ϮϮ - Figuƌe ϰ.Ϯϰ aŶd listed iŶ Taďle ϰ-ϴ. 

Taďle ϰ-ϴ: AĐtiǀatioŶ ǀoluŵes oďtaiŶed fƌoŵ the plots lŶ;koďsͿ ǀs. p aŶd lŶ;ketͿ ǀs. p. 

solvent 
∆ ௗܸ‡

 

[cm
3
 mol

-1
] 

∆ ܸ௦‡  

[cm
3
 mol

-1
] 

∆ ܸ௧‡  

[cm
3
 mol

-1
] 

Pressure range 

[MPa] 

[bmim
+
][Tf2N

-
] 30.1 -10 ±3  0.1-80 

[emim
+
][Tf2N

-
] 27.2 -4±1  0.1-100 

dimethylphthalate - -11±3  0.1-70 

acetonitrile 12 7.7±0.6 3±1 0.1-100 
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Figuƌe ϰ.ϮϮ aŶd Figuƌe ϰ.Ϯϯ shoǁ that the oďseƌǀed ƌates aƌe higheƌ thaŶ pƌediĐted fƌoŵ 

the ĐalĐulated ƌate ĐoŶstaŶts foƌ diffusioŶ. This leads to the assuŵptioŶ that the diffusioŶ 

ŵodel is Ŷo loŶgeƌ ǀalid oƌ that Ŷo diffusioŶ happeŶs at suĐh high ǀisĐosities. This iŶ tuƌŶ 

ǁould ŵeaŶ that the oďseƌǀed koďs is eǆpeĐted to ďe keǆ. The foƌŵatioŶ of a stƌoŶg solǀeŶt 

Đage aƌouŶd the ƌedoǆ Đouple ǁould ďe possiďle. “tƌehŵel et al puďlished ƌates of the 

lophǇl ƌadiĐal diŵeƌizatioŶ [ϯ, ϲϰ] iŶ ILs aŶd ƌepoƌtiŶg also higheƌ ƌates iŶ higheƌ ǀisĐous ILs 

as eǆpeĐted. This fits to the pƌeseŶt ƌesults aŶd affiƌŵed the assuŵptioŶ that the eleĐtƌoŶ 

tƌaŶsfeƌ ƌeaĐtioŶ oĐĐuƌs ǁithiŶ a solǀeŶt Đage. This ǁould ŵeaŶ that Ŷo diffusioŶ oĐĐuƌs 

aŶd the ƌedoǆ Đouple is Đaptuƌed ǁithiŶ the solǀeŶt Đage. It is kŶoǁŶ fƌoŵ liteƌatuƌe [ϵ, Ϯϱ] 

that ILs haǀe aŶ oƌgaŶized loĐal stƌuĐtuƌe as ǁell iŶ the solid phase as iŶ the liƋuid phase, 

ĐoŶtaiŶiŶg fƌee spaĐe ǁithiŶ the alteƌŶatiŶg patteƌŶ of the ioŶs. These spaĐes ĐaŶ aĐt like a 

Đage aŶd host ŵoleĐules, as ƌepoƌted ďǇ CastiglioŶe[ϲ]. BǇ a ϭϮϵXe ĐheŵiĐal shift NMR-

eǆpeƌiŵeŶt, the authoƌs Đould pƌoǀe the Đage-like stƌuĐtuƌe iŶ seǀeƌal ILs aŶd ĐoŶĐlude 

fƌoŵ the ĐheŵiĐal shift to the Đage size. The ƌepoƌted Đage size of ϵ.Ϯ Å iŶ [ďŵiŵ+][TfϮN-] is 

iŶ the ƌegioŶ of the size of a [TTF/TTF•+] pƌeĐuƌsoƌ Đoŵpleǆ diŵeŶsioŶ ;giǀeŶ iŶ Ref.[ϮϬ] iŶ 

appƌoǆiŵatioŶ ǀia aŶ ellipsoid ŵodelͿ. The ŵeltiŶg poiŶts, Tŵ, foƌ the solǀeŶts 

[eŵiŵ+][TfϮN-], [ďŵiŵ+][TfϮN-] aŶd DMP at atŵospheƌiĐ pƌessuƌe aƌe ƌelatiǀelǇ high ;Tŵ: 

[eŵiŵ+] [TfϮN-], Ϯϱϲ K [ϭϲ], [ďŵiŵ+][TfϮN-], Ϯϳϭ K [ϭϲ] aŶd DMP, Ϯϳϵ K [ϯϴ]Ϳ. UŶdeƌ the 

assuŵptioŶ that the ŵeltiŶg poiŶts iŶĐƌease ǁith iŶĐƌeasiŶg pƌessuƌe it ŵaǇ ďe possiďle 

that the ŵeltiŶg poiŶts aƌe ƌeaĐhed oƌ at least the ƌegioŶ aƌouŶd the poiŶts ǁheƌe the 

fleǆiďilitǇ of ioŶs iŶ the ILs is ƌeduĐed. A ƌeduĐed fleǆiďilitǇ of the ioŶs iŶ ILs Đould pƌeǀeŶt 

the fuƌtheƌ diffusioŶ of the ƌeaĐtioŶ paƌtŶeƌs thƌough the solutioŶ. The ƌedoǆ Đouples 

ǁhiĐh aƌe Đaptuƌed iŶ the Đages of the ILs still uŶdeƌgo eleĐtƌoŶ tƌaŶsfeƌ. This assuŵptioŶ 

Đould ďe a possiďle eǆplaŶatioŶ foƌ the ǁoƌse ƌepƌoduĐiďilitǇ of the ŵeasuƌed poiŶts at 

high pƌessuƌes iŶ the ioŶiĐ liƋuids. It is thiŶkaďle that the ƌate of pƌessuƌe iŶĐƌease duƌiŶg 

the ŵeasuƌeŵeŶts plaǇs aŶ iŵpoƌtaŶt ƌole. Hoǁ fast the poiŶt is ƌeaĐhed, fƌoŵ ǁheƌe the 

ƌedoǆ paƌtŶeƌ ĐaŶŶot diffuse aŶǇŵoƌe, deĐides hoǁ ŵaŶǇ ƌedoǆ Đouples aƌe Đaptuƌed 

togetheƌ iŶ a solǀeŶt Đage. WithiŶ this ǁoƌk the pƌessuƌe iŶĐƌeasiŶg ƌate ǁas Ŷot 

ĐoŶsideƌed ďut it ǁould ŵake seŶse to ĐoŶsideƌ it iŶ the fuƌtheƌ ǁoƌk oŶ iŶ this field. 
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The ĐalĐulatioŶ of the diffusioŶ ƌates iŶ DMP ǁas Ŷot possiďle ďeĐause of ŵissiŶg pƌessuƌe 

depeŶdeŶt ǀisĐositǇ data. But, the oďseƌǀed aĐtiǀatioŶ ǀoluŵe of -ϭϬ Đŵϯŵol-ϭ is iŶ the 

saŵe ƌaŶge like the aĐtiǀatioŶ ǀoluŵes iŶ [ďŵiŵ+][TfϮN-]. This Đould also ďe due to a 

pƌeseŶt solǀeŶt Đage iŶ the DMP. DMP has the highest ŵeltiŶg poiŶt ǁithiŶ the ŵeasuƌed 

solǀeŶts. It Đould ďe that the DMP ƌeaĐhed its ŵeltiŶg poiŶt ďǇ the iŶĐƌease iŶ pƌessuƌe aŶd 

the ƌedoǆ Đouples aƌe Đaptuƌed iŶ the fƌeeziŶg stƌuĐtuƌe of DMP.  

IŶ ĐoŵpaƌisoŶ to the eǆpeƌiŵeŶtal ∆ ܸ௦‡ , the ǀoluŵe desĐƌiďiŶg the ĐoŵpƌessioŶ of the ILs 

suƌƌouŶdiŶg the [TTF/TTF•+] Đouple ǁas ĐalĐulated aĐĐoƌdiŶg to “ǁaddle [ϲϱ];see eƋuatioŶ 

;Ϯ.ϱϭͿͿ.This appƌoaĐh Ǉielded ǀalues of -ϰ Đŵϯ ŵol-ϭ aŶd -ϯ Đŵϯ ŵol-ϭ foƌ [eŵiŵ+][TfϮN-], 

[ďŵiŵ+][TfϮN-], ƌespeĐtiǀelǇ. It appeaƌs that the Ŷegatiǀe eǆpeƌiŵeŶtallǇ deteƌŵiŶed 

aĐtiǀatioŶ ǀoluŵe ∆ ܸ௦‡  iŶ the ILs siŵplǇ ƌefleĐts theiƌ ĐoŵpƌessioŶ.  

The eǆpeƌiŵeŶtal aĐtiǀatioŶ ǀoluŵe foƌ the ƌedoǆ Đouple [TTF/TTF•+] iŶ the loǁ-ǀisĐous 

oƌgaŶiĐ solǀeŶt aĐetoŶitƌile is fouŶd as ϯ Đŵϯ/ŵol. This is Đoŵpaƌaďle to otheƌ oƌgaŶiĐ 

ƌedoǆ Đouples iŶ aĐetoŶitƌile, like [DDQ/DDQ.-] aŶd [TCNE/TCNE.-] ;ϳ,Ϭ Đŵϯ ŵol-ϭaŶd ϴ,Ϯ 

Đŵϯ ŵol-ϭͿ[ϱϳ]. 
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4.3 Self- exchange reaction of [TCNE/TCNE
•-

] in dependence of temperature 

E“R liŶe ďƌoadeŶiŶg eǆpeƌiŵeŶts ǁeƌe Đaƌƌied out iŶ fouƌ diffeƌeŶt ILs. Thƌee of theŵ aƌe 

ILs ǁith a ďis;tƌifluoƌoŵethǇlsulfoŶǇlͿiŵide aŶioŶ aŶd ǀaƌiaďle sideĐhaiŶs oŶ the 

ŵethǇliŵidazoliuŵ ĐatioŶ. Figuƌe ϰ.Ϯϲ shoǁs the liŶe ďƌoadeŶiŶg effeĐt of the ƌedoǆ Đouple 

[TCNE/TCNE•-] at ϯϯϯ K, ǁheƌe the speĐtƌuŵ of the siŶgle ƌadiĐal solutioŶ of TCNE•- ;aͿ 

shoǁs ŶiŶe ǀeƌǇ Ŷaƌƌoǁ liŶes. The liŶes get iŶĐƌeasiŶglǇ ŵoƌe ďƌoadeŶed ďǇ iŶĐƌeasiŶg the 

ĐoŶĐeŶtƌatioŶ of [TCNE]. 

 

 

Figuƌe ϰ.Ϯϲ: ESR speĐtƌa of Ϭ.ϳϱ ŵM TCNE•-.iŶ [eŵiŵ+][TfϮN-] at ϯϯϯ K. ;aͿ [TCNE] = Ϭ ŵM, ;ďͿ [TCNE] = ϭϮ 

ŵM ;ĐͿ [TCNE] = ϰϬ ŵM, ;dͿ [TCNE] = ϲϴ ŵM. 

 

Figuƌe ϰ.Ϯϳ shoǁs the effeĐt oŶ the liŶe ǁidth ǁithout eleĐtƌoŶ eǆĐhaŶge ďǇ iŶĐƌeasiŶg 

teŵpeƌatuƌe. The liŶes get Ŷaƌƌoǁeƌ ďǇ iŶĐƌeasiŶg the teŵpeƌatuƌe due to the deĐƌeasiŶg 

ǀisĐositǇ of the ILs. 
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Figuƌe ϰ.Ϯϳ: ESR speĐtƌa of Ϭ.ϳϱ ŵM TCNE•-.iŶ [eŵiŵ+][TfϮN-] at ;aͿ Ϯϴϴ K, ;ďͿ ϯϬϴ K ;ĐͿ ϯϯϯ K, ;dͿ ϯϱϴ K. 

The ƌate ĐoŶstaŶts ƌeĐeiǀed fƌoŵ the siŵulatioŶ aƌe plotted ǀs. the ĐoŶĐeŶtƌatioŶ of 

Ŷeutƌal TCNE. VeƌǇ liŶeaƌ stƌaight liŶes aƌe oďtaiŶed iŶ all ŵeasuƌed ILs. 

 

Figuƌe ϰ.Ϯϴ: Teŵpeƌatuƌe aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TCNE/TCNE•-] iŶ 

[eŵiŵ+][TfϮN-]. 

 

0.0E+00

7.0E+06

1.4E+07

2.1E+07

0 0.02 0.04 0.06

k(obs) 

[s-1] 

c [M] 

288 K

293 K

298 K

303 K

308 K

313 K

318 K

323 K

328 K

333 K

338 K

343 K

348 K

353 K



Results 

 

ϭϬϭ 

 

 

Figuƌe ϰ.Ϯϵ: Teŵpeƌatuƌe aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TCNE/TCNE•-] iŶ 

[ďŵiŵ+][TfϮN-]. 

