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ABSTRACT	
  

	
  

Ionic	
  liquids	
  are	
  salts	
  that	
  are	
  liquid	
  below	
  100oC.	
  Ionic	
  liquids	
  are	
  of	
  very	
  low	
  

volatility	
  and	
  especially	
  those	
  ionic	
  liquids	
  with	
  high	
  conductivity	
  and	
  lower	
  viscosities	
  are	
  

used	
  as	
  medium	
  for	
  chemical	
  synthesis	
  and	
  electrochemistry.	
  Normally,	
  salts	
  do	
  not	
  

dissolve	
  in	
  solvents	
  of	
  low	
  polarity.	
  However,	
  many	
  ionic	
  liquids	
  are	
  very	
  soluble	
  or	
  

completely	
  miscible	
  in	
  low	
  polarity	
  solvents	
  and	
  the	
  physical	
  chemistry	
  of	
  the	
  resulting	
  

solutions	
  is	
  not	
  well	
  understood.	
  The	
  goal	
  of	
  our	
  ongoing	
  research	
  is	
  to	
  elucidate	
  the	
  

speciation	
  (freely	
  dissolved	
  ions,	
  ion	
  pairs	
  and	
  aggregates)	
  present	
  for	
  ionic	
  liquids	
  

dissolved	
  in	
  solvents	
  of	
  low	
  polarity.	
  In	
  prior	
  work	
  in	
  Dr.	
  Hoffmann’s	
  laboratory,	
  it	
  was	
  

found	
  that	
  the	
  ionic	
  liquid	
  1-­‐hexyl-­‐3-­‐methylimidazolium	
  bis(trifluoromethylsulfonyl)amide	
  

([C6mim][NTf2]),	
  which	
  is	
  completely	
  miscible	
  in	
  chloroform	
  (CHCl3),	
  displays	
  an	
  aggregate	
  

size	
  maximum	
  at	
  surprisingly	
  dilute	
  concentrations	
  of	
  0.1	
  molal	
  (m).	
  In	
  Dr.	
  Hoffmann’s	
  lab,	
  

this	
  was	
  interpreted	
  as	
  an	
  apparent	
  re-­‐dissolution	
  by	
  a	
  change	
  of	
  mass	
  transport	
  

mechanism	
  from	
  ion	
  pairs	
  and	
  aggregates	
  self-­‐diffusing	
  as	
  individual	
  species	
  to	
  a	
  “hopping”	
  

motion	
  of	
  single	
  ion	
  pairs	
  between	
  aggregates.	
  These	
  results	
  motivated	
  further	
  research	
  to	
  

discern	
  if	
  this	
  particular	
  behavior	
  can	
  be	
  observed	
  for	
  other	
  pairs	
  of	
  molecular	
  solvent	
  and	
  

ionic	
  liquid	
  solutes.	
  

This	
  thesis	
  work	
  presents	
  experimental	
  results	
  for	
  concentration	
  and	
  temperature	
  

dependent	
  self-­‐diffusion	
  coefficients	
  measured	
  by	
  NMR	
  spectroscopy	
  in	
  conjunction	
  with	
  

viscosity	
  measurements	
  to	
  determine	
  the	
  average	
  hydrodynamic	
  radii	
  of	
  the	
  present	
  

species.	
  Five	
  systems	
  were	
  investigated:	
  [C6mim][NTf2]	
  dissolved	
  in	
  dichloromethane	
  

(CH2Cl2),	
  tetrahydrofuran	
  (THF),	
  and	
  chlorobenzene	
  (C6H5Cl),	
  and	
  two	
  other	
  ionic	
  liquids,	
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1-­‐butyl-­‐3-­‐methylimidazolium	
  bis(trifluoromethylsulfonyl)amide	
  [C4mim][NTf2]	
  and	
  1-­‐

ethyl-­‐3-­‐methylimidazolium	
  bis(trifluoromethylsulfonyl)amide	
  [C2mim][NTf2]	
  in	
  CH2Cl2.	
  	
  

Our	
  findings	
  thus	
  far	
  show	
  that	
  similar	
  behavior	
  to	
  that	
  of	
  [C6mim][NTf2]	
  in	
  CHCl3	
  occurs	
  in	
  

three	
  systems:	
  [C4mim][NTf2]	
  in	
  CH2Cl2,	
  [C2mim][NTf2]	
  in	
  CH2Cl2,	
  and	
  [C6mim][NTf2]	
  in	
  

C6H5Cl	
  .	
  Specifically,	
  for	
  the	
  three	
  systems	
  we	
  observe	
  a	
  maximum	
  of	
  the	
  average	
  radius	
  

size,	
  and	
  the	
  corresponding	
  concentration	
  varies	
  from	
  system	
  to	
  system,	
  from	
  about	
  0.10	
  

molal	
  for	
  [C6mim][NTf2]	
  in	
  C6H5Cl	
  to	
  about	
  0.18	
  molal	
  for	
  [C2mim][NTf2]	
  in	
  CH2Cl2.The	
  

remaining	
  two	
  systems,	
  [C6mim][NTf2]	
  in	
  CH2Cl2	
  and	
  [C6mim][NTf2]	
  in	
  THF,	
  did	
  not	
  

indicate	
  a	
  maxima	
  in	
  the	
  hydrodynamic	
  radius.	
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1.	
  INTRODUCTION	
  

	
  

1.1.	
  Ionic	
  Liquids	
  

Ionic	
  liquids	
  (ILs)	
  are	
  generally	
  defined	
  as	
  salts	
  that	
  exist	
  as	
  liquids	
  below	
  100oC,	
  the	
  

boiling	
  point	
  of	
  water.	
  The	
  low	
  melting	
  points	
  are	
  an	
  unusual	
  feature	
  because	
  typical	
  salts	
  

have	
  very	
  high	
  melting	
  points.	
  Sodium	
  chloride	
  for	
  example	
  has	
  a	
  melting	
  point	
  of	
  801oC.1	
  

The	
  interest	
  in	
  ILs	
  has	
  greatly	
  increased	
  as	
  the	
  pairing	
  of	
  cation	
  and	
  anion	
  can	
  be	
  tailored	
  

to	
  meet	
  many	
  needs	
  and	
  can	
  have	
  a	
  vast	
  variety	
  of	
  properties.	
  ILs	
  are	
  also	
  known	
  for	
  their	
  

low	
  volatility	
  and	
  higher	
  chemical	
  stability,	
  making	
  them	
  desirable	
  as	
  potential	
  “green”	
  

solvents	
  for	
  replacing	
  common	
  organic	
  solvents,	
  which	
  are	
  typically	
  highly	
  volatile,	
  

flammable,	
  and	
  potentially	
  hazardous.	
  

ILs	
  solely	
  consist	
  of	
  ions,	
  having	
  generally	
  an	
  organic	
  cation	
  and	
  an	
  anion	
  that	
  can	
  be	
  

either	
  organic	
  or	
  inorganic.	
  Typically,	
  the	
  cation	
  has	
  a	
  larger,	
  bulkier	
  structure	
  than	
  that	
  of	
  

the	
  anion,	
  providing	
  a	
  hydrophobic	
  component	
  to	
  the	
  IL.	
  On	
  the	
  other	
  hand,	
  the	
  anion	
  is	
  

usually	
  smaller	
  and	
  provides	
  a	
  hydrophilic	
  characteristic	
  to	
  the	
  IL,	
  generally	
  influencing	
  the	
  

overall	
  solubility	
  of	
  the	
  IL.2,3	
  These	
  amphipathic	
  tendencies	
  lead	
  to	
  some	
  ILs	
  displaying	
  

similar	
  behaviors	
  and	
  properties	
  as	
  surfactants,	
  which	
  leads	
  to	
  some	
  of	
  the	
  potential	
  

applications	
  of	
  ILs.	
  

ILs	
  have	
  been	
  used	
  in	
  oil	
  recovery,	
  which	
  utilizes	
  surfactant	
  flooding	
  in	
  order	
  to	
  

increase	
  efficiency	
  of	
  mobilizing	
  trapped	
  oil	
  in	
  reservoirs.4	
  ILs	
  have	
  also	
  been	
  used	
  in	
  

modulating	
  enzyme	
  activity	
  in	
  order	
  to	
  potentially	
  increase	
  the	
  range	
  of	
  enzyme	
  

applications.5	
  Other	
  general	
  areas	
  of	
  application	
  for	
  ILs	
  include	
  catalysis,	
  reaction	
  solvents,	
  

separations	
  and	
  electrochemistry	
  to	
  name	
  a	
  few.6,7	
  In	
  particular,	
  imidazolium	
  based	
  ILs	
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have	
  been	
  researched	
  for	
  potential	
  use	
  in	
  several	
  areas	
  of	
  bio-­‐applications,	
  such	
  as	
  

anticancer	
  agents,	
  antimicrobials,	
  and	
  bioengineering.8	
  

	
  

1.2.	
  Stokes-­‐Einstein	
  Equation	
  

	
   In	
  order	
  to	
  determine	
  the	
  hydrodynamic	
  radii	
  of	
  the	
  ILs	
  in	
  solution,	
  the	
  Stokes-­‐

Einstein	
  equation	
  is	
  applied,	
  seen	
  in	
  equation	
  1,	
  where	
  D	
  represents	
  the	
  self-­‐diffusion	
  

coefficient,	
  kB	
  represents	
  the	
  Boltzmann’s	
  constant,	
  T	
  is	
  the	
  temperature	
  in	
  Kelvin,	
  η	
  is	
  the	
  

viscosity,	
  and	
  c	
  is	
  a	
  constant	
  

	
   	
   	
   	
   ! = !!!
!"#$

	
  	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (Eq.	
  1)	
  

The	
  value	
  for	
  c	
  (equations	
  1	
  and	
  2)	
  actually	
  depends	
  on	
  the	
  ratio	
  between	
  solvent	
  radius	
  

and	
  solute	
  radius	
  (r).	
  The	
  value	
  ranges	
  from	
  4,	
  which	
  is	
  regarded	
  as	
  the	
  slip-­‐boundary	
  

condition	
  or	
  lower	
  size	
  limit,	
  to	
  6,	
  which	
  is	
  the	
  stick-­‐boundary	
  condition	
  or	
  upper	
  size	
  limit.	
  

Chen	
  derived	
  equation	
  2	
  from	
  the	
  microfrictional	
  theory	
  developed	
  by	
  Wirtz	
  in	
  order	
  to	
  

evaluate	
  the	
  factor	
  c.9-­‐11	
  

	
   	
   	
   ! = !
!!!.!"#(!!"#$! )!.!"#

	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  (Eq.	
  2)	
  

However,	
  there	
  still	
  exists	
  potential	
  error	
  when	
  calculating	
  the	
  hydrodynamic	
  radii	
  via	
  

equation	
  1.	
  The	
  Stokes-­‐Einstein	
  equation	
  assumes	
  that	
  a	
  spherical	
  particle	
  moves	
  with	
  

uniform	
  velocity.	
  Not	
  all	
  molecules	
  are	
  purely	
  spherical,	
  as	
  is	
  the	
  case	
  for	
  the	
  ILs	
  in	
  

question	
  in	
  this	
  study.	
  Although	
  c	
  corrects	
  for	
  the	
  relative	
  solute	
  and	
  solvent	
  size	
  ratio,	
  

others	
  have	
  included	
  another	
  correction	
  factor	
  to	
  modify	
  equation	
  1	
  to	
  account	
  for	
  the	
  

shape	
  of	
  the	
  molecule.	
  This	
  factor	
  depends	
  on	
  whether	
  the	
  molecule	
  is	
  prolate	
  or	
  oblate.12	
  

However,	
  this	
  factor	
  was	
  not	
  included	
  in	
  the	
  calculations	
  in	
  this	
  thesis.	
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   Typical	
  Stokes-­‐Einstein	
  behavior	
  is	
  valid	
  when	
  the	
  quantity	
  !"
!
	
  from	
  equation	
  2	
  is	
  

equal	
  to	
  a	
  constant	
  value	
  and	
  forms	
  a	
  linear	
  trend.	
  Deviations	
  from	
  this	
  constant	
  value	
  

indicate	
  a	
  violation	
  of	
  Stokes-­‐Einstein	
  behavior.13,14	
  Expected	
  Stokes-­‐Einstein	
  behavior	
  is	
  

for	
  the	
  radii	
  to	
  increase	
  with	
  increasing	
  concentration	
  of	
  IL.	
  Clearly,	
  in	
  order	
  to	
  evaluate	
  the	
  

hydrodynamic	
  radii,	
  it	
  is	
  necessary	
  to	
  obtain	
  self-­‐diffusion	
  measurements	
  as	
  well	
  as	
  

viscosity	
  measurements	
  at	
  various	
  temperatures.	
  The	
  basic	
  background	
  for	
  these	
  

measurements	
  will	
  be	
  explained	
  in	
  explicit	
  detail	
  in	
  the	
  following	
  sections.	
  

	
  

1.3.	
  Previous	
  Work	
  and	
  Motivation	
  

	
   In	
  previous	
  work	
  performed	
  by	
  Nathan	
  Scharf	
  et	
  al,	
  the	
  speciation	
  of	
  [C6mim][NTf2]	
  

in	
  low	
  dielectric	
  solvent	
  chloroform	
  was	
  explored	
  at	
  concentrations	
  within	
  the	
  range	
  of	
  

0.001	
  –	
  1.0	
  mol�kg-­‐1	
  at	
  temperatures	
  from	
  15	
  to	
  45oC.	
  Cation	
  and	
  anion	
  self-­‐diffusion	
  

coefficients	
  were	
  measured	
  in	
  conjunction	
  with	
  viscosity	
  measurements.9	
  Originally	
  it	
  was	
  

expected	
  that	
  the	
  self-­‐diffusion	
  coefficients	
  should	
  plateau	
  at	
  low	
  concentrations	
  of	
  IL	
  and	
  

that	
  the	
  cation	
  and	
  anion	
  diffusion	
  coefficients	
  should	
  likewise	
  be	
  different	
  due	
  to	
  the	
  

dissociation	
  of	
  the	
  ions	
  in	
  solution.	
  However,	
  it	
  was	
  observed	
  that	
  the	
  cation	
  and	
  anion	
  

were	
  never	
  fully	
  dissociated,	
  as	
  the	
  self-­‐diffusion	
  coefficients	
  for	
  the	
  cation	
  and	
  anion	
  were	
  

identical	
  when	
  subject	
  to	
  same	
  experimental	
  conditions	
  of	
  temperature	
  and	
  concentration.	
  

Upon	
  further	
  investigation	
  of	
  the	
  hydrodynamic	
  radii	
  of	
  the	
  ionic	
  liquid	
  species	
  through	
  the	
  

Stokes-­‐Einstein	
  equation,	
  as	
  seen	
  in	
  equation	
  1,	
  it	
  was	
  discovered	
  that	
  the	
  apparent	
  

average	
  hydrodynamic	
  radius,	
  r,	
  for	
  [C6mim][NTf2]	
  in	
  chloroform	
  forms	
  a	
  maximum	
  near	
  

0.1	
  mol�kg-­‐1,	
  which	
  deviates	
  from	
  typical	
  Stokes-­‐Einstein	
  behavior.	
  This	
  behavior	
  is	
  

unexpected	
  when	
  using	
  equation	
  1.	
  The	
  equation	
  can	
  be	
  rearranged	
  to	
  solve	
  for	
  r,	
  with	
  the	
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self-­‐diffusion	
  coefficient	
  then	
  being	
  in	
  the	
  denominator	
  of	
  the	
  equation.	
  As	
  the	
  

concentration	
  of	
  IL	
  increases,	
  D	
  decreases.	
  D	
  contributes	
  significantly	
  to	
  the	
  end	
  product	
  

due	
  to	
  its	
  relatively	
  low	
  values,	
  typically	
  on	
  the	
  order	
  of	
  10-­‐9	
  -­‐	
  10-­‐10	
  m2/s.	
  Since	
  the	
  

denominator	
  of	
  the	
  Stokes	
  Einstein	
  equation	
  is	
  becoming	
  increasingly	
  small,	
  we	
  would	
  

expect	
  r	
  to	
  keep	
  increasing	
  and	
  not	
  experience	
  a	
  maximum	
  at	
  such	
  low	
  concentrations	
  of	
  

around	
  0.1m,	
  which	
  is	
  roughly	
  0.01	
  xIL.	
  

	
   Having	
  observed	
  the	
  physical	
  phenomenon	
  of	
  the	
  formation	
  of	
  a	
  maximum	
  in	
  the	
  

aggregate	
  size	
  of	
  IL	
  in	
  low	
  polarity	
  solvent	
  at	
  relatively	
  low	
  concentrations	
  of	
  IL,	
  we	
  

decided	
  to	
  investigate	
  other	
  combinations	
  of	
  IL	
  and	
  molecular	
  solvent.	
  The	
  goal	
  of	
  this	
  

thesis	
  was	
  to	
  confirm	
  whether	
  the	
  occurrence	
  of	
  this	
  phenomenon	
  occurs	
  for	
  other	
  ILs	
  in	
  

solvents	
  of	
  low	
  polarity	
  or	
  if	
  the	
  formation	
  of	
  a	
  maximum	
  in	
  the	
  hydrodynamic	
  radii	
  is	
  only	
  

observed	
  for	
  the	
  specific	
  combination	
  of	
  IL	
  and	
  solvent	
  studied	
  in	
  Scharf’s	
  work.	
  In	
  this	
  

thesis	
  work,	
  [C6mim][NTf2]	
  was	
  again	
  investigated,	
  but	
  rather	
  than	
  having	
  chloroform	
  as	
  a	
  

solvent,	
  dichloromethane	
  (CH2Cl2),	
  tetrahydrofuran	
  (THF),	
  and	
  chlorobenzene	
  (C6H5Cl)	
  

were	
  investigated	
  as	
  solvents.	
  The	
  ionic	
  liquids	
  [C4mim][NTf2]	
  and	
  [C2mim][NTf2]	
  were	
  

also	
  tested	
  in	
  CH2Cl2	
  to	
  investigate	
  the	
  effects	
  of	
  alkyl	
  chain	
  lengths	
  on	
  the	
  formation	
  of	
  a	
  

maximum	
  in	
  the	
  average	
  hydrodynamic	
  radius	
  of	
  the	
  IL	
  in	
  solution.	
  	
  

CH2Cl2,	
  THF,	
  C6H5Cl	
  were	
  selected	
  as	
  solvents	
  since	
  all	
  three	
  have	
  low	
  polarity,	
  

similar	
  to	
  chloroform,	
  but	
  have	
  slightly	
  varying	
  dielectric	
  constants.	
  We	
  chose	
  low	
  polarity	
  

solvents	
  to	
  assess	
  if	
  the	
  slight	
  variance	
  in	
  dielectric	
  constants	
  would	
  affect	
  the	
  formation	
  of	
  

a	
  maximum	
  in	
  the	
  hydrodynamic	
  radii.	
  It	
  has	
  also	
  been	
  noted	
  that	
  the	
  efficiency	
  of	
  ILs	
  in	
  

chemical	
  reactions	
  is	
  strongly	
  influenced	
  by	
  interactions	
  between	
  the	
  molecules	
  dissolved	
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and	
  the	
  IL.15	
  The	
  reason	
  solvents	
  with	
  similar	
  dielectric	
  constants	
  were	
  chosen	
  was	
  to	
  

discern	
  the	
  effect	
  of	
  the	
  structure	
  alone	
  against	
  the	
  polarity	
  of	
  the	
  solvent.	
  

It	
  was	
  hypothesized	
  that	
  due	
  to	
  the	
  slight	
  differences	
  in	
  the	
  dielectric	
  constants,	
  a	
  

shift	
  in	
  the	
  concentration	
  at	
  which	
  the	
  maximum	
  in	
  hydrodynamic	
  radii	
  will	
  be	
  observed.	
  

However,	
  as	
  we	
  will	
  show	
  in	
  this	
  thesis	
  work,	
  the	
  maxima	
  occur	
  at	
  very	
  similar	
  

concentrations	
  for	
  only	
  three	
  of	
  the	
  IL	
  and	
  solvent	
  combinations,	
  specifically	
  for	
  the	
  

[C2mim][NTf2]	
  in	
  CD2Cl2,	
  [C4mim][NTf2]	
  in	
  CD2Cl2,	
  and	
  [C6mim][NTf2]	
  in	
  C6D5Cl.	
  The	
  

dielectric	
  constants	
  appeared	
  to	
  have	
  little	
  effect	
  on	
  shifting	
  the	
  point	
  of	
  the	
  maximum.	
  On	
  

the	
  other	
  hand,	
  the	
  remaining	
  two	
  systems,	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  and	
  [C6mim][NTf2]	
  in	
  

THF-­‐d8,	
  do	
  not	
  appear	
  to	
  suggest	
  any	
  maximum	
  in	
  the	
  hydrodynamic	
  radii	
  at	
  low	
  

concentrations.	
  

	
  

1.4.	
  Self-­‐Diffusion	
  Measurements	
  via	
  NMR	
  Methods	
  

NMR	
  stands	
  for	
  nuclear	
  magnetic	
  resonance.	
  Some	
  nuclei	
  possess	
  a	
  property	
  known	
  

as	
  spin,	
  which	
  is	
  the	
  rotation	
  of	
  the	
  nucleus	
  bearing	
  a	
  charge.	
  The	
  rotation	
  of	
  the	
  nucleus	
  in	
  

this	
  case	
  causes	
  a	
  magnetic	
  field	
  to	
  occur,	
  known	
  as	
  magnetization.	
  The	
  spin	
  of	
  a	
  nucleus	
  is	
  

what	
  makes	
  NMR	
  experiments	
  possible	
  in	
  general.	
  The	
  magnetic	
  field	
  created	
  by	
  the	
  spin	
  of	
  

the	
  nucleus	
  will	
  either	
  align	
  with	
  or	
  be	
  directly	
  opposed	
  to	
  the	
  external	
  magnetic	
  field	
  in	
  

the	
  z-­‐axis	
  for	
  a	
  nucleus	
  with	
  a	
  ½	
  spin.	
  Each	
  spin	
  has	
  different	
  possible	
  states.	
  The	
  static	
  

magnetic	
  field	
  is	
  created	
  by	
  a	
  superconducting	
  magnet	
  within	
  the	
  NMR	
  instrument.	
  

Diffusion	
  ordered	
  spectroscopy	
  (DOSY)	
  is	
  an	
  NMR	
  experiment	
  that	
  measures	
  the	
  

self-­‐diffusion	
  constant	
  of	
  molecules.	
  Self-­‐diffusion	
  is	
  the	
  Brownian	
  motion	
  of	
  molecules	
  that	
  

originates	
  from	
  the	
  molecule	
  itself	
  and	
  is	
  not	
  the	
  result	
  of	
  other	
  factors.	
  However,	
  gradients	
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in	
  temperature	
  or	
  concentration	
  can	
  cause	
  additional	
  non-­‐Brownian	
  flow	
  within	
  the	
  

sample.	
  Self-­‐diffusion	
  is	
  dependent	
  on	
  temperature	
  and	
  concentration,	
  which	
  requires	
  that	
  

these	
  factors	
  be	
  kept	
  stable	
  and	
  uniform	
  across	
  the	
  samples	
  and	
  must	
  be	
  as	
  accurate	
  as	
  

possible.	
  The	
  presence	
  of	
  a	
  thermal	
  gradient	
  would	
  cause	
  motion	
  due	
  to	
  convection,	
  which	
  

is	
  undesirable.	
  

DOSY	
  experiments	
  are	
  conducted	
  using	
  a	
  specific	
  pulse	
  program	
  in	
  the	
  NMR	
  

instrument	
  software.	
  A	
  pulse	
  program	
  in	
  general	
  outlines	
  the	
  sequences	
  of	
  events	
  that	
  

occur	
  in	
  time.	
  Simply	
  put,	
  the	
  events	
  that	
  take	
  place	
  in	
  NMR	
  experiments	
  are	
  either	
  delays	
  

or	
  radio	
  frequency	
  (RF)	
  pulses.	
  An	
  RF	
  pulse	
  is	
  sent	
  through	
  the	
  wire	
  coil	
  that	
  surrounds	
  the	
  

sample	
  within	
  the	
  NMR	
  instrument.	
  The	
  pulse	
  causes	
  a	
  current	
  through	
  the	
  wire,	
  which	
  

creates	
  a	
  second	
  magnetic	
  field	
  in	
  addition	
  to	
  the	
  static	
  field	
  that	
  is	
  present	
  due	
  to	
  the	
  

superconducting	
  electromagnet	
  to	
  which	
  the	
  sample	
  is	
  exposed.	
  The	
  change	
  in	
  magnetic	
  

field	
  causes	
  the	
  orientation	
  of	
  the	
  net	
  magnetization	
  vector	
  from	
  the	
  nuclear	
  spins	
  to	
  

change	
  direction.	
  The	
  change	
  in	
  the	
  direction	
  of	
  the	
  net	
  magnetization	
  vector	
  after	
  an	
  RF	
  

pulse	
  is	
  observed	
  as	
  decaying	
  oscillatory	
  voltages,	
  or	
  the	
  free	
  induction	
  decay	
  (FID).	
  A	
  

Fourier	
  transformation	
  is	
  then	
  performed	
  on	
  the	
  FID	
  in	
  order	
  to	
  form	
  the	
  corresponding	
  

spectrum	
  that	
  are	
  acquired	
  after	
  proton	
  NMR	
  scans	
  for	
  example.	
  