 

 

Figuƌe ϰ.ϯϬ: Teŵpeƌatuƌe aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TCNE/TCNE•-] iŶ 

[hŵiŵ+][TfϮN-]. 
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Figuƌe ϰ.ϯϭ: Teŵpeƌatuƌe aŶd ĐoŶĐeŶtƌatioŶ depeŶdeŶĐe of the eǆĐhaŶge ƌate [TCNE/TCNE•-] iŶ 

[ďŵiŵ+][BFϰ
-]. 

The slopes fƌoŵ Figuƌe ϰ.Ϯϴ to Figuƌe ϰ.ϯϭ giǀe the ďiŵoleĐulaƌ ƌate ĐoŶstaŶts koďs ǁhiĐh 

aƌe listed togetheƌ ǁith the ĐalĐulated ƌate ĐoŶstaŶts foƌ diffusioŶ kdiff iŶ Taďle ϰ-ϵ aŶd 

Taďle ϰ-ϭϬ. The eleĐtƌoŶ tƌaŶsfeƌ ƌate Đould ďe ĐalĐulated foƌ all ŵeasuƌed ILs aŶd aƌe listed 

also iŶ the taďles ŵeŶtioŶed ďefoƌe. Foƌ ĐoŵpaƌisoŶ of koďs, kdiff aŶd ket all of theŵ aƌe 

plotted togetheƌ iŶ the folloǁiŶg figuƌes. 
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Figuƌe ϰ.ϯϮ: Teŵpeƌatuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ, the ĐalĐulated 

ƌate ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ aŶd the ƌates foƌ the eleĐtƌoŶ tƌaŶsfeƌ ket ;•Ϳ of the ƌedoǆ Đouple 

[TCNE/TCNE•-] iŶ [eŵiŵ+][TfϮN-]. 

 

 

Figuƌe ϰ.ϯϯ: Teŵpeƌatuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ, the ĐalĐulated 

ƌate ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ aŶd the ƌates foƌ the eleĐtƌoŶ tƌaŶsfeƌ ket ;•Ϳ of the ƌedoǆ Đouple 

[TCNE/TCNE•-] iŶ [ďŵiŵ+][TfϮN-]. 
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Taďle ϰ-ϵ: Rates foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of [TCNE/TCNE•-] iŶ [eŵiŵ+][TfϮN-] aŶd [ďŵiŵ+][TfϮN-] iŶ 

depeŶdeŶĐe of teŵpeƌatuƌe. Oďseƌǀed ƌate ĐoŶstaŶts koďs , eleĐtƌoŶ tƌaŶsfeƌ ƌates ket ;ǀia eƋuatioŶ ;Ϯ.ϴͿ Ϳ 

aŶd ƌates foƌ diffusioŶ kdiff ;ǀia eƋuatioŶ ;Ϯ.ϭϭͿͿ. 

T [K] 

[eŵiŵ+][TfϮN-] [ďŵiŵ+][TfϮN-] 

η  

[ŵPa s] 

koďs 

[ϭϬϳ  

M-ϭs-ϭ] 

kdiff 

[ϭϬϳ  

M-ϭs-ϭ] 

ket 

[ϭϬϳ  

M-ϭs-ϭ] 

η  

[ŵPa s] 

koďs 

[ϭϬϳ  

M-ϭs-ϭ] 

kdiff 

[ϭϬϳ  

M-ϭs-ϭ] 

ket 

[ϭϬϳ  

M-ϭs-ϭ] 

Ϯϴϴ ϰϵ.Ϭϲ ϰ.ϳ±Ϭ.ϭ ϭϯ.Ϭ ϭϲ.ϴ±Ϯ ϴϬ.ϰϭ Ϯ.ϱϴ±Ϭ.Ϭϲ ϳ.ϵϰ ϳ.ϰ±Ϭ.ϱ 

Ϯϵϯ ϯϵ.ϴϲ ϱ.ϴ±Ϭ.ϭ ϭϲ.ϯ ϮϬ.ϯ±ϭ ϲϮ.ϵϵ ϯ.ϱ±Ϭ.ϭ ϭϬ.ϯ ϭϭ±ϭ 

Ϯϵϴ ϯϯ.ϭϯ ϲ.ϱ±Ϭ.Ϯ ϭϵ.ϵ ϭϴ.ϯ±Ϯ ϱϬ.ϱϬ ϰ.ϲ±Ϭ.ϭ ϭϯ.ϭ ϭϲ±Ϯ 

ϯϬϯ Ϯϳ.ϴϬ ϵ.ϭ±Ϭ.ϭ Ϯϰ.Ϯ ϯϳ.ϭ±Ϯ ϰϭ.ϭϱ ϱ.ϵ±Ϭ.ϭ ϭϲ.ϯ ϮϮ±Ϯ 

ϯϬϴ Ϯϯ.ϲϬ ϭϬ.ϵ±Ϭ.ϭ Ϯϴ.ϵ ϰϰ.ϲ±Ϯ ϯϰ.ϬϮ ϳ.ϰ±Ϭ.ϭ ϮϬ.ϭ Ϯϴ±Ϯ 

ϯϭϯ ϮϬ.Ϯϲ ϭϯ.ϭ±Ϭ.ϭ ϯϰ.Ϯ ϱϲ.ϲ±ϯ Ϯϴ.ϱϵ ϵ.ϭ±Ϭ.Ϯ Ϯϰ.ϯ ϯϲ±ϯ 

ϯϭϴ ϭϳ.ϲϬ ϭϱ.ϰ±Ϭ.Ϯ ϰϬ.Ϭ ϲϳ.ϱ±ϯ Ϯϰ.ϮϮ ϭϭ.Ϭ±Ϭ.Ϯ Ϯϵ.ϭ ϰϱ±ϯ 

ϯϮϯ ϭϱ.ϯϭ ϭϴ.Ϭ±Ϭ.Ϯ ϰϲ.ϴ ϳϴ.Ϭ±ϰ ϮϬ.ϳϰ ϭϯ.ϭ±Ϭ.Ϯ ϯϰ.ϱ ϱϰ±ϰ 

ϯϮϴ ϭϯ.ϱϯ ϮϬ.ϳ±Ϭ.Ϯ ϱϯ.ϳ ϵϭ.ϭ±ϱ ϭϳ.ϴϴ ϭϱ.ϰ±Ϭ.Ϯ ϰϬ.ϳ ϲϰ±ϰ 

ϯϯϯ ϭϮ.Ϭϭ Ϯϯ.ϵ±Ϭ.ϯ ϲϭ.ϰ ϭϬϳ±ϲ ϭϱ.ϲϬ ϭϴ.ϭ±Ϭ.ϯ ϰϳ.ϯ ϳϳ±ϱ 

ϯϯϴ ϭϬ.ϳϰ Ϯϳ.Ϭ±Ϭ.ϯ ϲϵ.ϴ ϭϭϵ±ϳ ϭϯ.ϳϱ Ϯϭ.Ϭ±Ϭ.ϯ ϱϰ.ϱ ϵϭ±ϲ 

ϯϰϯ ϵ.ϲϲ ϯϬ.ϴ±Ϭ.ϲ ϳϴ.ϳ ϭϰϭ±ϭϱ ϭϮ.ϭϱ Ϯϰ.Ϯ±Ϭ.ϰ ϲϮ.ϲ ϭϬϳ±ϴ 

ϯϰϴ ϴ.ϳϮ ϯϰ±ϭ ϴϴ.ϱ ϭϱϱ±Ϯϰ ϭϬ.ϴϯ Ϯϳ.ϴ±Ϭ.ϱ ϳϭ.Ϯ ϭϮϲ±ϭϬ 

ϯϱϯ ϳ.ϵϰ ϯϴ±ϭ ϵϴ.ϱ ϭϳϯ±ϯϬ ϵ.ϳϮ ϯϭ.ϲ±Ϭ.ϱ ϴϬ.ϱ ϭϰϲ±ϭϮ 

ϯϱϴ     ϴ.ϳϵ ϯϱ.ϭ±Ϭ.ϲ ϵϬ.ϯ ϭϱϳ±ϭϮ 

ϯϲϯ     ϳ.ϵϳ ϯϴ.ϳ±Ϭ.ϳ ϭϬϭ ϭϲϲ±ϭϰ 

ϯϲϴ     ϳ.Ϯϳ ϰϮ.ϴ±Ϭ.ϵ ϭϭϮ ϭϴϬ±ϭϳ 

ϯϳϯ     ϲ.ϲϱ ϰϲ±ϭ ϭϮϰ ϭϴϭ±ϭϴ 

ϯϳϴ     ϲ.ϭϭ ϱϭ±Ϯ ϭϯϳ ϮϬϭ±Ϯϲ 

ϯϴϯ     ϱ.ϲϯ ϱϭ±Ϯ ϭϱϭ ϭϱϳ±ϮϮ 
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Figuƌe ϰ.ϯϰ: Teŵpeƌatuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ, the ĐalĐulated 

ƌate ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ aŶd the ƌates foƌ the eleĐtƌoŶ tƌaŶsfeƌ ket ;•Ϳ of the ƌedoǆ Đouple 

[TCNE/TCNE•-] iŶ [hŵiŵ+][TfϮN-]. 

 

 

Figuƌe ϰ.ϯϱ: Teŵpeƌatuƌe depeŶdeŶĐe of the eǆpeƌiŵeŶtal oďseƌǀed ƌate ĐoŶstaŶt koďs ;•Ϳ, the ĐalĐulated 

ƌate ĐoŶstaŶts of diffusioŶ kdiff ;•Ϳ aŶd the ƌates foƌ the eleĐtƌoŶ tƌaŶsfeƌ ket ;•Ϳ of the ƌedoǆ Đouple 

[TCNE/TCNE•-] iŶ [ďŵiŵ+][BFϰ
-]. 
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Taďle ϰ-ϭϬ: Rates foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of [TCNE/TCNE•-] iŶ [hŵiŵ+][TfϮN-] aŶd [ďŵiŵ+][BFϰ
-] iŶ 

depeŶdeŶĐe of teŵpeƌatuƌe. Oďseƌǀed ƌate ĐoŶstaŶts koďs, eleĐtƌoŶ tƌaŶsfeƌ ƌates ket ;ǀia eƋuatioŶ ;Ϯ.ϴͿ Ϳ 

aŶd ƌates foƌ diffusioŶ kdiff ;ǀia eƋuatioŶ ;Ϯ.ϭϭͿͿ. 

T [K] 

[hŵiŵ+][TfϮN-] [ďŵiŵ+][BFϰ
-] 

η  

[ŵPa s] 

koďs 

[ϭϬϳ 

M-ϭs-ϭ] 

kdiff 

[ϭϬϳ 

M-ϭs-ϭ] 

ket 

[ϭϬϳ 

M-ϭs-ϭ] 

η  

[ŵPa s] 

koďs 

[ϭϬϳ 

M-ϭs-ϭ] 

kdiff 

[ϭϬϳ 

M-ϭs-ϭ] 

ket 

[ϭϬϳ 

M-ϭs-ϭ] 