Delays	
  are	
  also	
  crucial	
  in	
  pulse	
  programs	
  such	
  as	
  the	
  DOSY	
  experiments.	
  Delays	
  may	
  

simply	
  allow	
  time	
  for	
  storing	
  data	
  in	
  a	
  computer	
  or	
  letting	
  spin	
  system	
  coupling	
  evolve	
  for	
  

instance.	
  Pre-­‐relaxation	
  delays	
  at	
  the	
  beginning	
  of	
  an	
  experiment	
  are	
  simply	
  periods	
  of	
  

time	
  given	
  to	
  allow	
  the	
  sample	
  nuclei	
  to	
  return	
  to	
  one	
  coherent	
  direction	
  as	
  the	
  net	
  

magnetization	
  vector.	
  Delay	
  times	
  vary	
  depending	
  on	
  the	
  sample,	
  but	
  in	
  general	
  it	
  is	
  good	
  

practice	
  to	
  have	
  the	
  delay	
  period	
  at	
  least	
  7	
  times	
  the	
  duration	
  of	
  the	
  T1	
  relaxation	
  time.	
  T1	
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relaxation,	
  or	
  spin	
  lattice	
  relaxation,	
  is	
  the	
  time	
  necessary	
  for	
  nuclei	
  to	
  realign	
  with	
  the	
  

static	
  magnetic	
  field	
  after	
  an	
  RF	
  pulse.	
  There	
  are	
  specific	
  NMR	
  experiments	
  for	
  measuring	
  

the	
  T1	
  times	
  as	
  well,	
  which	
  should	
  be	
  done	
  prior	
  to	
  performing	
  a	
  DOSY	
  experiment	
  for	
  

proper	
  pre-­‐relaxation	
  time	
  settings.	
  

In	
  a	
  DOSY	
  experiment,	
  a	
  pulsed	
  field	
  gradient	
  is	
  applied	
  to	
  create	
  a	
  linear	
  

inhomogeneous	
  magnetic	
  field	
  within	
  an	
  NMR	
  sample.	
  This	
  linear	
  inhomogeneity	
  in	
  the	
  

magnetic	
  field	
  allows	
  the	
  spatial	
  location	
  of	
  the	
  molecules	
  to	
  be	
  differentiated	
  and	
  tracked.	
  	
  

	
  

	
  

Figure	
  1.	
  Set	
  up	
  of	
  a	
  linear	
  inhomogeneous	
  magnetic	
  field	
  within	
  an	
  NMR	
  
sample	
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As	
  Figure	
  1	
  illustrates,	
  the	
  linear	
  inhomogeneous	
  magnetic	
  field	
  within	
  the	
  NMR	
  sample	
  

allows	
  the	
  different	
  spatial	
  locations	
  of	
  a	
  molecule	
  to	
  be	
  assigned	
  to	
  specific	
  magnetic	
  field	
  

strengths	
  in	
  the	
  z	
  direction.	
  The	
  movement	
  in	
  the	
  x	
  and	
  y	
  directions	
  are	
  not	
  tracked	
  and	
  

they	
  are	
  insignificant	
  in	
  this	
  case.	
  This	
  is	
  due	
  to	
  the	
  spin	
  precession	
  at	
  the	
  Larmor	
  

frequency,	
  which	
  is	
  shown	
  in	
  equation	
  3.	
   	
  

	
   	
   	
   	
   ! = !"	
   	
   	
   	
   	
   (Eq.	
  3)	
  	
  

In	
  equation	
  3,	
  ω	
  is	
  the	
  Larmor,	
  or	
  precession,	
  frequency,	
  ϒ	
  is	
  the	
  gyro	
  magnetic	
  ratio,	
  and	
  B	
  

is	
  the	
  external	
  magnetic	
  field.	
  

In	
  the	
  NMR	
  DOSY	
  experiment,	
  the	
  pulse	
  program	
  is	
  designed	
  to	
  monitor	
  the	
  signal	
  

intensity	
  of	
  the	
  spin	
  echo	
  phenomenon	
  as	
  molecules	
  diffuse	
  through	
  different	
  regions	
  of	
  

varying	
  field	
  strengths.	
  The	
  spin	
  echo	
  is	
  the	
  whole	
  process	
  that	
  is	
  depicted	
  in	
  Figure	
  2.	
  

Figure	
  2	
  illustrates	
  the	
  major	
  events	
  of	
  the	
  pulse	
  program,	
  as	
  well	
  as	
  gives	
  a	
  visual	
  

interpretation	
  of	
  what	
  happens	
  to	
  the	
  net	
  magnetization	
  vector	
  during	
  the	
  course	
  of	
  the	
  

pulse	
  program.	
  	
  

	
  

	
  

Figure	
  2.	
  An	
  outline	
  of	
  the	
  events	
  of	
  a	
  typical	
  DOSY	
  pulse	
  program	
  provided	
  
by	
  Dr.	
  Markus	
  Hoffmann.	
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  During	
  the	
  pulse	
  program,	
  a	
  delay	
  period	
  first	
  is	
  given	
  in	
  order	
  to	
  allow	
  all	
  of	
  the	
  nuclei’s	
  

spins	
  to	
  align	
  in	
  one	
  coherent	
  direction	
  (a).	
  A	
  90o	
  RF	
  pulse	
  is	
  emitted,	
  causing	
  the	
  

orientation	
  of	
  the	
  net	
  magnetization	
  vector	
  to	
  change	
  from	
  the	
  z-­‐axis	
  into	
  the	
  xy	
  plane	
  (b).	
  

After	
  changing	
  orientation,	
  there	
  is	
  another	
  delay	
  period	
  in	
  which	
  the	
  spins	
  of	
  the	
  nuclei	
  

lose	
  coherence	
  (c).	
  This	
  loss	
  of	
  coherence	
  is	
  due	
  to	
  the	
  fact	
  that	
  the	
  frequencies	
  of	
  the	
  

individual	
  nuclei	
  are	
  able	
  to	
  change.	
  As	
  more	
  time	
  is	
  allowed,	
  more	
  and	
  more	
  of	
  these	
  spins	
  

change	
  direction,	
  which	
  results	
  in	
  the	
  loss	
  of	
  a	
  net	
  magnetization	
  vector.	
  Although	
  there	
  are	
  

multiple	
  contributing	
  factors	
  for	
  the	
  loss	
  of	
  coherence,	
  the	
  dominant	
  effect	
  is	
  from	
  the	
  

magnetic	
  field	
  gradient,	
  which	
  relates	
  back	
  to	
  equation	
  3.	
  The	
  strength	
  of	
  the	
  magnetic	
  field	
  

gradient	
  overpowers	
  any	
  other	
  contributing	
  factors.	
  Each	
  nucleus	
  has	
  a	
  different	
  ω,	
  which	
  

causes	
  differences	
  in	
  the	
  speed	
  of	
  recovery	
  for	
  each	
  nucleus.	
  The	
  differences	
  in	
  speed	
  

caused	
  by	
  the	
  different	
  ω’s	
  prevent	
  the	
  net	
  magnetization	
  vector	
  from	
  refocussing,	
  which	
  is	
  

observable	
  in	
  the	
  FID.	
  After	
  the	
  delay	
  period,	
  a	
  second	
  RF	
  pulse,	
  this	
  time	
  180o,	
  is	
  emitted,	
  

causing	
  the	
  spins	
  to	
  flip	
  orientation	
  (d).	
  During	
  the	
  final	
  delay	
  period	
  after	
  the	
  180o	
  pulse,	
  

the	
  spins	
  are	
  able	
  to	
  refocus	
  and	
  form	
  the	
  net	
  magnetization	
  vector	
  once	
  again	
  and	
  the	
  spin	
  

echo	
  is	
  observed	
  (e).	
  

The	
  number	
  of	
  spin	
  echoes	
  can	
  be	
  varied	
  from	
  one	
  experiment	
  to	
  the	
  next.	
  As	
  the	
  

time	
  delay	
  increases	
  in	
  duration,	
  it	
  gives	
  the	
  spins	
  of	
  the	
  nuclei	
  more	
  time	
  to	
  change	
  

frequency	
  after	
  having	
  re-­‐aligned	
  in	
  the	
  net	
  magnetization	
  vector.	
  As	
  more	
  of	
  the	
  spins	
  

again	
  begin	
  to	
  disperse,	
  the	
  final	
  signal	
  intensity	
  begins	
  to	
  decrease.	
  T2	
  experiments,	
  for	
  

example,	
  use	
  this	
  variance	
  in	
  time	
  to	
  measure	
  the	
  changes	
  in	
  intensity	
  in	
  the	
  final	
  

observable	
  signal.	
  DOSY	
  experiments	
  on	
  the	
  other	
  hand	
  do	
  not	
  use	
  a	
  variation	
  in	
  time	
  

delays,	
  but	
  rather	
  a	
  variation	
  in	
  the	
  magnetic	
  field	
  strength	
  instead.	
  In	
  doing	
  so,	
  the	
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movement	
  of	
  nuclei	
  along	
  the	
  established	
  magnetic	
  field	
  gradient	
  dominates	
  the	
  spin	
  echo	
  

decay	
  from	
  T2	
  relaxation,	
  since	
  the	
  self-­‐diffusion	
  will	
  have	
  a	
  much	
  larger	
  contribution	
  to	
  

the	
  loss	
  of	
  coherence	
  in	
  the	
  spin	
  echo	
  (and	
  consequently	
  the	
  diminishing	
  spin	
  echo	
  

intensity).	
  T2	
  relaxation	
  is	
  still	
  a	
  factor,	
  but	
  is	
  only	
  significant	
  at	
  low	
  gradient	
  strengths,	
  

which	
  we	
  avoid	
  by	
  setting	
  the	
  gradient	
  strength	
  to	
  at	
  least	
  10%.	
  With	
  a	
  set	
  delay	
  period	
  

established,	
  the	
  stronger	
  the	
  applied	
  gradient,	
  the	
  more	
  signal	
  suppression.	
  If	
  no	
  gradient	
  is	
  

applied,	
  the	
  maximum	
  signal	
  intensity	
  is	
  observed.	
  	
  

In	
  order	
  to	
  evaluate	
  the	
  diffusion	
  coefficient,	
  the	
  following	
  equation	
  is	
  used:	
  

	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (Eq.	
  4)	
  

I	
  represents	
  the	
  spin	
  echo	
  intensity	
  and	
  Io	
  represents	
  the	
  intensity	
  of	
  the	
  spin	
  echo	
  in	
  the	
  

absence	
  of	
  a	
  gradient.	
  γ	
  represents	
  the	
  gyromagnetic	
  ratio,	
  which	
  is	
  a	
  known	
  constant	
  for	
  a	
  

given	
  nucleus.	
  δ	
  represents	
  the	
  duration	
  of	
  the	
  applied	
  gradient,	
  which	
  is	
  optimized	
  

beforehand	
  experimentally	
  and	
  is	
  stored	
  in	
  the	
  acquisition	
  software	
  (TopSpin)	
  as	
  the	
  “p30”	
  

value.	
  If	
  the	
  δ	
  value	
  is	
  too	
  short,	
  the	
  resulting	
  plot	
  of	
  intensity	
  as	
  a	
  function	
  of	
  gradient	
  

strength	
  may	
  be	
  too	
  short.	
  If	
  too	
  long,	
  too	
  many	
  points	
  on	
  the	
  intensity	
  vs	
  gradient	
  strength	
  

plot	
  will	
  be	
  beyond	
  the	
  tail	
  end	
  of	
  the	
  plot,	
  where	
  the	
  intensity	
  is	
  about	
  0.	
  Δ	
  is	
  the	
  diffusion	
  

time,	
  which	
  is	
  also	
  set	
  before	
  the	
  experiment	
  begins.	
  g	
  represents	
  the	
  amplitude	
  of	
  the	
  

applied	
  gradient	
  and	
  is	
  varied	
  from	
  one	
  repetition	
  of	
  the	
  experiment	
  to	
  the	
  next.	
  The	
  only	
  

unknown	
  variable	
  in	
  equation	
  4	
  is	
  therefore	
  D,	
  which	
  is	
  the	
  self-­‐diffusion	
  coefficient.	
  The	
  

NMR	
  analysis	
  software	
  plots	
  the	
  spin	
  echo	
  signal	
  intensity	
  against	
  the	
  applied	
  gradient	
  in	
  a	
  

graph	
  that	
  results	
  in	
  a	
  Gaussian	
  type	
  curve	
  due	
  to	
  the	
  form	
  of	
  the	
  function	
  in	
  equation	
  4,	
  as	
  

represented	
  in	
  Figure	
  3.	
  Each	
  point	
  in	
  the	
  resultant	
  graph	
  represents	
  a	
  point	
  at	
  which	
  a	
  

different	
  field	
  gradient	
  was	
  applied.	
  	
  

I = Ioe
!D! 2g2"2 ("!" /3)
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Figure	
  3.	
  A	
  typical	
  software	
  display	
  of	
  spin	
  echo	
  intensity	
  plotted	
  against	
  the	
  
applied	
  gradient	
  from	
  a	
  DOSY	
  experiment.	
  

	
  

1.5.	
  Viscosity	
  

Viscosity	
  is	
  the	
  flux	
  of	
  momentum	
  or	
  measurement	
  of	
  the	
  force	
  required	
  to	
  

overcome	
  internal	
  resistances	
  in	
  a	
  fluid.	
  To	
  better	
  illustrate	
  the	
  idea	
  of	
  viscosity,	
  consider	
  

both	
  water	
  and	
  honey.	
  Water	
  is	
  a	
  very	
  fluid	
  and	
  free-­‐flowing	
  substance.	
  Honey	
  in	
  contrast	
  

is	
  very	
  thick	
  or	
  syrupy	
  and	
  flows	
  very	
  slowly.	
  This	
  perceived	
  “thickness”	
  is	
  essentially	
  what	
  

viscosity	
  is	
  and	
  is	
  due	
  to	
  the	
  amount	
  of	
  friction	
  the	
  substance	
  experiences	
  when	
  in	
  contact	
  

with	
  other	
  surfaces	
  and	
  within	
  itself.	
  Typical	
  units	
  of	
  viscosity	
  are	
  mPa∙s,	
  which	
  is,	
  

generally	
  speaking,	
  pressure	
  multiplied	
  by	
  time.	
  There	
  are	
  two	
  types	
  of	
  viscosity:	
  kinematic	
  

and	
  dynamic.	
  Dividing	
  the	
  kinematic	
  viscosity	
  by	
  the	
  density	
  results	
  in	
  the	
  dynamic	
  

viscosity.	
  In	
  this	
  study,	
  we	
  measure	
  the	
  dynamic	
  viscosity.	
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There	
  are	
  many	
  different	
  methods	
  of	
  measuring	
  the	
  viscosity	
  of	
  a	
  fluid.	
  In	
  this	
  

project	
  we	
  chose	
  to	
  use	
  a	
  rolling	
  ball	
  viscometer,	
  which	
  involves	
  a	
  capillary.	
  The	
  capillary	
  is	
  

set	
  at	
  a	
  chosen	
  angle.	
  Within	
  the	
  capillary	
  is	
  a	
  tiny	
  metal	
  ball	
  and	
  the	
  time	
  the	
  ball	
  takes	
  to	
  

roll	
  down	
  from	
  one	
  end	
  of	
  the	
  capillary	
  to	
  the	
  other	
  is	
  recorded.	
  This,	
  along	
  with	
  the	
  

density	
  of	
  the	
  fluid,	
  is	
  used	
  to	
  determine	
  the	
  fluid’s	
  viscosity.	
  Since	
  viscosity	
  is	
  temperature	
  

dependent,	
  measurements	
  are	
  performed	
  at	
  various	
  temperatures.	
  It	
  is	
  also	
  important	
  to	
  

note	
  that	
  there	
  are	
  various	
  sizes	
  for	
  the	
  capillaries	
  and	
  an	
  appropriate	
  size	
  is	
  chosen	
  

depending	
  on	
  how	
  viscous	
  the	
  material	
  is.	
  The	
  more	
  viscous	
  a	
  material,	
  the	
  larger	
  the	
  

capillary	
  should	
  be.	
  	
  

	
  Some	
  other	
  novel	
  methods	
  include	
  measuring	
  a	
  pressure	
  differential	
  across	
  a	
  

porous	
  medium	
  of	
  known	
  permeability16	
  or	
  using	
  a	
  flowing	
  fluid	
  of	
  a	
  particular	
  rate	
  and	
  

bending	
  vibration	
  structure	
  of	
  a	
  pipe	
  where	
  the	
  resonance	
  frequency,	
  amplitude	
  and	
  input	
  

power	
  are	
  recorded	
  and	
  known.17	
  These	
  are	
  just	
  a	
  few	
  examples	
  of	
  other	
  methodologies	
  for	
  

the	
  determination	
  of	
  viscosity.	
  	
  

	
  

1.6.	
  Excess	
  Molar	
  Volume	
  

In	
  this	
  study,	
  we	
  examined	
  what	
  is	
  known	
  as	
  the	
  excess	
  molar	
  volume,	
  or	
  VE,	
  of	
  each	
  

binary	
  system.	
  VE	
  is	
  the	
  difference	
  between	
  the	
  real	
  and	
  ideal	
  molar	
  volume	
  of	
  a	
  solution	
  

containing	
  two	
  or	
  more	
  components,	
  in	
  this	
  case	
  an	
  IL	
  and	
  solvent.	
  In	
  order	
  to	
  calculate	
  the	
  

VE,	
  equation	
  5	
  is	
  used,	
  where	
  x	
  represents	
  the	
  mole	
  fraction,	
  M	
  is	
  the	
  molecular	
  weight,	
  and	
  

ρ	
  is	
  the	
  density.	
  The	
  subscripts	
  IL,	
  solv,	
  and	
  soln	
  represent	
  that	
  of	
  the	
  pure	
  IL,	
  pure	
  solvent,	
  

and	
  binary	
  solution	
  respectively.	
  	
  

	
   	
   !! = !!"!!"!!!"#$!!"#$
!!"#$

− !!"!!"
!!"

+ !!"#$!!"#$
!!"#!

	
   	
   	
   (Eq.	
  5)	
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The	
  temperature	
  dependence	
  of	
  the	
  density	
  of	
  each	
  neat	
  IL	
  was	
  found	
  in	
  the	
  available	
  

literature.18	
  It	
  should	
  also	
  be	
  noted	
  that	
  although	
  xIL	
  was	
  used	
  to	
  calculate	
  the	
  VE,	
  the	
  VE	
  

were	
  plotted	
  against	
  the	
  corresponding	
  molality	
  as	
  the	
  ranges	
  of	
  xIL	
  of	
  the	
  five	
  binary	
  

systems	
  studied	
  were	
  simply	
  too	
  narrow.	
  Equation	
  6	
  is	
  a	
  universal	
  fit	
  equation	
  for	
  VE	
  from	
  

a	
  previous	
  meta-­‐analysis	
  examining	
  composition	
  and	
  temperature	
  dependence	
  of	
  the	
  VE	
  of	
  

binary	
  systems	
  containing	
  ILs	
  and	
  was	
  used	
  to	
  fit	
  the	
  VE	
  data.19	
  

	
   	
   	
   !! = !!,!!!"
! ! + !!,!!!"

!!
!!! 	
   	
   	
   	
   (Eq.	
  6)	
  

In	
  equation	
  6,	
  !!,! 	
  and	
  !!,! 	
  are	
  polynomial	
  fit	
  coefficients	
  found	
  from	
  plotting	
  the	
  slope	
  and	
  

the	
  intercept	
  of	
  the	
  VE	
  data	
  against	
  the	
  concentration	
  of	
  the	
  solution.	
  T	
  is	
  the	
  temperature	
  

in	
  Kelvin	
  and	
  mIL	
  is	
  the	
  molality	
  of	
  the	
  binary	
  solution.	
  However,	
  equation	
  6	
  can	
  be	
  used	
  

with	
  other	
  forms	
  of	
  concentration,	
  such	
  as	
  mole	
  fraction19.	
  

	
  

2.	
  EXPERIMENTAL	
  

	
  

2.1.	
  Chemical	
  Information	
  

	
   The	
  [C6mim][NTf2]	
  came	
  from	
  Io-­‐Li-­‐Tec,	
  CAS	
  #	
  382	
  150-­‐50-­‐7.	
  Lot	
  number	
  

K00223.1.1	
  had	
  99.5%	
  purity	
  and	
  lot	
  number	
  J001191.2.inc	
  had	
  99%	
  purity.	
  The	
  

[C4mim][NTf2]	
  came	
  from	
  Io-­‐Li-­‐Tec,	
  CAS	
  #174899-­‐83-­‐3.	
  Lot	
  number	
  100520.1.5.Inc	
  had	
  

99%	
  purity.	
  The	
  [C2mim][NTf2]	
  came	
  from	
  Io-­‐Li-­‐Tec.	
  Lot	
  number	
  H00423.1.Inc	
  had	
  99%	
  

purity.	
  The	
  deuterated	
  dichloromethane	
  came	
  from	
  Cambridge	
  Isotope.	
  Lot	
  number	
  13d-­‐

593	
  had	
  99.9%	
  purity.	
  The	
  non-­‐deuterated	
  dichloromethane	
  came	
  from	
  Fischer	
  Chemical,	
  

CAS	
  #	
  75-­‐09-­‐2.	
  Lot	
  number	
  911807	
  had	
  no	
  purity	
  given.	
  The	
  deuterated	
  chlorobenzene	
  

came	
  from	
  Cambridge	
  Isotope	
  Laboratories,	
  Inc.	
  Lot	
  number	
  PR-­‐21944/02231CB1	
  had	
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99%	
  purity.	
  The	
  non-­‐deuterated	
  chlorobenzene	
  was	
  supplied	
  by	
  Eastman	
  Kodak	
  Company;	
  

lot	
  number	
  B5A	
  had	
  no	
  stated	
  purity.	
  A	
  proton	
  NMR	
  spectrum	
  was	
  obtained	
  in	
  order	
  to	
  

detect	
  any	
  impurities	
  within	
  the	
  solvent.	
  No	
  significant	
  impurities	
  were	
  noted.	
  Deuterated	
  

THF	
  was	
  provided	
  by	
  Cambridge	
  Isotope	
  with	
  99.9%	
  purity.	
  Non-­‐deuterated	
  THF	
  was	
  

supplied	
  by	
  Pharmco-­‐Aaper,	
  CAS	
  #	
  109-­‐99-­‐9.	
  It	
  is	
  HPLC	
  grade	
  with	
  at	
  least	
  99%	
  purity	
  and	
  

contains	
  a	
  small	
  amount	
  of	
  BHT	
  as	
  a	
  stabilizer.	
  The	
  THF	
  was	
  dried	
  and	
  purified	
  using	
  an	
  

Innovative	
  Technology	
  pure	
  solvent	
  purification	
  system,	
  provided	
  by	
  Dr.	
  Carly	
  Reed.	
  	