Ϯϴϴ ϭϮϬ.Ϭϴ ϭ.ϴ±Ϭ.ϭ ϱ.ϯϮ ϱ±ϭ ϭϴϳ.ϭϳ ϭ.ϭ±Ϭ.Ϯ ϯ.ϰϳ ϯ±ϭ 

Ϯϵϯ ϵϭ.ϵϰ Ϯ.ϰ±Ϭ.ϭ ϳ.Ϭϳ ϳ±ϭ ϭϯϵ.ϭϴ ϭ.Ϯ±Ϭ.ϭ ϰ.ϳϯ Ϯ.ϱ±Ϭ.ϲ 

Ϯϵϴ ϳϭ.ϴϱ ϯ.ϭ±Ϭ.ϭ ϵ.ϮϬ ϵ±ϭ ϭϬϱ.ϵϳ ϭ.ϰ±Ϭ.ϭ ϲ.ϯϭ Ϯ.ϰ±Ϭ.ϱ 

ϯϬϯ ϱϳ.ϭϳ ϰ.ϭ±Ϭ.ϭ ϭϭ.ϴ ϭϯ±ϭ ϴϮ.ϰϬ ϭ.ϳϱ±Ϭ.Ϭϱ ϴ.Ϯϲ ϯ.ϭ±Ϭ.Ϯ 

ϯϬϴ ϰϲ.Ϯϯ ϱ.ϯ±Ϭ.ϭ ϭϰ.ϴ ϭϴ±ϭ ϲϱ.Ϯϴ Ϯ.ϭϴ±Ϭ.Ϭϵ ϭϬ.ϲ ϯ.ϳ±Ϭ.ϯ 

ϯϭϯ ϯϳ.ϵϯ ϲ.ϲ±Ϭ.ϭ ϭϴ.ϯ Ϯϯ±ϭ ϱϮ.ϱϵ Ϯ.ϴϯ±Ϭ.Ϭϯ ϭϯ.ϰ ϰ.ϵ±Ϭ.ϭ 

ϯϭϴ ϯϭ.ϱϯ ϴ.ϭ±Ϭ.ϭ ϮϮ.ϰ ϯϬ±ϭ ϰϯ.ϬϬ ϯ.ϱ±Ϭ.ϭ ϭϲ.ϴ ϱ.ϵ±Ϭ.ϰ 

ϯϮϯ Ϯϲ.ϱϯ ϵ.ϴ±Ϭ.ϭ Ϯϳ.Ϭ ϯϲ±Ϯ ϯϱ.ϲϱ ϰ.ϯϵ±Ϭ.Ϭϵ ϮϬ.ϳ ϳ.ϲ±Ϭ.ϯ 

ϯϮϴ ϮϮ.ϱϱ ϭϭ.ϴ±Ϭ.ϭ ϯϮ.Ϯ ϰϰ±Ϯ Ϯϵ.ϵϭ ϱ.Ϯ±Ϭ.Ϯ Ϯϱ.Ϯ ϴ.ϵ±Ϭ.ϲ 

ϯϯϯ ϭϵ.ϯϲ ϭϰ.Ϭ±Ϭ.ϭ ϯϴ.ϭ ϱϯ±Ϯ Ϯϱ.ϯϴ ϲ.ϰ±Ϭ.ϭ ϯϬ.ϰ ϭϭ.Ϯ±Ϭ.ϰ 

ϯϯϴ ϭϲ.ϳϳ ϭϲ.ϱ±Ϭ.Ϯ ϰϰ.ϳ ϲϰ±ϯ Ϯϭ.ϳϲ ϳ.ϰ±Ϭ.ϯ ϯϲ.Ϯ ϭϮ.ϲ±Ϭ.ϵ 

ϯϰϯ ϭϰ.ϲϱ ϭϵ.ϰ±Ϭ.Ϯ ϱϭ.ϵ ϳϲ±ϯ ϭϴ.ϴϮ ϴ.ϵ±Ϭ.ϭ ϰϮ.ϵ ϭϱ.ϯ±Ϭ.ϰ 

ϯϰϴ ϭϮ.ϴϵ ϮϮ.ϰ±Ϭ.ϯ ϱϵ.ϵ ϵϬ±ϰ ϭϲ.ϰϮ ϭϬ.ϭ±Ϭ.ϰ ϱϬ.ϯ ϭϳ±Ϭϭ 

ϯϱϯ ϭϭ.ϰϮ Ϯϱ.ϵ±Ϭ.ϰ ϲϴ.ϱ ϭϬϲ±ϲ ϭϰ.ϰϰ ϭϭ.ϵϲ±Ϭ.Ϭϲ ϱϴ.ϱ ϮϬ±Ϭ.Ϯ 

ϯϱϴ ϭϬ.ϭϴ Ϯϵ.ϰ±Ϭ.ϰ ϳϴ.Ϭ ϭϮϬ±ϲ ϭϮ.ϳϴ ϭϯ.ϯ±Ϭ.ϱ ϲϳ.ϲ ϮϮ±ϭ 

ϯϲϯ ϵ.ϭϯ ϯϮ.ϲ±Ϭ.ϭ ϴϴ.ϭ ϭϮϱ±Ϯ ϭϭ.ϰϬ ϭϱ.ϲ±Ϭ.ϭ ϳϳ.ϲ Ϯϲ.Ϭ±Ϭ.ϯ 

ϯϲϴ ϴ.Ϯϯ ϯϲ.Ϯ±Ϭ.ϭ ϵϵ.ϭ ϭϯϰ±Ϯ ϭϬ.ϮϮ ϭϲ.ϳ±Ϭ.ϲ ϴϴ.ϱ Ϯϳ±Ϯ 

ϯϳϯ ϳ.ϰϲ ϯϵ.ϲ±Ϭ.ϯ ϭϭϭ ϭϯϵ±ϯ ϵ.ϮϮ ϭϵ.ϱ±Ϭ.ϯ ϭϬϬ ϯϭ.ϵ±Ϭ.ϳ 

ϯϳϴ ϲ.ϳϵ ϰϰ.Ϭ±Ϭ.ϯ ϭϮϯ ϭϱϯϰ± ϴ.ϯϱ ϮϬ±ϭ ϭϭϯ ϯϮ±ϯ 

ϯϴϯ ϲ.Ϯϭ ϰϴ.ϱ±Ϭ.ϱ ϭϯϳ ϭϲϳϲ±     
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4.3.1 Solvent dynamics 

“o-Đalled Weaǀeƌ plots [ϳϬ, ϳϭ] ǁeƌe used to ĐlaƌifǇ ǁhetheƌ this ƌeaĐtioŶ shoǁs a solǀeŶt 

dǇŶaŵiĐ effeĐt as desĐƌiďed iŶ Đhapteƌ Ϯ.ϰ. IŶ oƌgaŶiĐ solǀeŶts the self-eǆĐhaŶge ƌeaĐtioŶ of 

the [TCNE/TCNE•-] ƌedoǆ Đouple is ĐoŶtƌolled ďǇ adiaďatiĐ solǀeŶt dǇŶaŵiĐs as puďlished ďǇ 

Gƌaŵpp aŶd JaŶiĐke [ϮϬ]. To pƌoǀe the solǀeŶt dǇŶaŵiĐ effeĐt iŶ the Đase of ioŶiĐ liƋuids, 

plots ǁeƌe ŵade aĐĐoƌdiŶg to eƋuatioŶ ;Ϯ.ϰϭͿ, ǁhiĐh should ƌesult iŶ slopes of uŶitǇ foƌ the 

diaďatiĐ Đase aŶd aĐĐoƌdiŶg to eƋuatioŶ ;Ϯ.ϰϮͿ, ǁhiĐh should ƌesult iŶ slopes of uŶitǇ foƌ 

the adiaďatiĐ Đase. It is appaƌeŶt fƌoŵ Taďle ϰ-ϭϭ that the diffeƌeŶĐe ďetǁeeŶ the ɸ∞ aŶd 

ŶD
Ϯ is sigŶifiĐaŶt. Theƌefoƌe, foƌ ĐoŵpaƌisoŶ, ĐalĐulatioŶs of ƌeoƌgaŶizatioŶ eŶeƌgies ǁith 

eǆpeƌiŵeŶtal ǀalues of ɸ∞ aŶd ǁith ŶD
Ϯ as aŶ appƌoǆiŵatioŶ aƌe listed iŶ Taďle ϰ-ϭϮ. 

Taďle ϰ-ϭϭ: SƋuaƌe of the ƌefƌaĐtiǀe iŶdiĐes ŶD
Ϯ, dieleĐtƌiĐ paƌaŵeteƌs ε∞ aŶd εs aŶd the ƌelaǆatioŶ tiŵes τL 

at Ϯϵϴ K foƌ the listed ILs. 

“olǀeŶt ŶD
Ϯ
 ɸ∞ ɸs τL [ps] 

[eŵiŵ+][TfϮN-] Ϯ.ϬϮ ϯ.Ϯϯ ϭϮ.Ϯϱ ϱϴ.ϵϮ 

[hŵiŵ+][TfϮN-] Ϯ.Ϭϱ Ϯ.ϱϴ ϭϮ.ϱ ϰϬ.ϰϬ 

[ďŵiŵ+][TfϮN-] Ϯ.Ϭϰ ϯ.Ϭϯ ϭϭ.ϱϮ ϭϭϮ.ϭϮ 

[ďŵiŵ+][BFϰ
-] Ϯ.Ϭϯ Ϯ.Ϯϭ ϭϯ.ϵϳ Ϯϴ.ϱϰ 

 

Taďle ϰ-ϭϮ: Pekaƌ faĐtoƌs γ aŶd ƌeoƌgaŶizatioŶ eŶeƌgies foƌ the ƌedoǆ Đouple [TCNE/TCNE•-] iŶ diffeƌeŶt ioŶiĐ 

liƋuids 

“olǀeŶt ɶ;ϭͿ ɶ;ϮͿ 
;ʃelʆŶͿoďs

;ϭͿ
 

[ϭϬϭϬs-ϭ] 

;ʃelʆŶͿoďs
;ϮͿ

 

[ϭϬϭϬs-ϭ] 

ΔG*ĐalĐ
;ϭͿ

 

[kJ ŵol-ϭ] 

ΔG*ĐalĐ
;ϮͿ

 

[kJ ŵol-ϭ] 

[eŵiŵ+][TfϮN-] Ϭ.ϮϮϴ Ϭ.ϰϭϯ ϭ.ϲϮ ϭϵ.ϰ ϭϭ.ϭϬ ϭϳ.Ϯϲ 

[hŵiŵ+][TfϮN-] Ϭ.ϯϬϴ Ϭ.ϰϬϵ Ϯ.ϯϳ ϵ.Ϯϱ ϭϯ.ϳϲ ϭϳ.ϭϯ 

[ďŵiŵ+][TfϮN-] Ϭ.Ϯϰϯ Ϭ.ϰϬϰ ϭ.ϳϰ ϭ.ϱϮ ϭϭ.ϲϭ ϭϲ.ϵϴ 

[ďŵiŵ+][BFϰ
-] Ϭ.ϯϴϭ Ϭ.ϰϮϭ ϭ.ϲϯ Ϯ.ϴϬ ϭϲ.ϮϬ ϭϳ.ϱϰ 

;ϭͿ…Pekaƌ faĐtoƌ ĐalĐulated ǀia ;Ϯ.ϮϮͿ 
;ϮͿ…Pekaƌ faĐtoƌ ĐalĐulated ǀia;Ϯ.ϮϮͿ usiŶg the appƌoǆiŵatioŶ ϭ/ɸ∞≈ϭ/ŶD

Ϯ
 

ΔG*ĐalĐ… ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϭϱͿ, used VRP=ϰ.ϳ kJ/ŵol[ϮϬ] 



Results 

 

ϭϬϴ 

 

The folloǁiŶg douďle logaƌithŵiĐ plots aĐĐoƌdiŶg to Weaǀeƌ use ǀalues fƌoŵ Taďle ϰ-ϭϮ, 

oŶĐe ǁith the appƌoǆiŵatioŶ ɸ∞≈ŶD
Ϯ aŶd oŶĐe ǁith the eǆpeƌiŵeŶtal ɸ∞.  

 

It is oďǀiouslǇ fƌoŵ Figuƌe ϰ.ϯϲ -Figuƌe ϰ.ϯϳ that ďoth, the adiaďatiĐ aŶd the diaďatiĐ 

appliĐatioŶ, do Ŷot ƌesult iŶ a slope of uŶitǇ. WhǇ Weaǀeƌ plots ĐoŵpletelǇ failed geŶeƌates 

the peƌĐeptioŶ that the appƌoǆiŵatioŶ of ŶD
Ϯ≈ɸ∞ is Ŷot effeĐtiǀe foƌ the iŶǀestigated ioŶiĐ 

liƋuids. But, the Weaǀeƌ plots iŶ Figuƌe ϰ.ϯϴ aŶd Figuƌe ϰ.ϯϵ, ǁith Pekaƌ faĐtoƌs ĐalĐulated 
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Figuƌe ϰ.ϯϲ: Weaǀeƌ appliĐatioŶ foƌ the 

adiaďatiĐ Đase ďǇ usiŶg ŶD
Ϯ. 
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Figuƌe ϰ.ϯϵ: Weaǀeƌ appliĐatioŶ foƌ the adiaďatiĐ 

Đase ďǇ usiŶg ε∞. 
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Figuƌe ϰ.ϯϴ: Weaǀeƌ appliĐatioŶ foƌ the diaďatiĐ 

Đase ďǇ usiŶg ε∞. 