  

	
   Dr.	
  Markus	
  Hoffmann	
  performed	
  Karl	
  Fischer	
  titrations	
  in	
  order	
  to	
  determine	
  the	
  

water	
  content	
  of	
  each	
  chemical	
  used	
  in	
  this	
  project.	
  Table	
  1	
  shows	
  the	
  amount	
  of	
  water	
  in	
  

parts	
  per	
  million	
  (ppm).	
  Three	
  trials	
  were	
  performed	
  for	
  each	
  chemical.	
  In	
  order	
  to	
  

perform	
  the	
  Karl	
  Fischer	
  titrations,	
  the	
  ILs	
  were	
  put	
  inside	
  a	
  syringe	
  while	
  in	
  a	
  positive	
  

pressure	
  glove	
  box	
  and	
  capped.	
  The	
  molecular	
  solvents	
  THF	
  and	
  CH2Cl2	
  were	
  already	
  

stored	
  in	
  small	
  bottles	
  and	
  were	
  simply	
  taken	
  outside	
  of	
  the	
  glove	
  box	
  in	
  order	
  to	
  fill	
  the	
  

syringes	
  for	
  the	
  titrations.	
  When	
  looking	
  at	
  Table	
  1,	
  it	
  is	
  observed	
  that	
  the	
  water	
  content	
  of	
  

the	
  molecular	
  solvents	
  systematically	
  increases	
  in	
  magnitude,	
  likely	
  due	
  to	
  water	
  being	
  

absorbed	
  gradually	
  by	
  the	
  chemicals	
  after	
  being	
  outside	
  of	
  the	
  glove	
  box.	
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Table	
  1.	
  Karl	
  Fischer	
  Titrations	
  

chemical	
   ppm,	
  
water	
  

average	
  ppm,	
  
water	
  

[C2mim][NTf2]	
   2.8	
   30	
  ±	
  27	
  

	
  
57.3	
  

	
  
	
  

28.4	
  
	
  [C4mim][NTf2]	
   59.8	
   72	
  ±	
  11	
  

	
  
79.8	
  

	
  
	
  

77.2	
  
	
  [C6mim][NTf2]	
   36.9	
   45	
  ±	
  13	
  

	
  
59.9	
  

	
  
	
  

37	
  
	
  C6H5Cl	
   64.2	
   61	
  ±	
  3	
  

	
  
58.5	
  

	
  
	
  

61.3	
  
	
  THF	
   112.3	
   152	
  ±	
  41	
  

	
  
147.8	
  

	
  
	
  

194.4	
  
	
  CH2Cl2	
   79.8	
   98	
  ±	
  17	
  

	
  
102.2	
  

	
  
	
  

113.4	
  
	
  	
  

2.2.	
  Solution	
  Preparation	
  

	
   All	
  solutions	
  were	
  prepared	
  by	
  mass	
  to	
  obtain	
  desired	
  concentrations	
  in	
  units	
  of	
  

molality	
  because	
  molality	
  is	
  temperature	
  independent.	
  	
  In	
  this	
  experiment	
  the	
  main	
  

concern	
  was	
  the	
  ability	
  to	
  track	
  the	
  movement	
  of	
  the	
  IL,	
  but	
  not	
  the	
  solvent.	
  Signals	
  from	
  

the	
  solvent	
  would	
  obstruct	
  our	
  ability	
  to	
  observe	
  the	
  signals	
  from	
  the	
  solute	
  since	
  they	
  

would	
  be	
  very	
  large.	
  Therefore,	
  deuterated	
  solvents	
  were	
  chosen	
  for	
  preparing	
  solutions.	
  

When	
  the	
  samples	
  were	
  tested	
  using	
  the	
  NMR	
  instrument,	
  little	
  to	
  no	
  signal	
  from	
  the	
  

solvent	
  was	
  detectable	
  due	
  to	
  the	
  presence	
  of	
  deuterium	
  rather	
  than	
  a	
  hydrogen	
  atom.	
  	
  

	
   To	
  prepare	
  a	
  sample,	
  both	
  the	
  IL	
  and	
  solvent	
  were	
  placed	
  inside	
  a	
  glove	
  box.	
  The	
  

main	
  purpose	
  of	
  the	
  glove	
  box	
  is	
  to	
  restrict	
  the	
  amount	
  of	
  water	
  that	
  the	
  samples	
  were	
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exposed	
  to,	
  in	
  particular	
  the	
  ILs,	
  as	
  they	
  have	
  a	
  hygroscopic	
  nature.	
  For	
  the	
  NMR	
  samples,	
  a	
  

solution	
  of	
  approximately	
  1.5mL	
  was	
  prepared	
  initially.	
  Deuterated	
  solvents	
  were	
  selected	
  

for	
  the	
  NMR	
  samples	
  so	
  that	
  the	
  signals	
  from	
  the	
  IL	
  would	
  be	
  unobstructed	
  by	
  those	
  of	
  the	
  

solvent.	
  Afterwards,	
  the	
  remaining	
  NMR	
  samples	
  were	
  prepared	
  via	
  dilution.	
  For	
  the	
  

viscosity	
  samples,	
  approximately	
  five	
  mL	
  of	
  solution	
  was	
  desired	
  so	
  that	
  there	
  would	
  be	
  

sufficient	
  sample	
  to	
  use	
  in	
  the	
  microviscometer	
  and	
  the	
  density	
  meter,	
  while	
  still	
  having	
  

some	
  excess	
  in	
  case	
  of	
  unforeseen	
  events.	
  Non-­‐deuterated	
  solvents	
  were	
  chosen	
  for	
  the	
  

viscosity	
  samples	
  because	
  the	
  deuterated	
  solvents	
  were	
  prohibitively	
  expensive	
  for	
  the	
  

amounts	
  needed	
  and	
  the	
  presence	
  of	
  hydrogen	
  atoms	
  does	
  not	
  significantly	
  impact	
  the	
  

results	
  of	
  the	
  viscosity.	
  However,	
  as	
  we	
  will	
  mention	
  later,	
  a	
  correction	
  factor	
  was	
  applied	
  

for	
  the	
  small	
  differences	
  between	
  deuterated	
  and	
  non-­‐deuterated	
  solvents.	
  	
  	
  

For	
  both	
  sample	
  types,	
  a	
  balance	
  with	
  an	
  uncertainty	
  of	
  ±0.001g	
  within	
  the	
  glove	
  

box	
  was	
  used.	
  First,	
  the	
  vial	
  was	
  massed	
  and	
  recorded.	
  The	
  IL	
  was	
  then	
  added	
  to	
  the	
  vial	
  

and	
  massed	
  in	
  order	
  to	
  determine	
  if	
  the	
  desired	
  number	
  of	
  moles	
  had	
  been	
  delivered.	
  Then	
  

the	
  solvent	
  was	
  added	
  and	
  its	
  mass	
  recorded.	
  In	
  the	
  initial	
  NMR	
  sample,	
  approximately	
  

0.75mL	
  of	
  solvent	
  was	
  added.	
  For	
  the	
  viscosity	
  samples,	
  approximately	
  five	
  mL	
  of	
  solvent	
  

was	
  added.	
  The	
  mass	
  after	
  the	
  addition	
  of	
  the	
  IL	
  and	
  after	
  the	
  addition	
  of	
  the	
  solvent	
  was	
  

recorded	
  in	
  order	
  to	
  determine	
  the	
  actual	
  concentration	
  of	
  the	
  solution.	
  For	
  the	
  NMR	
  

samples,	
  approximately	
  half	
  of	
  the	
  prepared	
  solution	
  was	
  transferred	
  to	
  an	
  NMR	
  tube.	
  To	
  

the	
  solution	
  remaining	
  in	
  the	
  vial,	
  another	
  0.75mL	
  of	
  solvent	
  was	
  added	
  and	
  mixed	
  

sufficiently.	
  Then	
  half	
  of	
  this	
  solution	
  was	
  transferred	
  to	
  a	
  separate	
  NMR	
  tube,	
  and	
  so	
  on	
  

and	
  so	
  forth.	
  Masses	
  were	
  recorded	
  after	
  every	
  addition	
  in	
  order	
  to	
  keep	
  track	
  of	
  what	
  was	
  

actually	
  in	
  solution.	
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2.3.	
  Freeze	
  Pump	
  Thaw	
  Method	
  

	
   Upon	
  retrieval	
  of	
  the	
  NMR	
  sample	
  from	
  the	
  glove	
  box,	
  the	
  sample	
  was	
  immediately	
  

brought	
  over	
  to	
  a	
  Schlenk-­‐line	
  nitrogen	
  gas	
  pressure	
  control	
  apparatus.	
  The	
  freeze	
  pump	
  

thaw	
  method	
  is	
  used	
  to	
  remove	
  other	
  gases	
  from	
  the	
  sample	
  before	
  being	
  sealed,	
  including	
  

oxygen.	
  A	
  slow,	
  but	
  steady	
  amount	
  of	
  nitrogen	
  gas	
  was	
  allowed	
  to	
  flow	
  out	
  of	
  the	
  system.	
  

The	
  NMR	
  sample	
  was	
  then	
  quickly	
  attached	
  to	
  the	
  tubing	
  from	
  which	
  the	
  nitrogen	
  gas	
  

flows.	
  Nitrogen	
  gas	
  was	
  selected	
  in	
  order	
  to	
  maintain	
  an	
  inert	
  environment	
  within	
  the	
  NMR	
  

tube,	
  so	
  that	
  fewer	
  contaminants	
  are	
  within	
  the	
  system	
  of	
  the	
  sample.	
  While	
  still	
  attached	
  

to	
  the	
  tubing	
  of	
  the	
  apparatus,	
  the	
  sample	
  was	
  submerged	
  in	
  liquid	
  nitrogen	
  in	
  order	
  to	
  

freeze	
  the	
  solution	
  inside.	
  It	
  is	
  important	
  to	
  have	
  the	
  entire	
  sample	
  frozen	
  prior	
  to	
  adjusting	
  

the	
  pressure	
  of	
  the	
  sample	
  in	
  the	
  following	
  step.	
  Once	
  frozen,	
  the	
  pressure	
  was	
  then	
  

significantly	
  lowered.	
  If	
  not	
  frozen,	
  the	
  sample	
  would	
  boil,	
  losing	
  sample	
  and	
  potentially	
  

ruining	
  the	
  integrity	
  of	
  the	
  apparatus.	
  The	
  negative	
  pressure	
  ideally	
  leaves	
  only	
  the	
  IL	
  and	
  

solvent	
  solution	
  within	
  the	
  NMR	
  tube.	
  	
  

Afterwards,	
  the	
  pressure	
  valve	
  was	
  closed	
  and	
  the	
  NMR	
  sample	
  was	
  then	
  flame	
  

sealed	
  using	
  a	
  small	
  blowtorch.	
  The	
  reduced	
  pressure	
  inside	
  the	
  sample	
  tube	
  helps	
  collapse	
  

the	
  glass	
  wall	
  into	
  itself,	
  causing	
  it	
  to	
  melt	
  shut.	
  If	
  the	
  pressure	
  were	
  the	
  same	
  on	
  the	
  inside	
  

of	
  the	
  sample	
  tube	
  compared	
  to	
  the	
  outside	
  environment,	
  the	
  gas	
  within	
  would	
  tend	
  to	
  

expand	
  upon	
  heating	
  with	
  the	
  blowtorch,	
  preventing	
  a	
  proper	
  seal.	
  Flame	
  sealing	
  after	
  

freeze-­‐pump	
  thawing,	
  if	
  properly	
  done,	
  guarantees	
  that	
  the	
  system	
  inside	
  cannot	
  be	
  further	
  

contaminated	
  by	
  outside	
  components.	
  There	
  exists	
  the	
  possibility	
  of	
  holes	
  in	
  the	
  seal	
  after	
  

melting	
  and	
  cooling	
  the	
  glass	
  NMR	
  tube.	
  Samples	
  were	
  checked	
  for	
  holes	
  after	
  each	
  flame	
  

sealing	
  by	
  inverting	
  the	
  tube	
  over	
  a	
  paper	
  towel	
  and	
  checking	
  for	
  any	
  leaks.	
  If	
  the	
  freeze-­‐
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pump-­‐thawing	
  method	
  is	
  not	
  properly	
  performed,	
  the	
  risk	
  of	
  glass	
  shattering	
  is	
  present	
  

during	
  flame	
  sealing.	
  Safety	
  precautions	
  included	
  wearing	
  protective	
  goggles,	
  heat	
  resistant	
  

gloves,	
  and	
  emptying	
  the	
  dewar	
  of	
  any	
  excess	
  liquid	
  nitrogen	
  after	
  finishing	
  the	
  flame	
  

sealing.	
  It’s	
  important	
  to	
  place	
  the	
  dewar	
  on	
  its	
  side	
  after	
  emptying	
  the	
  liquid	
  nitrogen	
  

while	
  letting	
  it	
  warm	
  back	
  to	
  room	
  temperature,	
  otherwise	
  oxygen	
  from	
  the	
  air	
  may	
  

condense	
  and	
  accumulate	
  within	
  the	
  dewar,	
  which	
  creates	
  an	
  unsafe	
  situation.	
  

	
  

2.4.	
  Concentration	
  Calibration	
  of	
  NMR	
  Samples	
  

	
   When	
  analyzing	
  the	
  results	
  from	
  the	
  DOSY	
  experiments,	
  we	
  noticed	
  a	
  clear	
  

disconnect	
  between	
  some	
  of	
  the	
  data	
  points	
  within	
  the	
  system.	
  All	
  of	
  the	
  measurements	
  

appeared	
  to	
  follow	
  one	
  overall	
  trend,	
  but	
  there	
  was	
  a	
  break	
  in	
  this	
  trend	
  where	
  half	
  of	
  the	
  

samples	
  appeared	
  shifted	
  in	
  an	
  “unnatural”	
  way.	
  We	
  observed	
  that	
  this	
  break	
  was	
  between	
  

different	
  dilution	
  sets	
  from	
  when	
  the	
  samples	
  were	
  first	
  prepared	
  (four	
  samples	
  were	
  

prepared	
  via	
  serial	
  dilutions	
  from	
  one	
  sample.	
  This	
  was	
  done	
  twice	
  for	
  a	
  total	
  of	
  8	
  samples	
  

per	
  binary	
  system).	
  It	
  was	
  decided	
  that	
  the	
  concentrations	
  should	
  be	
  checked,	
  or	
  calibrated,	
  

to	
  ensure	
  that	
  this	
  apparent	
  break	
  wasn’t	
  due	
  to	
  a	
  simple	
  miscalculation	
  of	
  concentration.	
  