Figuƌe ϰ.ϯϳ: Weaǀeƌ appliĐatioŶ foƌ the diaďatiĐ 

Đase ďǇ usiŶg ŶD
Ϯ. 
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fƌoŵ ɸ∞ ǀalues, also failed. Is Ŷot ƌeallǇ astoŶishiŶg that the diaďatiĐ appliĐatioŶ failed 

ďeĐause aĐĐoƌdiŶg to Gƌaŵpp et al. [ϮϬ] oŶe ǁould eǆpeĐt aŶ adiaďatiĐ solǀeŶt dǇŶaŵiĐ 

effeĐt foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of the ƌedoǆ Đouple [TCNE/TCNE•-]. The appliĐatioŶ foƌ 

the adiaďatiĐ Đase iŶ Figuƌe ϰ.ϯϵ shoǁs a ŵoƌe oƌ less solǀeŶt iŶdepeŶdeŶt tƌeŶd. Theƌe 

aƌe tǁo possiďle eǆplaŶatioŶs foƌ that, oŶe is that the appliĐatioŶ of a Pekaƌ faĐtoƌ foƌ ILs is 

ƋuestioŶaďle iŶ geŶeƌal. BeĐause ILs aƌe Đoŵposed of disĐƌete Đhaƌged paƌts aŶd haǀe Ŷo 

dipole ŵoŵeŶts like oƌgaŶiĐ solǀeŶt ŵoleĐules. Of Đouƌse, the ŵeasuƌeŵeŶt of a dieleĐtƌiĐ 

ĐoŶstaŶt is possiďle aŶd ǀalues aƌe aǀailaďle iŶ liteƌatuƌe, ďut the puďlished dieleĐtƌiĐ 

ĐoŶstaŶts foƌ ILs aƌe ǀeƌǇ diffeƌeŶt. AŶd this Đould ďe aŶotheƌ ƌeasoŶ foƌ the stƌaŶge 

ďehaǀiouƌ iŶ Figuƌe ϰ.ϯϵ. The used dieleĐtƌiĐ ĐoŶstaŶts aƌe fƌoŵ diffeƌeŶt authoƌs aŶd 

espeĐiallǇ the ǀalues aǀailaďle iŶ liteƌatuƌe foƌ [eŵiŵ+][TfϮN-] aŶd [ďŵiŵ+][TfϮN-] aƌe ǀeƌǇ 

diffeƌeŶt. To eǆĐlude aŶ eƌƌoƌ fƌoŵ usiŶg diffeƌeŶt souƌĐes of the dieleĐtƌiĐ paƌaŵeteƌs, a 

Weaǀeƌ plot ǁith teŵpeƌatuƌe depeŶdeŶt dieleĐtƌiĐ paƌaŵeteƌs of [hŵiŵ+][TfϮN-] aŶd 

[ďŵiŵ+][BFϰ
-] ǁas ŵade ;see Figuƌe ϰ.ϰϬͿ. Values used foƌ the plot ďeloǁ, aƌe listed iŶ Taďle 

ϰ-ϭϯ.  

 

Figuƌe ϰ.ϰϬ: Weaǀeƌ plots ǁith teŵpeƌatuƌe depeŶdeŶt ǀalues foƌ the ILs [hŵiŵ+][TfϮN-] ;ƌedͿ aŶd 

[ďŵiŵ+][BFϰ
-] ;ďlueͿ. 
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Taďle ϰ-ϭϯ: Teŵpeƌatuƌe depeŶdeŶt Pekaƌ faĐtoƌs γ aŶd ƌeoƌgaŶizatioŶ eŶeƌgies foƌ the ƌedoǆ Đouple 

[TCNE/TCNE•-] iŶ diffeƌeŶt ioŶiĐ liƋuids 

“olǀeŶt T ɶ;aͿ
 

;ʃelʆŶͿoďs 

[ϭϬϭϬs-ϭ] 

ʄo
;ďͿ 

[kJ ŵol-ϭ] 

ʄi
;ĐͿ 

[kJ ŵol-ϭ] 

ΔG*ĐalĐ
;dͿ 

[kJ ŵol-ϭ] 

[hŵiŵ+][TfϮN-] Ϯϴϴ Ϭ.ϰϭϬ Ϯ.ϭϰ ϱϰ.ϲϮ ϭϮ.ϲϭ ϭϮ.ϭϮ 

 Ϯϵϯ Ϭ.ϰϬϵ Ϯ.ϲϱ ϱϰ.ϱϱ ϭϮ.ϵϵ ϭϮ.ϭϱ 

 Ϯϵϴ Ϭ.ϰϬϵ ϯ.ϭϰ ϱϰ.ϰϴ ϭϯ.ϯϲ ϭϮ.ϭϴ 

 ϯϬϯ Ϭ.ϰϬϴ ϰ.ϭϯ ϱϰ.ϰϭ ϭϯ.ϳϮ ϭϮ.Ϯϭ 

 ϯϬϴ Ϭ.ϰϬϳ ϱ.ϯϴ ϱϰ.ϯϯ ϭϰ.Ϭϳ ϭϮ.Ϯϰ 

 ϯϭϯ Ϭ.ϰϬϳ ϲ.ϱϭ ϱϰ.Ϯϱ ϭϰ.ϰϮ ϭϮ.Ϯϲ 

 ϯϭϴ Ϭ.ϰϬϲ ϳ.ϳϮ ϱϰ.ϭϲ ϭϮ.ϲϭ ϭϮ.Ϯϴ 

 ϯϮϯ Ϭ.ϰϬϱ ϴ.ϴϭ ϱϰ.Ϭϳ ϭϮ.ϵϵ ϭϮ.ϯϬ 

 ϯϮϴ Ϭ.ϰϬϱ ϭϬ.Ϯ ϱϯ.ϵϳ ϭϯ.ϯϲ ϭϮ.ϯϮ 

 ϯϯϯ Ϭ.ϰϬϰ ϭϭ.ϰ ϱϯ.ϴϲ ϭϯ.ϳϮ ϭϮ.ϯϰ 

 ϯϯϴ Ϭ.ϰϬϯ ϭϮ.ϵ ϱϯ.ϳϱ ϭϰ.Ϭϳ ϭϮ.ϯϲ 

[ďŵiŵ+][BFϰ
-] Ϯϴϴ Ϭ.ϰϮϭ Ϭ.ϲϭϴ ϱϲ.ϭϳ ϭϮ.ϲϲ ϭϮ.ϱϭ 

 Ϯϵϯ Ϭ.ϰϮϭ Ϭ.ϰϮϱ ϱϲ.ϭϲ ϭϮ.ϴϱ ϭϮ.ϱϱ 

 Ϯϵϴ Ϭ.ϰϮϭ Ϭ.ϯϴϭ ϱϲ.ϭϱ ϭϯ.Ϭϰ ϭϮ.ϲϬ 

 ϯϬϯ Ϭ.ϰϮϭ Ϭ.ϰϲϬ ϱϲ.ϭϯ ϭϯ.ϮϮ ϭϮ.ϲϰ 

 ϯϬϴ Ϭ.ϰϮϭ Ϭ.ϱϮϯ ϱϲ.ϭϭ ϭϯ.ϰϭ ϭϮ.ϲϴ 

 ϯϭϯ Ϭ.ϰϮϭ Ϭ.ϲϰϴ ϱϲ.Ϭϵ ϭϯ.ϱϵ ϭϮ.ϳϮ 

 ϯϭϴ Ϭ.ϰϮϬ Ϭ.ϳϯϲ ϱϲ.Ϭϳ ϭϯ.ϳϳ ϭϮ.ϳϲ 

 ϯϮϯ Ϭ.ϰϮϬ Ϭ.ϴϵϲ ϱϲ.Ϭϰ ϭϯ.ϵϱ ϭϮ.ϴϬ 

 ϯϮϴ Ϭ.ϰϮϬ Ϭ.ϵϴϰ ϱϲ.Ϭϭ ϭϰ.ϭϮ ϭϮ.ϴϯ 

 ϯϯϯ Ϭ.ϰϮϬ ϭ.ϭϳ ϱϱ.ϵϴ ϭϰ.ϯϬ ϭϮ.ϴϳ 

 ϯϯϴ Ϭ.ϰϭϵ ϭ.Ϯϰ ϱϱ.ϵϰ ϭϰ.ϰϳ ϭϮ.ϵϬ 
;aͿ…Pekaƌ faĐtoƌ ĐalĐulated ǀia ɶ=ϭ/ŶD

Ϯ
-ϭ/ɸ 

;ďͿ…ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϮϭͿ 
;ĐͿ…ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϮϬͿ, used ʄi∞=Ϯϳ.Ϯ kJ/ŵol[ϱϵ] 
;dͿ…ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϭϱͿ, used VRP=ϰ.ϳ kJ/ŵol[ϮϬ] 
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Foƌ ďoth ILs slopes of appƌoǆiŵatelǇ uŶitǇ aƌe oďtaiŶed ǁhiĐh iŶdiĐates a depeŶdeŶĐe of 

the pƌe-eǆpoŶeŶtial faĐtoƌ oŶ the loŶgitudiŶal ƌelaǆatioŶ tiŵes τL, as suggested ďǇ Weaǀeƌ 

foƌ the adiaďatiĐ Đase. But, the plot ƌesults iŶ stƌaight liŶes ǁith slightlǇ diffeƌeŶt slopes. 

This possiďlǇ eǆplaiŶs the ďehaǀiouƌ iŶ Figuƌe ϰ.ϯϲ, the ƌeasoŶ theƌefoƌe Đould ďe a 

poteŶtiallǇ diffeƌeŶt ƌeaĐtioŶ distaŶĐe iŶ the diffeƌeŶt ILs. But, ǁe Ŷoǁ ĐaŶ ĐoŶĐlude that 

the eleĐtƌoŶ tƌaŶsfeƌ iŶ the ILs seeŵs to ďe adiaďatiĐ. Noǁ it is possiďle to deteƌŵiŶe aŶ 

eǆpeƌiŵeŶtal ǀalue foƌ g;ƌ,dͿ ǀia eƋuatioŶs ;Ϯ.ϰϰͿ aŶd ;Ϯ.ϰϱͿ. The teŵpeƌatuƌe depeŶdeŶĐe 

ǁas iŶĐluded ďǇ the appliĐatioŶ of ɶ/T.  

 

Figuƌe ϰ.ϰϭ: DeteƌŵiŶatioŶ of g;ƌ,dͿ of the ƌedoǆ Đouple [TCNE/TCNE•-] iŶ [hŵiŵ+][TfϮN-]. CalĐulatioŶs of 

the Pekaƌ faĐtoƌ ǀia ŶD
Ϯ. 

 

Foƌ ĐoŵpaƌisoŶ, the saŵe plot as aďoǀe ǁith Pekaƌ faĐtoƌs ĐalĐulated ǀia ɸ∞ shoǁs iŶ 

Figuƌe ϰ.ϰϮ a ŶoŶliŶeaƌ depeŶdeŶĐe. This ŵakes Ŷo seŶse aŶd ǁas ĐƌuĐial to deĐide iŶ the 

folloǁiŶg aŶd iŶ the ĐalĐulatioŶs foƌ Figuƌe ϰ.ϰϬ the Pekaƌ faĐtoƌs ĐalĐulated ǀia the 

ƌefƌaĐtiǀe iŶdiĐes ǁill ďe solelǇ ĐoŶĐeŶtƌate oŶ.  
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Figuƌe ϰ.ϰϮ: DeteƌŵiŶatioŶ of g;ƌ,dͿ of the ƌedoǆ Đouple [TCNE/TCNE•-] iŶ [hŵiŵ+][TfϮN-]. CalĐulatioŶs of 

the Pekaƌ faĐtoƌ ǀia ε∞ 

 

Figuƌe ϰ.ϰϯ: DeteƌŵiŶatioŶ of g;ƌ,dͿ of the ƌedoǆĐouple [TCNE/TCNE•-] iŶ [ďŵiŵ+][BFϰ
-]. 

The oďtaiŶed eǆpeƌiŵeŶtal ǀalues foƌ g;ƌ,dͿeǆp aŶd deǆp aƌe listed iŶ Taďle ϰ-ϭϰ. The 

oďseƌǀed distaŶĐe iŶ the pƌeĐuƌsoƌ Đoŵpleǆ of the ƌedoǆ Đouple [TCNE/TCNE•-] iŶ the IL 

[hŵiŵ+][TfϮN-] is ǁith ϰ.ϱ Å iŶ a ǀeƌǇ good agƌeeŵeŶt ǁith the ϰ.ϰ Å distaŶĐe iŶ 

ŶoŶetheƌeal solǀeŶts puďlished iŶ ƌef. [ϮϬ]. The ƌeaĐtioŶ distaŶĐe iŶ the IL [ďŵiŵ+][BFϰ
-] is 
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ǁith ϰ.ϴ Å slightlǇ laƌgeƌ ďut this disĐƌepaŶĐǇ is ǁithiŶ the giǀeŶ eƌƌoƌ ŵaƌgiŶ ;see Taďle 

ϰ-ϭϰͿ. 

Taďle ϰ-ϭϰ: EǆpeƌiŵeŶtal ǀalues foƌ g;ƌ,dͿ aŶd the ƌesulted eǆpeƌiŵeŶtal ƌeaĐtioŶ distaŶĐe deǆp 

“olǀeŶt g;ƌ,dͿeǆp [ϭϬϴ ŵ-ϭ] deǆp
;aͿ [Ŷŵ] 

[hŵiŵ+][TfϮN-] ϭϬ.Ϭ±Ϭ.ϲ Ϭ.ϰϱ±Ϭ.Ϭϭ 

[ďŵiŵ+][BFϰ
-] ϭϭ±ϭ Ϭ.ϰϴ±Ϭ.ϬϮ 

(a) ĐalĐulatioŶ ǀia eƋuatioŶ;Ϯ.ϮϰͿ ǁith g;ƌ,dͿeǆp  

 

 

4.3.2 Activation energies / Discussion 

Foƌ the ĐalĐulatioŶ ǀia the AƌƌheŶius plots, oŶlǇ the teŵpeƌatuƌe ƌaŶges ǁith puďlished 

solǀeŶt paƌaŵeteƌs ǁeƌe used. The data used foƌ eaĐh ŵeasuƌed IL aƌe plotted togetheƌ iŶ 

Figuƌe ϰ.ϰϰ. ResultiŶg aĐtiǀatioŶ eŶeƌgies Ea, oďtaiŶed fƌoŵ the slopes aƌe listed iŶ Taďle 

ϰ-ϭϱ.  

 

Figuƌe ϰ.ϰϰ: AƌheŶius plots foƌ the self- eǆĐhaŶge ƌeaĐtioŶ of the ƌedoǆ Đouple [TCNE/TCNE•-] iŶ diffeƌeŶt 

ioŶiĐ liƋuids. 

16

17

18

19

20

21

22

0.0028 0.003 0.0032 0.0034 0.0036

ln(ket) 

1/T [K-1] 

[bmim][BF4]

[bmim][NTf2]

[emim][NTf2]

[hmim][NTf2]



Results 

 

ϭϭϰ 

 

Taďle ϰ-ϭϱ: AĐtiǀatioŶ eŶeƌgies Ea, aĐtiǀatioŶ eŶthalphies of the ǀisĐositǇ Hη aŶd aĐtiǀatioŶ eŶthalpies of 

the ƌelaǆatioŶ pƌoĐess Hτ of self- eǆĐhaŶge ƌeaĐtioŶ of the ƌedoǆ Đouple [TCNE/TCNE•-] iŶ diffeƌeŶt ioŶiĐ 

liƋuids. 

solǀeŶt Ea [kJ ŵol-ϭ] Hη [kJ ŵol-ϭ] Hτ [kJ ŵol-ϭ] teŵpeƌatuƌe 
ƌaŶge [K] 

[ďŵiŵ+][TfϮN-] ϯϴ±ϭ;aͿ
 Ϯϳ.ϲ±Ϭ.ϱ - Ϯϴϴ - ϯϰϴ 

[eŵiŵ+][TfϮN-] ϯϱ±Ϯ;aͿ
 Ϯϰ.ϴ±Ϭ.ϭ - Ϯϴϴ – ϯϯϯ 

[hŵiŵ+][TfϮN-] ϰϬ.ϳ±Ϭ.ϵ;aͿ
 ϯϭ.ϳ±Ϭ.ϱ Ϯϳ±ϯ Ϯϴϴ - ϯϯϴ 

[ďŵiŵ+][BFϰ
-] ϯϱ.ϳ±Ϭ.ϳ;aͿ

 ϯϯ.ϭ±Ϭ.ϱ ϭϳ±ϯ Ϯϵϴ - ϯϯϴ 
Hτ fƌoŵ lŶτ = ĐoŶst + Hτ/RT, Hη fƌoŵ lŶη = ĐoŶst + Hη/RT 

τ…loŶgitudiŶal ƌelaǆatioŶ tiŵe 

;aͿ…fƌoŵ lŶket=lŶ A – Ea/RT  

Based oŶ the assuŵptioŶ ŵeŶtioŶed ďefoƌe that the eleĐtƌoŶ tƌaŶsfeƌ appeaƌs adiaďatiĐ, 

the ΔG*eǆp ǁeƌe oďtaiŶed ǀia eƋuatioŶ ;ϰ.ϭͿ desĐƌiďed iŶ Đhapteƌ ϰ.ϭ.ϭ. 

Foƌ the solǀeŶts ǁith Ŷo data aǀailaďle foƌ ĐalĐulatioŶs of ǀalues of the loŶgitudiŶal 

ƌelaǆatioŶ eŶeƌgǇ Hτ the appƌoǆiŵatioŶ Hτ ≈ Hη ǁas used. The ĐoŵpaƌisoŶ of Hτ aŶd Hη 

ǀalues iŶ Taďle ϰ-ϭϱ iŶdeed shoǁs that this appƌoǆiŵatioŶ is Ŷot ƌeallǇ peƌfeĐt. Hη foƌ the IL 

[ďŵiŵ+][BFϰ
-] is alŵost tǁiĐe as high thaŶ the ǀalue foƌ Hτ. The so oďtaiŶed ΔG*eǆp aƌe 

listed iŶ the diƌeĐt ĐoŵpaƌisoŶ to the ĐalĐulated oŶes ΔG*ĐalĐ iŶ Taďle ϰ-ϭϲ. AdditioŶallǇ, 

ĐalĐulated eŶeƌgies aƌe listed usiŶg the eǆpeƌiŵeŶtal g;ƌ,dͿ ǀalues out of Taďle ϰ-ϭϰ.  

Taďle ϰ-ϭϲ: CoŵpaƌisoŶ of the ĐalĐulated aŶd eǆpeƌiŵeŶtal fƌee Giďďs eŶeƌgies foƌ the eleĐtƌoŶ tƌaŶsfeƌ 

ƌeaĐtioŶ of the ƌedoǆ Đouple [TCNE/TCNE•-] 

solǀeŶt 
ΔG*eǆp 

[kJ ŵol-ϭ] 

ΔG*ĐalĐ
;aͿ  

[kJ ŵol-ϭ] 

ΔG*ĐalĐ,deǆp
;ďͿ  

[kJ ŵol-ϭ] 
teŵpeƌatuƌe 

ƌaŶge [K] 

[ďŵiŵ+][TfϮN-] ϭϬ±Ϯ ϭϮ.Ϭϯ - Ϯϴϴ - ϯϰϴ 

[eŵiŵ+][TfϮN-] ϭϭ±Ϯ ϭϮ.ϯϭ - Ϯϴϴ – ϯϯϯ 

[hŵiŵ+][TfϮN-] ϭϰ±ϭ ϭϮ.ϭϴ ϭϮ.ϳϱ Ϯϴϴ - ϯϯϴ 

[ďŵiŵ+][BFϰ
-] ϭϴ±ϭ ϭϮ.ϱϵ ϭϱ.ϯϲ Ϯϵϴ - ϯϯϴ 

(a) ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϭϱͿ, usiŶg VRP=ϰ.ϳ kJ ŵol-ϭ[ϮϬ] aŶd ʄi∞=Ϯϳ.Ϯ kJ ŵol-ϭ[ϱϵ] 

(b) ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϭϱͿ ǁith ʄo ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϮϭͿ ǁith g;ƌ,dͿeǆp fƌoŵ Taďle ϰ-ϭϰ, 
usiŶg VRP=ϰ. kJ ŵol-ϭ[ϮϬ] aŶd ʄi∞=Ϯϳ.Ϯ kJ ŵol-ϭ[ϱϵ] 
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BǇ usiŶg eǆpeƌiŵeŶtal ǀalues of ΔG*eǆp foƌ a Weaǀeƌ plot iŶ Figuƌe ϰ.ϯϲ, a stƌaight liŶe ǁith 

slope of uŶitǇ is fouŶd ;see Figuƌe ϰ.ϰϱͿ. This iŶdiĐates ĐleaƌlǇ that the ĐalĐulatioŶ of the 

MaƌĐus eŶeƌgǇ ǀia the ƌeoƌgaŶizatioŶ eŶeƌgǇ giǀeŶ ďǇ ʄ/ϰ-VRP seeŵs to ďe iŶĐoƌƌeĐt. The 

used VRP = ϰ.ϳ kJ ŵol-ϭ does Ŷot iŶflueŶĐe the slope iŶ the ǁeaǀeƌ plot. This leads to the 

assuŵptioŶ that just the ĐalĐulatioŶ of the ƌeoƌgaŶizatioŶ eŶeƌgǇ ʄ failed. The ĐoŵpaƌisoŶ 

iŶ Taďle ϰ-ϭϲ shoǁs that the ΔG*ĐalĐ ǀalues foƌ the listed ILs aƌe ǀeƌǇ siŵilaƌ ǁhiĐh Đould Ŷot 

ĐoŶfiƌŵed ďǇ the eǆpeƌiŵeŶtal ǀalues ΔG*eǆp. OŶe ƌeasoŶ foƌ that Đould ďe the ƌeaĐtioŶ 

distaŶĐe, d. BǇ usiŶg the eǆpeƌiŵeŶtal g;ƌ,dͿ ǀalues eǆtƌaĐted fƌoŵ Taďle ϰ-ϭϰ foƌ the 

ĐalĐulatioŶ of ΔG*ĐalĐ.oďs ĐhaŶges the situatioŶ a ďit ;see Taďle ϰ-ϭϲ, ĐoluŵŶ ϰͿ. EspeĐiallǇ iŶ 

ILs it is ĐoŶĐeiǀaďle that the ƌeaĐtioŶ distaŶĐe of pƌeĐuƌsoƌ Đoŵpleǆ is depeŶdeŶt oŶ the 

solǀeŶt ďeĐause the ILs has, as alƌeadǇ ŵeŶtioŶed ďefoƌe, aŶ oƌdeƌed stƌuĐtuƌe like iŶ a 

ĐƌǇstal. The stƌuĐtuƌe iŶ the ILs [ϲ, ϵ, Ϯϱ, ϱϭ] aŶd theiƌ Đaǀities iŶ ďetǁeeŶ the alteƌŶatiŶg 

patteƌŶ Đould iŶflueŶĐe the ƌeaĐtioŶ distaŶĐe a ďit. AŶotheƌ ƌeasoŶ foƌ aŶ iŶsuffiĐieŶt ʄ 

ĐalĐulatioŶ is, as alƌeadǇ ŵeŶtioŶed ďefoƌe, the Pekaƌ faĐtoƌ. The ĐalĐulatioŶ of the ʄo ǀia 

the dieleĐtƌiĐ ĐoŶtiŶuuŵ ŵodel as suggested ďǇ MaƌĐus is still ƋuestioŶaďle aŶd the 

pƌoduĐed eƌƌoƌs iŶ ĐalĐulatioŶs ǀia this ŵodel aƌe ĐoŶĐeiǀaďle. 

 

Figuƌe ϰ.ϰϱ: Weaǀeƌ plot ǁith eǆpeƌiŵeŶtal oďseƌǀed ΔG* ǀalues aŶd pekaƌ faĐtoƌs ĐalĐulated ǀia the 

ƌefƌaĐtiǀe iŶdiĐes. 
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4.4 Self-exchange reaction of [DDQ/DDQ
•-

] in the solvent mixtures 

E“R speĐtƌa fƌoŵ DDQ•− ƌadiĐal aŶioŶ ǁeƌe ƌeĐoƌded iŶ diffeƌeŶt solǀeŶt ŵiǆtuƌes as listed 

iŶ Đhapteƌ ϯ.ϭ.ϴ. The ĐoŶĐeŶtƌatioŶ of the ƌadiĐal [DDQ•-] iŶ the solutioŶ ǁas kept ĐoŶstaŶt 

at appƌoǆiŵatelǇ ϭ∙ϭϬ-ϰ M. A ĐoŶĐeŶtƌatioŶ ĐhaŶge ďǇ added Ŷeutƌal suďstaŶĐe [DDQ] gaǀe 

ƌise to the liŶe ďƌoadeŶiŶg effeĐt. The eǆĐhaŶge ƌates ƌeĐeiǀed fƌoŵ the siŵulatioŶ iŶ 

depeŶdeŶĐe oŶ [DDQ] aƌe displaǇed iŶ the folloǁiŶg plots. 

 

 

Figuƌe ϰ.ϰϲ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭa  

 

Figuƌe ϰ.ϰϳ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭď 

 

Figuƌe ϰ.ϰϴ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [DDQ] iŶ solǀeŶt ŵiǆtuƌe MϭĐ 

 

Figuƌe ϰ.ϰϵ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭd. 
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Figuƌe ϰ.ϱϬ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭf. 

 

Figuƌe ϰ.ϱϭ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭe. 

 

Figuƌe ϰ.ϱϮ: Oďseƌǀed ƌates Ϯϴϴ K iŶ depeŶdeŶĐe 

of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭj. 

 

Figuƌe ϰ.ϱϯ: Oďseƌǀed ƌates at Ϯϴϴ K iŶ 

depeŶdeŶĐe of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭh. 

 

Figuƌe ϰ.ϱϰ: Oďseƌǀed ƌates at Ϯϴϴ K iŶ 

depeŶdeŶĐe of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭi. 