	
   In	
  order	
  to	
  calibrate	
  the	
  concentrations,	
  we	
  compared	
  them	
  to	
  a	
  known	
  set	
  of	
  

samples	
  prepared	
  previously	
  by	
  Nathan	
  Scharf.	
  Although	
  his	
  samples	
  contained	
  

[C6mim][NTf2]	
  in	
  deuterated	
  chloroform,	
  we	
  assumed	
  that	
  the	
  solvent	
  would	
  not	
  affect	
  the	
  

signal	
  intensity	
  of	
  the	
  IL	
  in	
  a	
  proton	
  scan	
  since	
  only	
  the	
  number	
  density	
  of	
  IL	
  	
  counts	
  

(making	
  the	
  solvent	
  insignificant).	
  In	
  this	
  way	
  we	
  were	
  able	
  to	
  take	
  a	
  series	
  of	
  proton	
  scans,	
  

all	
  with	
  identical	
  parameters,	
  to	
  construct	
  a	
  calibration	
  curve	
  using	
  the	
  integration	
  values	
  

of	
  the	
  IL	
  signals	
  from	
  Scharf’s	
  sample	
  series.	
  We	
  used	
  the	
  smallest	
  concentration	
  to	
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determine	
  the	
  number	
  of	
  scans	
  necessary	
  because	
  we	
  wanted	
  to	
  guarantee	
  that	
  a	
  signal	
  

would	
  be	
  seen	
  at	
  every	
  concentration.	
  The	
  integration	
  area	
  was	
  plotted	
  against	
  the	
  mole	
  

fraction	
  of	
  the	
  sample.	
  This	
  was	
  done	
  by	
  first	
  converting	
  the	
  molality	
  into	
  molarity	
  and	
  

then	
  molarity	
  to	
  mole	
  fraction.	
  The	
  calculations	
  were	
  performed	
  using	
  equations	
  7	
  and	
  8,	
  

where	
  M	
  is	
  the	
  molarity	
  of	
  solution,	
  m	
  is	
  the	
  molality	
  of	
  solution,	
  MW	
  is	
  the	
  molecular	
  

weight,	
  xIL	
  is	
  the	
  mole	
  fraction	
  of	
  IL,	
  ρ	
  is	
  the	
  density	
  of	
  solution	
  (found	
  through	
  the	
  fit	
  

equations	
  of	
  the	
  raw	
  density	
  measurements),	
  and	
  the	
  subscripts	
  solv	
  and	
  IL	
  stand	
  for	
  

solvent	
  and	
  ionic	
  liquid	
  respectively.	
  	
  

!!" =
!
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   (Eq.	
  7)	
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   (Eq.	
  8)	
  

If	
  a	
  sample	
  appeared	
  to	
  greatly	
  deviate	
  from	
  the	
  calibration	
  curve,	
  the	
  concentration	
  was	
  

then	
  adjusted	
  and	
  converted	
  back	
  to	
  units	
  of	
  molality.	
  

	
  

2.5.	
  Viscosity	
  and	
  Density	
  

In	
  this	
  project,	
  viscosity	
  was	
  measured	
  independently	
  of	
  NMR	
  measurements	
  using	
  

an	
  Anton	
  Paar	
  AMVn	
  Automated	
  Microviscometer	
  and	
  a	
  1.6	
  mm	
  capillary	
  for	
  the	
  majority	
  

of	
  measurements.	
  In	
  the	
  instance	
  of	
  higher	
  concentrations	
  of	
  IL	
  in	
  chlorobenzene,	
  the	
  

binary	
  system	
  was	
  too	
  viscous	
  for	
  the	
  1.6mm	
  capillary,	
  and	
  a	
  1.8mm	
  capillary	
  was	
  

necessary	
  to	
  avoid	
  the	
  ball	
  sticking	
  within	
  the	
  tube,	
  which	
  would	
  give	
  inaccurate	
  viscosity	
  

readings.	
  The	
  1.8mm	
  capillary	
  was	
  calibrated	
  against	
  an	
  oil	
  standard.	
  The	
  1.6mm	
  capillary	
  

was	
  calibrated	
  using	
  boiled	
  ultra-­‐pure	
  water	
  (Anton	
  Paar	
  lot	
  1012).	
  Using	
  the	
  

measurements	
  from	
  the	
  ultra-­‐pure	
  water,	
  the	
  viscometer	
  was	
  found	
  to	
  have	
  an	
  average	
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percent	
  error	
  of	
  -­‐2.23%	
  and	
  all	
  viscosity	
  measurements	
  were	
  adjusted	
  according	
  to	
  the	
  

calibration	
  results.	
  The	
  standard	
  deviations	
  of	
  the	
  viscosity	
  measurements	
  were	
  less	
  than	
  

or	
  equal	
  to	
  ±	
  0.1	
  mPa∙s.	
  In	
  order	
  to	
  calculate	
  the	
  viscosity,	
  it	
  was	
  also	
  necessary	
  to	
  obtain	
  

the	
  density	
  of	
  solution	
  at	
  each	
  corresponding	
  temperature.	
  Specifically,	
  a	
  DMA	
  4100	
  

vibrating	
  tube	
  density	
  meter	
  with	
  an	
  uncertainty	
  of	
  ±	
  0.0001	
  g	
  cm-­‐3	
  was	
  used	
  in	
  

conjunction	
  with	
  the	
  microviscometer.	
  The	
  density	
  meter	
  was	
  also	
  calibrated	
  using	
  the	
  

same	
  sample	
  of	
  ultra-­‐pure	
  water	
  and	
  was	
  found	
  to	
  have	
  a	
  percent	
  error	
  of	
  4.0	
  x	
  10-­‐4	
  %,	
  or	
  

4ppm,	
  when	
  compared	
  to	
  the	
  literature.1	
  The	
  temperatures	
  were	
  measured	
  within	
  ±	
  

0.02oC.	
  The	
  Rheoplus	
  software	
  automatically	
  calculates	
  the	
  viscosity	
  according	
  to	
  equation	
  

9.	
  In	
  equation	
  9,	
  η	
  represents	
  the	
  viscosity,	
  K1	
  is	
  a	
  calibration	
  constant	
  of	
  the	
  measuring	
  

system	
  (mPa∙cm3g-­‐1)	
  which	
  depends	
  on	
  the	
  angle	
  of	
  measurement,	
  ρK	
  is	
  the	
  density	
  of	
  the	
  

steel	
  ball	
  (7.85	
  g∙cm-­‐3),	
  ρP	
  is	
  the	
  density	
  of	
  the	
  measured	
  sample,	
  and	
  t1	
  is	
  the	
  time	
  it	
  takes	
  

the	
  ball	
  to	
  roll	
  from	
  one	
  end	
  of	
  the	
  capillary	
  to	
  the	
  other.	
  

	
   	
   	
   	
   ! = !! !! − !!   !!	
   	
   	
   	
   	
   (Eq.9)20	
  

	
   Once	
  a	
  solution	
  was	
  prepared	
  in	
  the	
  glove	
  box,	
  it	
  was	
  immediately	
  brought	
  over	
  to	
  

the	
  microviscometer.	
  A	
  glass	
  syringe	
  was	
  used	
  when	
  transferring	
  the	
  solution	
  from	
  the	
  vial	
  

it	
  was	
  prepared	
  in	
  to	
  the	
  capillary.	
  Before	
  transfer,	
  the	
  cap	
  of	
  the	
  syringe	
  was	
  placed	
  on	
  the	
  

syringe	
  with	
  the	
  solution	
  inside	
  and	
  the	
  plunger	
  was	
  pulled	
  and	
  released	
  several	
  times.	
  

This	
  was	
  done	
  to	
  create	
  a	
  small	
  vacuum	
  in	
  an	
  attempt	
  to	
  draw	
  out	
  the	
  majority	
  of	
  the	
  air	
  

bubbles	
  from	
  the	
  solution.	
  Air	
  bubbles	
  are	
  a	
  serious	
  problem	
  if	
  present	
  in	
  the	
  solution	
  

when	
  injected	
  into	
  the	
  capillary	
  or	
  the	
  density	
  meter	
  because	
  they	
  will	
  interfere	
  with	
  

measurements	
  and	
  produce	
  error.	
  Having	
  transferred	
  the	
  solution	
  to	
  both	
  the	
  

microviscometer	
  and	
  density	
  meter,	
  the	
  experiment	
  parameters	
  were	
  set	
  up	
  using	
  the	
  



	
  

28	
  

Rheoplus	
  software.	
  The	
  viscosity	
  was	
  tested	
  at	
  various	
  temperatures,	
  typically	
  in	
  5oC	
  

increments.	
  For	
  each	
  temperature,	
  two	
  angles	
  were	
  measured,	
  generally	
  at	
  30o	
  and	
  50o.	
  At	
  

each	
  angle,	
  six	
  replicate	
  trials	
  were	
  performed	
  in	
  order	
  to	
  reduce	
  the	
  uncertainty.	
  Each	
  

experiment	
  was	
  started	
  at	
  room	
  temperature	
  and	
  finished	
  at	
  room	
  temperature	
  to	
  check	
  

reproducibility	
  and	
  that	
  the	
  temperature	
  cycle	
  did	
  not	
  cause	
  any	
  irreversible	
  changes,	
  such	
  

as	
  gas	
  bubbles,	
  to	
  the	
  sample	
  contained	
  in	
  the	
  rolling	
  ball	
  capillary.	
  

	
  

2.6.	
  Self-­‐Diffusion	
  Measurements	
  

	
   Before	
  beginning	
  the	
  series	
  of	
  diffusion	
  measurements,	
  a	
  temperature	
  calibration	
  of	
  

the	
  NMR	
  heating	
  system	
  was	
  performed.	
  An	
  ethylene	
  glycol	
  standard	
  was	
  chosen	
  for	
  the	
  

calibration.	
  The	
  glycol	
  standard	
  was	
  placed	
  in	
  the	
  NMR	
  instrument	
  and	
  the	
  temperature	
  

was	
  set	
  at	
  a	
  specific	
  temperature.	
  After	
  allowing	
  sufficient	
  time	
  for	
  the	
  temperature	
  to	
  

stabilize,	
  approximately	
  10	
  minutes,	
  the	
  actual	
  temperature	
  was	
  measured	
  using	
  the	
  “calc	
  

temp”	
  function	
  on	
  the	
  NMR	
  instrument.	
  The	
  chemical	
  shift	
  of	
  the	
  glycol	
  standard	
  was	
  found	
  

at	
  each	
  temperature	
  as	
  well,	
  since	
  chemical	
  shift	
  of	
  the	
  hydroxyl	
  and	
  methyl	
  groups	
  vary	
  

with	
  temperature.	
  We	
  recorded	
  this	
  data	
  in	
  order	
  to	
  use	
  Van	
  Geet’s21	
  data	
  since	
  we	
  did	
  not	
  

trust	
  the	
  “calctemp”	
  operation	
  in	
  the	
  software.	
  Tuning	
  and	
  matching	
  was	
  done	
  at	
  each	
  

temperature	
  due	
  to	
  its	
  temperature	
  dependence	
  also.	
  Seven	
  temperatures	
  in	
  the	
  range	
  of	
  

299	
  –	
  310	
  K	
  were	
  measured	
  and	
  recorded	
  in	
  this	
  fashion.	
  Using	
  Van	
  Geet’s	
  method21,	
  the	
  

temperature	
  was	
  also	
  calculated	
  using	
  equation	
  10	
  

	
   	
  ! = 466.0− 1.694|!"|	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (Eq.	
  10)	
  

T	
  is	
  the	
  temperature	
  in	
  Kelvin	
  and	
  Δν	
  is	
  the	
  change	
  in	
  the	
  frequency	
  in	
  Hertz,	
  which	
  was	
  

found	
  from	
  the	
  chemical	
  shift	
  difference.	
  The	
  difference	
  between	
  the	
  temperature	
  of	
  the	
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sensor	
  and	
  the	
  Van	
  Geet	
  temperature	
  was	
  used	
  to	
  create	
  a	
  calibration	
  curve,	
  from	
  which	
  

the	
  input	
  temperature	
  for	
  any	
  desired	
  temperature	
  can	
  be	
  determined.	
  	
  

	
   After	
  the	
  temperature	
  calibration,	
  a	
  series	
  of	
  rough	
  T1	
  experiments	
  were	
  

performed.	
  An	
  approximate	
  T1	
  value	
  is	
  necessary	
  to	
  know	
  since	
  the	
  delay	
  times	
  in	
  the	
  

diffusion	
  measurements	
  need	
  to	
  be	
  sufficiently	
  long	
  enough	
  in	
  order	
  to	
  allow	
  the	
  nuclei	
  to	
  

realign	
  with	
  the	
  static	
  magnetic	
  field	
  after	
  an	
  RF	
  pulse.	
  The	
  T1	
  values	
  for	
  the	
  smallest	
  

concentration	
  of	
  IL	
  in	
  each	
  binary	
  system	
  were	
  found	
  because	
  the	
  T1	
  value	
  increases	
  with	
  

decreasing	
  concentration.	
  The	
  T1	
  value	
  is	
  also	
  temperature	
  dependent,	
  requiring	
  multiple	
  

experiments	
  at	
  various	
  temperatures.	
  A	
  pulse	
  program	
  known	
  as	
  “saturation	
  recovery	
  

experiment”	
  was	
  selected,	
  which	
  is	
  used	
  when	
  pulses	
  greater	
  than	
  90o	
  are	
  used	
  in	
  the	
  pulse	
  

program,	
  otherwise	
  systematic	
  error	
  due	
  to	
  radiation	
  damping	
  may	
  occur.22-­‐24	
  Having	
  

found	
  the	
  T1	
  values,	
  the	
  delays	
  in	
  the	
  diffusion	
  measurements	
  were	
  made	
  seven	
  times	
  that	
  

of	
  the	
  T1	
  value	
  to	
  provide	
  ample	
  time	
  for	
  the	
  nuclei	
  to	
  realign	
  with	
  the	
  magnetic	
  field.	
  

	
   For	
  the	
  diffusion	
  measurements,	
  the	
  pulse	
  program	
  “dstebpgp3s”	
  was	
  selected,	
  

which	
  is	
  a	
  pseudo	
  2D	
  NMR	
  experiment.	
  In	
  each	
  experiment,	
  the	
  initial	
  gradient	
  strength	
  is	
  

set	
  at	
  10%	
  and	
  the	
  final	
  gradient	
  strength	
  is	
  set	
  at	
  95%.	
  The	
  number	
  of	
  scans	
  was	
  kept	
  at	
  

16	
  throughout	
  the	
  experiments.	
  The	
  key	
  difference	
  between	
  experiments	
  was	
  the	
  D1	
  input,	
  

which	
  is	
  the	
  delay	
  time,	
  and	
  the	
  p30	
  value,	
  which	
  is	
  the	
  gradient	
  length.	
  The	
  D1	
  was	
  set	
  to	
  

seven	
  times	
  the	
  T1	
  value	
  that	
  was	
  measured	
  previously.	
  For	
  other	
  measurements	
  at	
  

increased	
  concentrations,	
  the	
  D1	
  value	
  was	
  slightly	
  decreased	
  in	
  the	
  interest	
  of	
  time	
  since	
  

the	
  relaxation	
  period	
  is	
  shorter	
  for	
  solutions	
  of	
  higher	
  concentration.	
  DOSY	
  experiments	
  for	
  

these	
  binary	
  systems	
  typically	
  ranged	
  between	
  one	
  to	
  three	
  hours	
  for	
  a	
  single	
  sample,	
  so	
  

any	
  saved	
  time	
  is	
  beneficial.	
  The	
  p30	
  value	
  was	
  first	
  optimized	
  in	
  a	
  1D	
  DOSY	
  experiment	
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with	
  the	
  pulse	
  program	
  “dstebpgp3s1d	
  “	
  and	
  was	
  adjusted	
  for	
  each	
  solution	
  concentration	
  

and	
  temperature.	
  The	
  p30	
  value	
  is	
  varied	
  until	
  the	
  signals	
  have	
  been	
  suppressed	
  to	
  the	
  

point	
  where	
  they	
  are	
  no	
  longer	
  detectable.	
  At	
  this	
  point	
  the	
  p30	
  value	
  has	
  been	
  optimized.	
  

The	
  p30	
  value	
  decreased	
  with	
  decreasing	
  concentration	
  and	
  with	
  increasing	
  temperature,	
  

which	
  is	
  a	
  reflection	
  of	
  the	
  corresponding	
  changes	
  in	
  the	
  self-­‐diffusion	
  coefficient.	
  

	
  

3.	
  RESULTS	
  	
  

	
  

3.1.	
  Density	
  

	
   All	
  density	
  measurements	
  for	
  binary	
  systems	
  containing	
  dichloromethane	
  were	
  

measured	
  at	
  temperature	
  ranges	
  from	
  10oC	
  –	
  35oC	
  since	
  the	
  boiling	
  point	
  of	
  

dichloromethane	
  is	
  40oC.	
  As	
  mentioned	
  in	
  the	
  experimental	
  section,	
  each	
  series	
  of	
  

measurement	
  recordings	
  were	
  started	
  at	
  25oC	
  and	
  ended	
  at	
  25oC	
  to	
  reduce	
  uncertainty.	
  

Overall,	
  these	
  repeated	
  trials	
  were	
  in	
  high	
  agreement,	
  with	
  deviations	
  either	
  equal	
  to	
  or	
  

less	
  than	
  ±0.001g∙cm-­‐3.	
  However,	
  only	
  a	
  few	
  of	
  the	
  measurements	
  were	
  even	
  this	
  high;	
  the	
  

majority	
  of	
  measurements	
  had	
  deviations	
  with	
  magnitudes	
  of	
  10-­‐5	
  or	
  10-­‐16	
  g∙cm-­‐3.	
  	
  As	
  can	
  

be	
  seen	
  in	
  Figures	
  4,	
  5,	
  and	
  6,	
  the	
  binary	
  systems	
  [C6mim][NTf2],	
  [C4mim][NTf2],	
  and	
  

[C2mim][NTf2]	
  in	
  CH2Cl2	
  exhibit	
  quadratic	
  trends	
  in	
  the	
  density	
  measurements.	
  Some	
  

points	
  were	
  excluded	
  from	
  the	
  regression	
  because	
  they	
  were	
  significant	
  outliers	
  with	
  no	
  

correlation	
  to	
  the	
  exhibited	
  trends,	
  specifically	
  in	
  Figures	
  4	
  and	
  5.	
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.	
  
	
  
Figure	
  4.	
  Density	
  (ρ)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  in	
  
CH2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
10oC	
  (◊),	
  15oC	
  (□);	
  20oC	
  (Δ);	
  25oC	
  (×);	
  30oC	
  (*);	
  35oC	
  (○).	
  One	
  data	
  point	
  in	
  
the	
  35oC	
  series	
  at	
  a	
  concentration	
  of	
  0.237m	
  was	
  excluded	
  due	
  to	
  its	
  being	
  a	
  
significant	
  outlier.	
  

	
  

	
  
	
  
Figure	
  5.	
  Density	
  (ρ)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C4mim][NTf2]	
  in	
  
CH2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
10oC	
  (◊),	
  15oC	
  (□);	
  20oC	
  (Δ);	
  25oC	
  (×);	
  30oC	
  (*);	
  35oC	
  (○).	
  Each	
  of	
  the	
  trends	
  
follows	
  quadratic	
  curve	
  with	
  relatively	
  low	
  error.	
  There	
  is	
  one	
  exception	
  for	
  
the	
  35oC	
  series,	
  which	
  appears	
  as	
  a	
  linear	
  trend.	
  One	
  data	
  point	
  in	
  the	
  35oC	
  
series	
  at	
  concentration	
  0.026m	
  was	
  excluded	
  due	
  to	
  its	
  being	
  a	
  significant	
  
outlier.	
  

	
  

1.27	
  

1.29	
  

1.31	
  

1.33	
  

1.35	
  

1.37	
  

0.00	
   0.50	
   1.00	
   1.50	
  

ρ,
	
  g
∙c
m

-­‐3
	
  

m,	
  mol∙kg-­‐1	
  

1.19	
  

1.22	
  

1.25	
  

1.28	
  

1.31	
  

1.34	
  

1.37	
  

0.00	
   0.05	
   0.10	
   0.15	
   0.20	
   0.25	
   0.30	
  

ρ,
	
  g
∙c
m

-­‐3
	
  

m,	
  mol∙kg-­‐1	
  



	
  

32	
  

	
  

Figure	
  6.	
  Density	
  (ρ)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C2mim][NTf2]	
  in	
  
CH2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
10oC	
  (◊),	
  15oC	
  (□);	
  20oC	
  (Δ);	
  25oC	
  (×);	
  30oC	
  (*);	
  35oC	
  (○).	
  Each	
  of	
  the	
  trends	
  
follows	
  a	
  quadratic	
  curve	
  with	
  relatively	
  low	
  error.	
  One	
  data	
  point	
  in	
  the	
  
35oC	
  series	
  at	
  a	
  concentration	
  of	
  0.871m	
  was	
  excluded	
  due	
  to	
  its	
  being	
  a	
  
significant	
  outlier.	
  

	
  

	
  

Figure	
  7.	
  Density	
  (ρ)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  in	
  
C6H5Cl.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
15oC	
  (◊),	
  20oC	
  (□);	
  25oC	
  (Δ);	
  30oC	
  (×);	
  35oC	
  (*);	
  45oC	
  (○).	
  Each	
  of	
  the	
  trends	
  
follows	
  a	
  quadratic	
  curve	
  with	
  relatively	
  low	
  error.	
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Figure	
  8.	
  Density	
  (ρ)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  in	
  
THF.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
15oC	
  (◊),	
  20oC	
  (□);	
  25oC	
  (Δ);	
  30oC	
  (×);	
  35oC	
  (*);	
  45oC	
  (○).	
  Each	
  of	
  the	
  trends	
  
follows	
  a	
  quadratic	
  curve	
  with	
  relatively	
  low	
  error.	
  

	
  

Table	
  2.	
  Solution	
  densities	
  of	
  [C6mim][NTf2]	
  in	
  dichloromethane	
  with	
  deviation	
  less	
  than	
  ±	
  

0.001g∙cm-­‐3	
  	
  

m/mol	
  kg-­‐1	
   10oC	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
  

0.000	
   1.3439	
   1.3348	
   1.3257	
   1.3165	
   1.3072	
   1.2978	
  

0.237	
   1.3500	
   1.3415	
   1.3329	
   1.3243	
   1.3156	
   1.2840	
  	
  

0.673	
   1.3575	
   1.3497	
   1.3419	
   1.3340	
   1.3261	
   1.3182	
  

0.998	
   1.3611	
   1.3537	
   1.3463	
   1.3389	
   1.3314	
   1.3240	
  

1.456	
   1.3649	
   1.3579	
   1.3509	
   1.3439	
   1.3369	
   1.3299	
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Table	
  3.	
  Solution	
  densities	
  of	
  [C4mim][NTf2]	
  in	
  dichloromethane	
  with	
  deviation	
  less	
  than	
  ±	
  

0.003	
  g∙cm-­‐3	
  

m/mol	
  kg-­‐1	
   10oC	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
  

0.000	
   1.3439	
   1.3348	
   1.3257	
   1.3165	
   1.3072	
   1.2978	
  

0.026	
   1.3454	
   1.3364	
   1.3273	
   1.3181	
   1.3086	
   1.1988	
  

0.101	
   1.3494	
   1.3405	
   1.3316	
   1.3226	
   1.3136	
   1.3038	
  

0.196	
   1.3536	
   1.3449	
   1.3362	
   1.3274	
   1.3186	
   1.3097	
  

0.304	
   1.3580	
   1.3495	
   1.3410	
   1.3324	
   1.3238	
   1.3152	
  

	
  

Table	
  4.	
  Solution	
  densities	
  of	
  [C2mim][NTf2]	
  in	
  dichloromethane	
  with	
  deviation	
  less	
  than	
  ±	
  