 

Figuƌe ϰ.ϱϱ: Oďseƌǀed ƌates at ϯϮϴ K iŶ 

depeŶdeŶĐe of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭϱϱď. 
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Figuƌe ϰ.ϱϲ: Oďseƌǀed ƌates at ϯϮϴ K iŶ 

depeŶdeŶĐe of [DDQ] iŶ solǀeŶt ŵiǆtuƌe MϭϱϱĐ. 

 

Figuƌe ϰ.ϱϳ: Oďseƌǀed ƌates at ϯϮϴ K iŶ 

depeŶdeŶĐe of [DDQ] iŶ solǀeŶt ŵiǆtuƌe Mϭϱϱe. 

 

The ďiŵoleĐulaƌ ƌate ĐoŶstaŶts koďs oďseƌǀed fƌoŵ the slopes iŶ Figuƌe ϰ.ϰϲ - Figuƌe ϰ.ϱϳ 

aƌe listed iŶ Taďle ϰ-ϭϳ togetheƌ ǁith the ĐalĐulated ƌate ĐoŶstaŶts of diffusioŶ kdiff aŶd the 

ƌate ĐoŶstaŶts of the eleĐtƌoŶ tƌaŶsfeƌ ket. 
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Taďle ϰ-ϭϳ: Rates foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of [DDQ/DDQ•-] iŶ diffeƌeŶt solǀeŶt ŵiǆtuƌes at giǀeŶ 

teŵpeƌatuƌe. Oďseƌǀed ƌate ĐoŶstaŶts koďs, eleĐtƌoŶ tƌaŶsfeƌ ƌates ket ;ǀia eƋuatioŶ ;Ϯ.ϴͿͿ aŶd ƌates foƌ 

diffusioŶ kdiff ;ǀia eƋuatioŶ ;Ϯ.ϭϭͿͿ. 

“olǀeŶt 
ŵiǆtuƌe 

T [K] ɸs 
koďs 

[ϭϬϴM-ϭs-ϭ] 

kdiff 

[ϭϬϭϬM-ϭs-ϭ] 

ket 

[ϭϬϴM-ϭs-ϭ] 

Mϭa Ϯϵϴ ϱ.ϵ ϵ.ϭ±Ϭ.ϰ ϭ.Ϭϳϳ ϭϭ.Ϭ±Ϭ.ϲ 

Mϭď Ϯϵϴ ϴ.ϲ ϵ.ϵ±Ϭ.ϳ ϭ.Ϭϵϭ ϭϯ±ϭ 

MϭĐ Ϯϵϴ ϭϭ.ϲ ϭϬ.ϱ±Ϭ.ϯ ϭ.ϬϵϬ ϭϯ.ϯ±Ϭ.ϰ 

Mϭd Ϯϵϴ ϭϱ.ϭ ϭϬ.ϳ±Ϭ.ϲ ϭ.ϬϴϮ ϭϲ±ϭ 

Mϭe Ϯϵϴ ϭϴ.ϳ ϭϮ.ϯ±Ϭ.Ϯ ϭ.ϬϵϬ ϭϰ.ϳ±Ϭ.ϯ 

Mϭf Ϯϵϴ Ϯϯ.ϰ ϭϭ.ϲ±Ϭ.ϰ ϭ.Ϭϵϭ ϭϮ.ϭ±Ϭ.ϲ 

Mϭj Ϯϴϴ ϴ.ϵ ϳ.ϰ±Ϭ.ϱ ϭ.Ϭϭϳ ϴϲ.ϲ±Ϭ.ϳ 

Mϭh Ϯϴϴ ϭϲ ϭϭ.ϴ±Ϭ.ϵ ϭ.Ϭϭϲ ϭϱ±Ϯ 

Mϭi Ϯϴϴ Ϯϱ.Ϯ ϭϬ.ϳ±Ϭ.ϯ ϭ.Ϭϭϰ ϭϯ.ϲ±Ϭ.ϱ 

Mϭϱϱď ϯϮϴ ϳ.ϱ ϵ±Ϯ ϭ.ϮϬϳ ϭϬ±Ϯ 

MϭϱϱĐ ϯϮϴ ϵ.ϲ ϭϰ.ϯ±Ϭ.ϵ ϭ.ϮϬϮ ϭϵ±Ϯ 

Mϭϱϱe ϯϮϴ ϭϰ.ϴ ϭϰ.ϵ±Ϭ.ϰ ϭ.ϮϬϮ ϭϵ.ϵ±Ϭ.ϴ 

 

4.4.1 Solvent dynamics 

Weaǀeƌ plots ǁeƌe used to ĐlaƌifǇ if theƌe is a solǀeŶt dǇŶaŵiĐ effeĐt as desĐƌiďed iŶ 

Đhapteƌ Ϯ.ϰ . The self- eǆĐhaŶge ƌeaĐtioŶ of the ƌedoǆ Đouple [DDQ/DDQ•-] is iŶ oƌgaŶiĐ 

solǀeŶts ĐoŶtƌolled ďǇ adiaďatiĐ solǀeŶt dǇŶaŵiĐs as puďlished ďǇ Gƌaŵpp et al. [Ϯϭ]. To 

pƌoǀe the adiaďatiĐ solǀeŶt dǇŶaŵiĐ effeĐt iŶ the solǀeŶt ŵiǆtuƌes, plots ǁeƌe ŵade 

aĐĐoƌdiŶg eƋuatioŶ ;Ϯ.ϰϮͿ, ǁhiĐh should ƌesult iŶ a slope of uŶitǇ foƌ the adiaďatiĐ Đase. 
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Taďle ϰ-ϭϴ: teŵpeƌatuƌe depeŶdeŶt Pekaƌ faĐtoƌs γ aŶd ƌeoƌgaŶizatioŶ eŶeƌgies foƌ the ƌedoǆ Đouple 

[DDQ/DDQ•-] iŶ diffeƌeŶt solǀeŶt ŵiǆtuƌes at at giǀeŶ teŵpeƌatuƌes. 

“olǀeŶt ŵiǆtuƌe T ɶ;aͿ τL [ps] 
;ʃelʆŶͿoďs 

[ϭϬϭϭs-ϭ] 

ʄo
;ďͿ

 

[kJ ŵol-ϭ] 

ΔG*ĐalĐ
;ĐͿ

 

[kJ ŵol-ϭ] 

Mϭa Ϯϵϴ Ϭ.ϯϰϵ Ϯϲ.ϲ ϴ.ϯ ϰϲ.ϭϬ ϯ.Ϭϯ 

Mϭď Ϯϵϴ Ϭ.ϰϬϮ ϭϳ.ϲ ϭϴ.ϱ ϱϯ.Ϭϳ ϰ.ϳϳ 

MϭĐ Ϯϵϴ Ϭ.ϰϯϯ ϭϮ.ϱ Ϯϵ.ϲ ϱϳ.ϭϭ ϱ.ϳϴ 

Mϭd Ϯϵϴ Ϭ.ϰϱϮ ϵ.ϭ ϯϵ.Ϯ ϱϵ.ϲϰ ϲ.ϰϭ 

Mϭe Ϯϵϴ Ϭ.ϰϲϱ ϲ.ϵ ϱϲ.Ϯ ϲϭ.ϰϭ ϲ.ϴϱ 

Mϭf Ϯϵϴ Ϭ.ϰϳϲ ϱ.Ϯ ϱϵ.ϳ ϲϮ.ϴϮ ϳ.ϮϬ 

Mϭj Ϯϴϴ Ϭ.ϰϬϳ ϭϳ.ϵ ϭϳ.ϯ ϱϯ.ϳϳ ϰ.ϴϬ 

Mϭh Ϯϴϴ Ϭ.ϰϱϴ ϵ.Ϭ ϲϭ.ϰ ϲϬ.ϯϵ ϲ.ϰϲ 

Mϭi Ϯϴϴ Ϭ.ϰϴϬ ϱ.ϭ ϳϯ.ϲ ϲϯ.ϯϭ ϳ.ϭϵ 

Mϭϱϱď ϯϮϴ Ϭ.ϯϳϲ ϭϴ.ϱ ϲ.ϵϭ ϰϵ.ϲϰ ϰ.ϯϮ 

MϭϱϱĐ ϯϮϴ Ϭ.ϰϬϲ ϭϯ.ϴ ϭϳ.ϳ ϱϯ.ϱϯ ϱ.Ϯϵ 

Mϭϱϱe ϯϮϴ Ϭ.ϰϰϮ ϴ.ϭ Ϯϵ.Ϭ ϱϴ.Ϯϳ ϲ.ϰϴ 
;aͿ…pekaƌ faĐtoƌ ĐalĐulated ǀia ɶ=ϭ/ŶD

Ϯ
-ϭ/ɸ 

;ďͿ…ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϮϭͿ 
 ;ĐͿ…ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϭϱͿ, used VRP=ϭϯ.ϰ kJŵol-ϭ [ϮϬ] aŶd ʄi ĐalĐulated ǀia eƋ.;Ϯ.ϮϬͿ ǁith ʄ∞=ϰϬ.ϵ 
kJŵol-ϭ

 

 

Figuƌe ϰ.ϱϴ: Weaǀeƌ plot foƌ the adiaďatiĐ Đase ǁith ĐalĐulated ΔG* ǀalues. 
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The plot iŶ Figuƌe ϰ.ϱϴ ĐoŶfiƌŵed the adiaďatiĐ solǀeŶt dǇŶaŵiĐ effeĐt. This alloǁs a 

deteƌŵiŶatioŶ of aŶ eǆpeƌiŵeŶtal ǀalue foƌ g;ƌ,dͿ ǀia the slope of the liŶe iŶ Figuƌe ϰ.ϱϵ. 

 

Figuƌe ϰ.ϱϵ: DeteƌŵiŶatioŶ of g;ƌ,dͿeǆp ǀia eƋuatioŶs eƋuatioŶs ;Ϯ.ϰϰͿ aŶd ;Ϯ.ϰϱͿ. 

This ƌesulted iŶ aŶ eǆpeƌiŵeŶtal ǀalue foƌ g;ƌ,dͿeǆp of ϲ.Ϯϯ∙ϭϬϴŵ-ϭ aŶd this iŶ tuƌŶ ƌesults iŶ 

aŶ eǆpeƌiŵeŶtal ƌeaĐtioŶ distaŶĐe deǆp of Ϯ.ϳÅ ďǇ usiŶg eƋuatioŶ ;Ϯ.ϮϰͿ ǁith aŶ ƌ = Ϯ.ϯÅ. 

This ƌeaĐtioŶ distaŶĐe is iŶ a good agƌeeŵeŶt ǁith liteƌatuƌe ǀalues of Ϯ.ϵ aŶd ϯ.Ϭ Å 

ƌespeĐtiǀelǇ ;foƌ ƌefeƌeŶĐes see Taďle ϯ-ϯϳͿ. 

4.5 Self- exchange reaction of [TCNE/TCNE
•-

] in the solvent mixtures 

The self-eǆĐhaŶge ƌeaĐtioŶ of the ƌedoǆ Đouple [TCNE/TCNE•-] ǁeƌe also iŶǀestigated iŶ the 

solǀeŶt ŵiǆtuƌes. The ĐoŵpositioŶ of the used ŵiǆtuƌes is desĐƌiďed iŶ Đhapteƌ ϯ.ϭ.ϴ. The 

folloǁiŶg gƌaphs shoǁ the oďseƌǀed eǆĐhaŶge ƌates koďs iŶ depeŶdeŶĐe of the 

ĐoŶĐeŶtƌatioŶ Ŷeutƌal TCNE. 
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Figuƌe ϰ.ϲϬ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [TCNE] iŶ solǀeŶt ŵiǆtuƌe Mϭa 

 

Figuƌe ϰ.ϲϭ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [TCNE] iŶ solǀeŶt ŵiǆtuƌe Mϭď 

 

Figuƌe ϰ.ϲϮ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [TCNE] iŶ solǀeŶt ŵiǆtuƌe Mϭd 

 

Figuƌe ϰ.ϲϯ: Oďseƌǀed ƌates Ϯϵϴ K iŶ depeŶdeŶĐe 

of [TCNE] iŶ solǀeŶt ŵiǆtuƌe Mϭf 

 

The slopes of the liŶes iŶ the figuƌes aďoǀe giǀe the ďiŵoleĐulaƌ ƌate ĐoŶstaŶts of the ƌedoǆ 

Đouple [TCNE/TCNE•-] iŶ the diffeƌeŶt solǀeŶt ŵiǆtuƌes. The so oďtaiŶed ƌate ĐoŶstaŶts koďs 

aŶd the ƌate ĐoŶstaŶts of eleĐtƌoŶ tƌaŶsfeƌ ket, ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϴͿ ǁith kdiff fƌoŵ 

eƋuatioŶ ;Ϯ.ϭϭͿ, aƌe listed iŶ the folloǁiŶg taďle. 
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Taďle ϰ-ϭϵ: Rates foƌ the self-eǆĐhaŶge ƌeaĐtioŶ of [TCNE/TCNE•-] iŶ diffeƌeŶt solǀeŶt ŵiǆtuƌes at Ϯϵϴ K. 

Oďseƌǀed ƌate ĐoŶstaŶts koďs ,eleĐtƌoŶ tƌaŶsfeƌ ƌates ket ;ǀia eƋuatioŶ ;Ϯ.ϴͿ Ϳ aŶd ƌates foƌ diffusioŶ kdiff ;ǀia 

eƋuatioŶ ;Ϯ.ϭϭͿͿ. 

“olǀeŶt 
ŵiǆtuƌe 

T [K] ɸs 
koďs 

[ϭϬϴM-ϭs-ϭ] 

kdiff 

[ϭϬϭϬM-ϭs-ϭ] 

ket 

[ϭϬϴM-ϭs-ϭ] 

Mϭa Ϯϵϴ ϱ.ϵ ϰ.ϳ±Ϭ.Ϯ ϭ.Ϭϳϳ ϱ.ϭ±Ϭ.Ϯ 

Mϭď Ϯϵϴ ϴ.ϲ ϲ.ϵ±Ϭ.ϯ ϭ.Ϭϵϭ ϴ.Ϭ±Ϭ.ϱ 

Mϭd Ϯϵϴ ϭϱ.ϭ ϭϮ.ϳ±Ϭ.ϳ ϭ.ϬϴϮ ϭϲ±ϭ 

Mϭe Ϯϵϴ ϭϴ.ϳ ϭϮ.ϵ±Ϭ.ϱ ϭ.Ϭϴϵ ϭϳ±ϭ 

Mϭf Ϯϵϴ Ϯϯ.ϰ ϭϰ.ϰ±Ϭ.ϯ ϭ.Ϭϵϭ ϭϵ.ϱ±Ϭ.ϲ 

 

4.5.1 Solvent dynamics 

A Weaǀeƌ plot ;Figuƌe ϰ.ϲϰͿ ǁas doŶe to pƌoǀe the adiaďatiĐ solǀeŶt dǇŶaŵiĐ effeĐt iŶ the 

solǀeŶt ŵiǆtuƌes. A plot ǁas ŵade aĐĐoƌdiŶg to eƋuatioŶ ;Ϯ.ϰϮͿ, ǁhiĐh should ƌesult iŶ a 

slope of uŶitǇ foƌ the adiaďatiĐ Đase. The used ǀalues foƌ the plot iŶ Figuƌe ϰ.ϲϰ aƌe listed iŶ 

Taďle ϰ-ϮϬ. 

Taďle ϰ-ϮϬ: Teŵpeƌatuƌe depeŶdeŶt Pekaƌ faĐtoƌs γ aŶd ƌeoƌgaŶizatioŶ eŶeƌgies foƌ the ƌedoǆ Đouple 

[TCNE/TCNE•-] iŶ diffeƌeŶt solǀeŶt ŵiǆtuƌes at Ϯϵϴ K. 

“olǀeŶt ŵiǆtuƌe T ɶ;aͿ
 τL / ps 

;ʃelʆŶͿoďs 

[ϭϬϭϬs-ϭ] 

ʄo;ďͿ 

[kJ ŵol-ϭ] 

ΔG*ĐalĐ
;dͿ 

[kJ ŵol-ϭ] 

Mϭa Ϯϵϴ Ϭ.ϯϰϵ Ϯϲ.ϲ Ϯϯ.ϰ ϰϲ.ϱϵ ϭϬ.ϰϲ 

Mϭď Ϯϵϴ Ϭ.ϰϬϮ ϭϳ.ϲ ϳϯ.ϰ ϱϯ.ϲϮ ϭϮ.ϮϮ 

Mϭd Ϯϵϴ Ϭ.ϰϱϮ ϵ.ϭ Ϯϵϵ ϲϬ.Ϯϲ ϭϯ.ϴϳ 

Mϭe Ϯϵϴ Ϭ.ϰϲϱ ϲ.ϵ ϯϲϰ ϲϮ.Ϭϱ ϭϰ.ϯϮ 

Mϭf Ϯϵϴ Ϭ.ϰϳϲ ϱ.ϭ ϰϴϱ ϲϯ.ϰϳ ϭϰ.ϲϴ 
;aͿ…Pekaƌ faĐtoƌ ĐalĐulated ǀia ɶ=ϭ/ŶD

Ϯ
-ϭ/ɸ 

;ďͿ…ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϮϭͿ 

ʄi=ϭϯ.ϯϲ is ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϮϬͿ, used ʄi
∞=Ϯϳ.ϭ kJ/ŵol[ϱϵ] 

;dͿ…ĐalĐulated ǀia eƋuatioŶ ;Ϯ.ϭϱͿ, used VRP=ϰ.ϳ kJ/ŵol[ϮϬ] 
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Figuƌe ϰ.ϲϰ: Weaǀeƌ plot foƌ the adiaďatiĐ Đase ǁith ĐalĐulated ΔG* ǀalues. A liŶeaƌ ǁith a slope of uŶitǇ is 

ŵaƌked iŶ the piĐtuƌe. 

The figuƌe aďoǀe iŶdiĐates that thƌee solǀeŶt ŵiǆtuƌes aƌe oŶ the liŶe ďut the otheƌ tǁo 

dƌiftiŶg fƌoŵ the liŶeaƌitǇ. The ŵiǆtuƌes, ǁhiĐh aƌe dƌiftiŶg fƌoŵ the liŶe, aƌe Mϭa aŶd Mϭď. 

Those aƌe Đoŵposed of a high ŵolaƌ fƌaĐtioŶ of pƌopǇl aĐetate as desĐƌiďed iŶ Đhapteƌ 

ϯ.ϭ.ϴ. This ďƌiŶgs agaiŶ the assuŵptioŶ that the ƌeaĐtioŶ distaŶĐe iŶ the pƌeĐuƌsoƌ Đoŵpleǆ 

is depeŶdeŶt oŶ the solǀeŶt. Gƌaŵpp et al.[ϮϬ] fouŶd a diffeƌeŶtiatioŶ ďetǁeeŶ etheƌeal 

aŶd ŶoŶ-etheƌeal solǀeŶts. This ǁould fit to the pƌeseŶt ƌesults that iŶ the ŵiǆtuƌes ǁith 

doŵiŶaŶt etheƌeal ŵolaƌ fƌaĐtioŶs the ǀalues dƌiftiŶg fƌoŵ the oŶes ǁith eǆpliĐit loǁeƌ 

ŵolaƌ fƌaĐtioŶs of pƌopǇl aĐetate. To pƌoǀe this assuŵptioŶ, eǆpeƌiŵeŶtal ƌate ĐoŶstaŶts 

fƌoŵ ƌef. [ϮϬ] ǁeƌe used to ĐalĐulate ;ʃelʆŶͿoďs ǁith the saŵe data foƌ ʄi aŶd VRP as giǀeŶ at 

Taďle ϰ-ϮϬ.  
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Figuƌe ϰ.ϲϱ: Weaǀeƌ plot ǁith poiŶts ĐalĐulated ǁith eǆp. data of ket eǆtƌaĐted fƌoŵ ƌef. [ϮϬ] iŶ etheƌeal 

;ďlueͿ aŶd iŶ ŶoŶ-etheƌeal togetheƌ ǁith ǀalues of this ǁoƌk ;ďlaĐkͿ. 

 

Figuƌe ϰ.ϲϱ suppoƌts this assuŵptioŶ ĐleaƌlǇ. The solǀeŶt ŵiǆtuƌes ǁith loǁeƌ ŵolaƌ 

fƌaĐtioŶs of pƌopǇl aĐetate aƌe ŶiĐelǇ iŶ liŶe ǁith the ƌesults eǆtƌaĐted fƌoŵ ƌef. [ϮϬ], 

ǁheƌeas the solǀeŶt ŵiǆtuƌes ǁith high ŵolaƌ fƌaĐtioŶs of pƌopǇl aĐetate seeŵs to dƌift to 

the otheƌ liŶe foƌ etheƌeal solǀeŶts.  
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5. CoŶĐlusioŶ aŶd Outlook 

 

IŶ the Đouƌse of this ǁoƌk the self-eǆĐhaŶge ƌeaĐtioŶ of thƌee diffeƌeŶt ƌedoǆ Đouples, 

tetƌaĐǇaŶoethǇleŶe aŶd its ƌadiĐal aŶioŶ [TCNE•−/TCNE], Ϯ,ϯ-diĐhloƌo-ϱ,ϲ-

diĐǇaŶoďeŶzoƋuiŶoŶe aŶd its ƌadiĐal aŶioŶ [DDQ•−/DDQ] aŶd tetƌathiaǀulǀaleŶe aŶd its 

ƌadiĐal ĐatioŶ [TTF•+/TTF], ǁas iŶǀestigated. The self-eǆĐhaŶge ƌeaĐtioŶs of the ŵeŶtioŶed 

ƌedoǆ Đouples ǁeƌe iŶǀestigated iŶ diffeƌeŶt ioŶiĐ liƋuids, oƌgaŶiĐ solǀeŶts as ǁell as speĐial 

solǀeŶt ŵiǆtuƌes uŶdeƌ ǀaƌiatioŶ of teŵpeƌatuƌe aŶd pƌessuƌe. To iŶǀestigate the solǀeŶt 

depeŶdeŶĐes oŶ the ƌate ĐoŶstaŶts it ǁas ŶeĐessaƌǇ to haǀe a good kŶoǁledge ƌelated to 

ǀaƌious solǀeŶt pƌopeƌties like the ǀisĐositǇ η, the ƌefƌaĐtiǀe iŶdeǆ ŶD the deŶsitǇ ρ aŶd the 

dieleĐtƌiĐ paƌaŵeteƌs suĐh as the statiĐ dieleĐtƌiĐ ĐoŶstaŶt ɸ“, the optiĐal dieleĐtƌiĐ ĐoŶstaŶt 

ɸ∞ aŶd loŶgitudiŶal ƌelaǆatioŶ tiŵe τL. To fiŶd tƌustǁoƌthǇ ǀalues of these solǀeŶt 

pƌopeƌties iŶ depeŶdeŶĐe of teŵpeƌatuƌe aŶd pƌessuƌe ǁas a ĐhalleŶge ďǇ itself. EspeĐiallǇ 

to fiŶd ǀalues at eleǀated pƌessuƌes iŶ liteƌatuƌe is ǀeƌǇ diffiĐult. “oŵe of the ǀisĐositǇ aŶd 

deŶsitǇ data ǁeƌe ŵeasuƌed ǁithiŶ this ǁoƌk iŶ depeŶdeŶĐe oŶ teŵpeƌatuƌe. Fuƌtheƌŵoƌe 

ǁas it ŶeĐessaƌǇ to puƌifǇ the used ILs foƌ ŵeasuƌeŵeŶts ǁith the ƌedoǆ Đouple 

[TCNE•−/TCNE]. IŶdeed the puƌĐhased ILs aƌe of a ǀeƌǇ good puƌitǇ gƌade ďut a ǀeƌǇ sŵall 

aŵouŶt of distuƌďiŶg ƌeduĐiŶg iŵpuƌitǇ ;ŵethǇliŵidazoliuŵͿ had to ďe ƌeŵoǀed ďefoƌe the 

iŶǀestigatioŶs oŶ [TCNE•−/TCNE] Đould ďe staƌted. Appƌopƌiate puƌifiĐatioŶ ŵethods foƌ the 

iŶǀestigated ILs ǁeƌe suĐĐessfullǇ fouŶd. 

To iŶǀestigate the self-eǆĐhaŶge ƌeaĐtioŶs iŶ depeŶdeŶĐe of pƌessuƌe it ǁas fiƌst ŶeĐessaƌǇ 

to ďuild a high-pƌessuƌe E“R Đell ǁhiĐh is tight uŶtil pƌessuƌes as ŵuĐh as possiďle. The 

foƌŵeƌlǇ used high pƌessuƌe E“R Đell ǁithstaŶds oŶlǇ pƌessuƌes uŶtil ϱϬ MPa. With the Ŷeǁ 

desigŶed E“R Đell, ŵade of a ďeŶt Ƌuaƌtz ĐapillaƌǇ, ǁas it possiďle to do E“R high-pƌessuƌe 

eǆpeƌiŵeŶts uŶtil ϭϬϬ MPa.  

The eleĐtƌoŶ self-eǆĐhaŶge ƌeaĐtioŶ of the ƌedoǆ Đouple [TTF•+/TTF] iŶǀestigated iŶ the ILs 

[eŵiŵ+][TfϮN-] aŶd [ďŵiŵ+][TfϮN-] is diffusioŶ ĐoŶtƌolled. This ǁas shoǁŶ ďǇ the ƌesults 

fƌoŵ the teŵpeƌatuƌe depeŶdeŶt eǆpeƌiŵeŶts. This ďehaǀiouƌ alloǁs Ŷo ĐoŶĐlusioŶs aďout 



CoŶĐlusioŶ aŶd Outlook 

 

ϭϮϳ 

 

the appliĐaďilitǇ of the MaƌĐus TheoƌǇ ďeĐause it is Ŷot possiďle to eǆtƌaĐt aŶǇ ƌate 

ĐoŶstaŶts foƌ the eleĐtƌoŶ tƌaŶsfeƌ. The oďseƌǀed ƌate ĐoŶstaŶts aƌe iŶ a ǀeƌǇ good 

agƌeeŵeŶt ǁith the ĐalĐulated ƌate ĐoŶstaŶts foƌ diffusioŶ ǀia the eƋuatioŶs of 

“ŵoluĐhoǁski aŶd “tokes-EiŶsteiŶ. The eǆpeƌiŵeŶtal ΔG* ǀalue of the self-eǆĐhaŶge 

ƌeaĐtioŶ [TTF•+/TTF] iŶ the high ǀisĐous oƌgaŶiĐ solǀeŶt DMP is Ŷot iŶ a good agƌeeŵeŶt 

ǁith the ĐalĐulated oŶĐe ǀia the MaƌĐus TheoƌǇ uŶless the ƌesoŶaŶĐe splittiŶg eŶeƌgǇ VRP is 

Ŷegligiďle sŵall. The used VRP foƌ the ĐalĐulatioŶs seeŵs to ďe oǀeƌestiŵated. 

The pƌessuƌe depeŶdeŶt ŵeasuƌeŵeŶts of the self-eǆĐhaŶge ƌeaĐtioŶ [TTF•+/TTF] iŶ the 

ioŶiĐ liƋuids did Ŷot ƌefleĐt the, fƌoŵ the teŵpeƌatuƌe depeŶdeŶt eǆpeƌiŵeŶts oďseƌǀed, 

diffusioŶ ĐoŶtƌol oǀeƌ the ǁhole ŵeasuƌed pƌessuƌe ƌaŶge. IŶstead, afteƌ a slight pƌessuƌe 

iŶĐƌease the oďseƌǀed ƌate ĐoŶstaŶts deǀiated ĐoŵpletelǇ fƌoŵ the ĐalĐulated ƌate 

ĐoŶstaŶts of diffusioŶ. The oďseƌǀed ƌate ĐoŶstaŶts at higheƌ pƌessuƌes ǁeƌe higheƌ thaŶ 

these, thus agƌeeiŶg ǁith siŵilaƌ puďliĐatioŶs of higheƌ oďseƌǀed ƌate ĐoŶstaŶts iŶ ǀeƌǇ 

high-ǀisĐous ILs. BǇ iŶĐƌeasiŶg the pƌessuƌe the ǀisĐosities of the ILs gets ǀeƌǇ high aŶd it 

seeŵs that the diffusioŶ stops ĐoŵpletelǇ aŶd the ƌedoǆ Đouple is tƌapped iŶ a kiŶd of Đage 

iŶ the stƌuĐtuƌe of the IL. PuďliĐatioŶs of Đage-like liƋuid stƌuĐtuƌes of ILs ǀeƌifǇ spaĐes 

ďetǁeeŶ the laǇeƌs iŶ the IL. The size of the spaĐes is iŶ the diŵeŶsioŶ of the pƌeĐuƌsoƌ 

Đoŵpleǆ ǁhiĐh ĐoŶfiƌŵs the assuŵptioŶ that the ƌedoǆ Đouple is Đaptuƌed iŶ these spaĐes 

aŶd ĐhaŶges the eleĐtƌoŶ ďaĐk aŶd foƌth. 

IŶǀestigatioŶs oŶ the ƌedoǆ Đouple [TCNE•−/TCNE] ǁeƌe doŶe iŶ fouƌ diffeƌeŶt ILs, 

[eŵiŵ+][TfϮN-], [ďŵiŵ+][TfϮN-], [hŵiŵ+][TfϮN-] aŶd [ďŵiŵ+][BFϰ
-] aŶd fiǀe diffeƌeŶt oƌgaŶiĐ 

solǀeŶts ŵiǆtuƌes. The eleĐtƌoŶ tƌaŶsfeƌ ƌeaĐtioŶ [TCNE•−/TCNE] is Ŷot diffusioŶ ĐoŶtƌolled 

iŶ the ŵeŶtioŶed ILs, thus the ŵeasuƌeŵeŶts pƌoǀided ƌate ĐoŶstaŶts of the eleĐtƌoŶ 

tƌaŶsfeƌ aŶd aĐtiǀatioŶ eŶeƌgies ǁhiĐh alloǁed iŶteƌpƌetatioŶs ƌelated to the MaƌĐus 

TheoƌǇ. The oďseƌǀed ƌate ĐoŶstaŶts shoǁs aŶ adiaďatiĐ solǀeŶt dǇŶaŵiĐ effeĐt aŶd ƌesults 

iŶ the deteƌŵiŶatioŶ of the ƌeaĐtioŶ distaŶĐes iŶ the pƌeĐuƌsoƌ Đoŵpleǆ, deǆp. The ƌesults 

aƌe iŶ a good agƌeeŵeŶt ǁith otheƌ puďlished ǀalues of the ƌeaĐtioŶ distaŶĐe. The 

ĐoŵpaƌisoŶ of the eǆpeƌiŵeŶtal oďseƌǀed ΔG* ǀalues ǁith the ĐalĐulated oŶes ǀia the 

MaƌĐus eŶeƌgies shoǁs deǀiatioŶs. The ĐalĐulated eŶeƌgies aƌe iŶ the saŵe ƌaŶge as the 
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eǆpeƌiŵeŶtallǇ oďseƌǀed oŶes ďut it seeŵs that the ĐalĐulatioŶ of the ƌeoƌgaŶisatioŶ 

eŶeƌgǇ ǀia MaƌĐus failed to soŵe eǆteŶt. The eǆpeƌiŵeŶts gaǀe hiŶts that possiďlǇ the 

ƌeaĐtioŶ distaŶĐe ǀaƌies slightlǇ iŶ the diffeƌeŶt ILs. The alƌeadǇ disĐussed ĐaǀitǇ sizes 

pƌeseŶt iŶ the ioŶiĐ liƋuid stƌuĐtuƌe ŵaǇďe Đould iŶflueŶĐe the ƌeaĐtioŶ distaŶĐe of the 

ƌedoǆ Đouple. Fuƌtheƌŵoƌe the ĐalĐulatioŶ of the outeƌ ƌeoƌgaŶisatioŶ eŶeƌgies ǀia MaƌĐus 

is ďased oŶ a dieleĐtƌiĐ ĐoŶtiŶuuŵ, soŵethiŶg ǁhiĐh ĐaŶŶot ďe applied to ILs. A ǁƌoŶg 

ĐalĐulatioŶ ďased oŶ the adoptioŶ of a dieleĐtƌiĐ ĐoŶtiŶuuŵ iŶ ILs ǁould theƌefoƌe ďe Ŷo 

suƌpƌise aŶd ŵakes the appliĐatioŶ of the MaƌĐus TheoƌǇ to ILs diffiĐult. PossiďlǇ the outeƌ 

ƌeoƌgaŶisatioŶ eŶeƌgǇ should ďe ŵade suďjeĐt to a Ŷeǁ appƌoaĐh ǁhiĐh is appliĐaďle oŶ 

ILs.  

The MaƌĐus TheoƌǇ hoǁeǀeƌ ǁas a gƌeat tool to pƌoǀe the appliĐaďilitǇ of the solǀeŶt 

ŵiǆtuƌes. The iŶǀestigated ƌedoǆ Đouple [TCNE•−/TCNE] iŶ the solǀeŶt ŵiǆtuƌes shoǁs aŶ 

adiaďatiĐ solǀeŶt dǇŶaŵiĐ effeĐt. The ƌesults shoǁed that the solǀeŶt dǇŶaŵiĐ effeĐt is 

depeŶdeŶt oŶ the fƌaĐtioŶ of pƌopǇl aĐetate. These ƌesults aƌe suppoƌted ďǇ the fiŶdiŶgs of 

otheƌ ƌeseaƌĐheƌs, oďseƌǀiŶg that theƌe is a diffeƌeŶĐe iŶ solǀeŶt depeŶdeŶĐe ďetǁeeŶ 

etheƌeal aŶd ŶoŶetheƌeal solǀeŶts. A diƌeĐt ĐoŵpaƌisoŶ ďetǁeeŶ theiƌ ƌesults aŶd the oŶes 

pƌeseŶted iŶ this ǁoƌk shoǁs a good agƌeeŵeŶt aŶd ĐoŶfiƌŵed the fiŶdiŶgs. The ŵoƌe 

eǆteŶsiǀe seƌies of ŵeasuƌeŵeŶts ǁith the ƌedoǆ Đouple [DDQ•−/DDQ] iŶ tǁelǀe diffeƌeŶt 

solǀeŶt ŵiǆtuƌes aŶd thƌee diffeƌeŶt teŵpeƌatuƌes shoǁs also ĐleaƌlǇ aŶ adiaďatiĐ solǀeŶt 

dǇŶaŵiĐ effeĐt. The oďseƌǀed ƌeaĐtioŶ distaŶĐes aƌe iŶ a ǀeƌǇ good agƌeeŵeŶt ǁith otheƌ 

puďlished oŶes. The oďseƌǀed solǀeŶt effeĐts oŶ ďoth tested ƌedoǆ Đouples iŶdiĐates ĐleaƌlǇ 

that, ǁhateǀeƌ the ĐoŵpositioŶ, the ŵiǆtuƌe pƌefoƌŵs like a siŶgle solǀeŶt. This 

uŶdeƌstaŶdiŶg peƌŵits the use of the solǀeŶt ŵiǆtuƌe foƌ iŶǀestigatioŶ oŶ ĐheŵiĐal 

ƌeaĐtioŶs iŶ depeŶdeŶĐe oŶlǇ oŶ the dieleĐtƌiĐ ĐoŶstaŶt. 

FiŶallǇ, soŵe ǁoƌds to the outlook ǁith ƌespeĐt to the ƌesults aŶd the aiŵ of this ǁoƌk shall 

ďe suŵŵaƌized heƌe. A futuƌe ƌefiŶeŵeŶt of the high pƌessuƌe Đell ǁould ďe ďeŶefiĐial foƌ 

the sigŶal to Ŷoise ƌatio. Foƌ this puƌpose, aŶ iŶĐƌease iŶ the Ŷuŵďeƌ of ďeŶds aŶd a Đloseƌ 

aƌƌaŶgeŵeŶt of the siŶgle ĐapillaƌǇ stƌaŶds ǁould ďe aŶ upgƌade. This ǁould siŵplifǇ 

ŵeasuƌeŵeŶts iŶ high ǀisĐous solǀeŶts aŶd pƌoǀide a ďetteƌ ƌepƌoduĐiďilitǇ. The pƌessuƌe 
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iŶĐƌease ƌate should defiŶitelǇ ďe iŶĐluded iŶ the futuƌe. Fuƌtheƌŵoƌe it Đould ďe of iŶteƌest 

to ĐoŵďiŶe pƌessuƌe aŶd teŵpeƌatuƌe ǀaƌiatioŶ. This ǁould offeƌ a tool to iŶǀestigate ƌedoǆ 

ƌeaĐtioŶs iŶ Ils at high teŵpeƌatuƌes, ǁheƌe the ǀisĐositǇ is loǁeƌ, iŶ depeŶdeŶĐe oŶ 

pƌessuƌe. GeŶeƌallǇ the iŶǀestigatioŶ uŶdeƌ eleǀated pƌessuƌes of otheƌ ƌedoǆ Đouples aŶd 

iŶ diffeƌeŶt ILs, espeĐiallǇ ǁith diffeƌeŶt aŶioŶs, Đould giǀe ŵoƌe iŶfoƌŵatioŶ aďout the 

pƌeseŶt solǀeŶt Đages. AdditioŶal teŵpeƌatuƌe depeŶdeŶt iŶǀestigatioŶs iŶ seǀeƌal ILs oŶ 

diffeƌeŶt ƌedoǆ Đouples, ǁhiĐh aƌe Ŷot diffusioŶ ĐoŶtƌolled, aƌe ŶeĐessaƌǇ to get a Đleaƌ 

piĐtuƌe oŶ the appliĐaďilitǇ of the MaƌĐus TheoƌǇ. The aǀailaďilitǇ of good dieleĐtƌiĐ 

paƌaŵeteƌs is desiƌaďle foƌ the futuƌe aŶd esseŶtial to pƌoǀe the ǀaliditǇ of the ĐalĐulatioŶ 

of the ƌeoƌgaŶizatioŶ eŶeƌgǇ. 
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