0.003	
  g∙cm-­‐3	
  

m/mol	
  kg-­‐1	
   10oC	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
  

0.000	
   1.3439	
   1.3348	
   1.3257	
   1.3165	
   1.3072	
   1.2978	
  

0.032	
   1.3466	
   1.3376	
   1.3285	
   1.3194	
   1.3102	
   1.3006	
  

0.142	
   1.3547	
   1.3458	
   1.3370	
   1.3280	
   1.3191	
   1.3100	
  

0.415	
   1.3736	
   1.3650	
   1.3557	
   1.3472	
   1.3377	
   1.3291	
  

0.555	
   1.3810	
   1.3724	
   1.3627	
   1.3551	
   1.3457	
   1.3373	
  

0.871	
   1.3958	
   1.3877	
   1.3786	
   1.3709	
   1.3619	
   1.1868	
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Table	
  5.	
  Solution	
  densities	
  of	
  [C6mim][NTf2]	
  in	
  chlorobenzene	
  with	
  deviation	
  less	
  than	
  ±	
  3	
  x	
  

10-­‐5	
  g∙cm-­‐3	
  

m/mol	
  kg-­‐1	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
   45oC	
  

0.000	
   1.1119	
   1.1066	
   1.1012	
   1.0958	
   1.0903	
   1.0795	
  

0.359	
   1.1451	
   1.1398	
   1.1345	
   1.1292	
   1.1239	
   1.1132	
  

0.723	
   1.1701	
   1.1648	
   1.1596	
   1.1544	
   1.1491	
   1.1386	
  

1.110	
   1.1941	
   1.1890	
   1.1838	
   1.1786	
   1.1735	
   1.1631	
  

2.040	
   1.2315	
   1.2264	
   1.2213	
   1.2162	
   1.2112	
   1.2011	
  

	
  

Table	
  6.	
  Solution	
  densities	
  of	
  [C6mim][NTf2]	
  in	
  tetrahydrofuran	
  with	
  deviation	
  less	
  than	
  ±	
  

0.0001	
  g∙cm-­‐3	
  

m/mol	
  kg-­‐1	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
   45oC	
  

0.000	
   0.8930	
   0.8876	
   0.8821	
   0.8766	
   0.8711	
   0.8600	
  

0.300	
   0.9344	
   0.9290	
   0.9236	
   0.9182	
   0.9127	
   0.9017	
  

0.539	
   0.9660	
   0.9590	
   0.9522	
   0.9469	
   0.9415	
   0.9306	
  

1.511	
   1.0482	
   1.0430	
   1.0378	
   1.0326	
   1.0274	
   1.0169	
  

3.900	
   1.1584	
   1.1534	
   1.1484	
   1.1434	
   1.1384	
   1.1284	
  

	
  

3.2.	
  Viscosity	
  

	
   Viscosity	
  measurements	
  for	
  binary	
  systems	
  containing	
  CH2Cl2	
  were	
  performed	
  at	
  a	
  

temperature	
  range	
  of	
  10oC	
  –	
  35oC.	
  For	
  binary	
  systems	
  containing	
  C6H5Cl	
  or	
  THF,	
  the	
  

measurements	
  were	
  performed	
  at	
  a	
  range	
  from	
  15oC	
  –	
  45oC.	
  Viscosity	
  measurements	
  used	
  

non-­‐deuterated	
  solvents.	
  As	
  mentioned	
  in	
  the	
  experimental	
  section,	
  each	
  series	
  of	
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measurement	
  recordings	
  were	
  started	
  at	
  25oC	
  and	
  ended	
  at	
  25oC	
  to	
  check	
  for	
  

reproducibility.	
  Overall,	
  these	
  repeated	
  trials	
  were	
  in	
  relatively	
  high	
  agreement,	
  with	
  

deviations	
  either	
  equal	
  to	
  or	
  less	
  than	
  ±0.1g∙cm-­‐3.	
  	
  Tables	
  7-­‐11	
  show	
  the	
  raw	
  measurements	
  

and	
  deviations	
  for	
  each	
  binary	
  system.	
  	
  

	
  

Table	
  7.	
  Solution	
  viscosities	
  of	
  [C6mim][NTf2]	
  in	
  dichloromethane	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   10oC	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
  

0.000	
   0.48	
  ±	
  0.01	
   0.46	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
   0.43	
  ±	
  0.01	
   0.41	
  ±	
  0.01	
   0.40	
  ±	
  0.01	
  

0.237	
   0.636	
  ±	
  0.002	
   0.604	
  ±	
  0.003	
   0.575	
  ±	
  0.004	
   0.548	
  ±	
  0.004	
   0.524	
  ±	
  0.004	
   0.504	
  ±	
  0.005	
  

0.673	
   1.001	
  ±	
  0.004	
   0.940	
  ±	
  0.002	
   0.885	
  ±	
  0.001	
   0.834	
  ±	
  0.001	
   0.788	
  ±	
  0.001	
   0.746	
  ±	
  0.002	
  

0.998	
   1.329	
  ±	
  0.005	
   1.238	
  ±	
  0.003	
   1.157	
  ±	
  0.003	
   1.083	
  ±	
  0.003	
   1.017	
  ±	
  0.004	
   0.957	
  ±	
  0.005	
  

1.456	
   1.870	
  ±	
  0.009	
   1.73	
  ±	
  0.01	
   1.60	
  ±	
  0.01	
   1.485	
  ±	
  0.006	
   1.383	
  ±	
  0.007	
   1.29	
  ±	
  0.01	
  

	
  

Table	
  8.	
  Solution	
  viscosities	
  of	
  [C4mim][NTf2]	
  in	
  dichloromethane	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   10oC	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
  

0.000	
   0.48	
  ±	
  0.01	
   0.46	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
   0.43	
  ±	
  0.01	
   0.41	
  ±	
  0.01	
   0.40	
  ±	
  0.01	
  

0.026	
   0.51	
  ±	
  0.01	
   0.48	
  ±	
  0.01	
   0.47	
  ±	
  0.01	
   0.45	
  ±	
  0.01	
   0.43	
  ±	
  0.01	
   0.42	
  ±	
  0.01	
  

0.101	
   0.53	
  ±	
  0.01	
   0.51	
  ±	
  0.01	
   0.49	
  ±	
  0.01	
   0.47	
  ±	
  0.01	
   0.45	
  ±	
  0.01	
   0.43	
  ±	
  0.01	
  

0.196	
   0.603	
  ±	
  0.009	
   0.574	
  ±	
  0.009	
   0.55	
  ±	
  0.01	
   0.52	
  ±	
  0.01	
   0.50	
  ±	
  0.01	
   0.48	
  ±	
  0.01	
  

0.304	
   0.666	
  ±	
  0.008	
   0.632	
  ±	
  0.009	
   0.601	
  ±	
  0.009	
   0.572	
  ±	
  0.009	
   0.546	
  ±	
  0.009	
   0.521	
  ±	
  0.009	
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Table	
  9.	
  Solution	
  viscosities	
  of	
  [C2mim][NTf2]	
  in	
  dichloromethane	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   10oC	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
  

0.000	
   0.48	
  ±	
  0.01	
   0.46	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
   0.43	
  ±	
  0.01	
   0.41	
  ±	
  0.01	
   0.40	
  ±	
  0.01	
  

0.032	
   0.50	
  ±	
  0.01	
   0.47	
  ±	
  0.01	
   0.46	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
   0.42	
  ±	
  0.01	
   0.40	
  ±	
  0.01	
  

0.142	
   0.55	
  ±	
  0.01	
   0.52	
  ±	
  0.01	
   0.50	
  ±	
  0.01	
   0.48	
  ±	
  0.01	
   0.46	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
  

0.415	
   0.704	
  ±	
  0.008	
   0.666	
  ±	
  0.009	
   0.634	
  ±	
  0.009	
   0.600	
  ±	
  0.009	
   0.573	
  ±	
  0.009	
   0.546	
  ±	
  0.009	
  

0.555	
   0.794	
  ±	
  0.008	
   0.749	
  ±	
  0.009	
   0.709	
  ±	
  0.009	
   0.672	
  ±	
  0.009	
   0.638	
  ±	
  0.008	
   0.607	
  ±	
  0.008	
  

0.871	
   1.008	
  ±	
  0.008	
   0.947	
  ±	
  0.008	
   0.891	
  ±	
  0.009	
   0.839	
  ±	
  0.008	
   0.792	
  ±	
  0.007	
   0.770	
  ±	
  0.008	
  

	
  

Table	
  10.	
  Solution	
  viscosities	
  of	
  [C6mim][NTf2]	
  in	
  chlorobenzene	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
   45oC	
  

0.000	
   0.860	
  ±	
  0.008	
   0.807	
  ±	
  0.008	
   0.759	
  ±	
  0.007	
   0.716	
  ±	
  0.006	
   0.676	
  ±	
  0.006	
   0.606	
  ±	
  0.003	
  

0.359	
   1.39	
  ±	
  0.01	
   1.29	
  ±	
  0.01	
   1.19	
  ±	
  0.01	
   1.111	
  ±	
  0.008	
   1.038	
  ±	
  0.006	
   0.911	
  ±	
  0.001	
  

0.723	
   1.93	
  ±	
  0.02	
   1.77	
  ±	
  0.01	
   1.63	
  ±	
  0.01	
   1.50	
  ±	
  0.01	
   1.394	
  ±	
  0.007	
   1.2084	
  ±	
  0.0008	
  

1.110	
   2.58	
  ±	
  0.01	
   2.35	
  ±	
  0.01	
   2.14	
  ±	
  0.01	
   1.96	
  ±	
  0.01	
   1.81	
  ±	
  0.01	
   1.55	
  ±	
  0.02	
  

2.040	
   4.6	
  ±	
  0.1	
   4.1	
  ±	
  0.1	
   3.7	
  ±	
  0.1	
   3.4	
  ±	
  0.1	
   3.1	
  ±	
  0.1	
   2.7	
  ±	
  0.1	
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Table	
  11.	
  Solution	
  viscosities	
  of	
  [C6mim][NTf2]	
  in	
  tetrahydrofuran	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
   45oC	
  

0.000	
   0.550	
  ±	
  0.008	
   0.523	
  ±	
  0.008	
   0.498	
  ±	
  0.008	
   0.475	
  ±	
  0.008	
   0.453	
  ±	
  0.007	
   0.414	
  ±	
  0.007	
  

0.300	
   0.689	
  ±	
  0.007	
   0.651	
  ±	
  0.008	
   0.617	
  ±	
  0.007	
   0.585	
  ±	
  0.006	
   0.555	
  ±	
  0.006	
   0.503	
  ±	
  0.004	
  

0.539	
   0.827	
  ±	
  0.008	
   0.779	
  ±	
  0.007	
   0.735	
  ±	
  0.007	
   0.695	
  ±	
  0.006	
   0.657	
  ±	
  0.005	
   0.591	
  ±	
  0.003	
  

1.511	
   1.56	
  ±	
  0.01	
   1.45	
  ±	
  0.01	
   1.35	
  ±	
  0.01	
   1.258	
  ±	
  0.007	
   1.176	
  ±	
  0.005	
   1.0340	
  ±	
  0.0006	
  

3.900	
   4.22	
  ±	
  0.03	
   3.80	
  ±	
  0.03	
   3.43	
  ±	
  0.03	
   3.12	
  ±	
  0.02	
   2.85	
  ±	
  0.01	
   2.397	
  ±	
  0.001	
  

	
  

The	
  viscosity	
  measurements	
  were	
  then	
  modified	
  using	
  a	
  correction	
  factor	
  in	
  order	
  

to	
  determine	
  what	
  the	
  viscosities	
  would	
  be	
  for	
  the	
  corresponding	
  solutions	
  for	
  deuterated	
  

solvents.	
  The	
  correction	
  factors	
  were	
  calculated	
  for	
  each	
  system	
  by	
  finding	
  the	
  ratio	
  of	
  a	
  

known	
  measurement25-­‐27	
  of	
  the	
  pure	
  deuterated	
  solvent	
  and	
  our	
  measured	
  non-­‐deuterated	
  

solvent.	
  The	
  ratio	
  was	
  then	
  multiplied	
  by	
  our	
  viscosity	
  measurements	
  in	
  Tables	
  7-­‐11	
  to	
  

obtain	
  the	
  modified	
  viscosity	
  value.	
  In	
  this	
  way	
  we	
  adjusted	
  our	
  measurements	
  to	
  

compensate	
  for	
  the	
  lack	
  of	
  deuterium	
  in	
  our	
  viscosity	
  measurements	
  for	
  the	
  purpose	
  of	
  

calculating	
  the	
  hydrodynamic	
  radii	
  of	
  each	
  binary	
  system,	
  where	
  diffusion	
  measurements	
  

were	
  measured	
  using	
  deuterated	
  solvents.	
  The	
  modified	
  viscosities	
  are	
  listed	
  in	
  Tables	
  12-­‐

16.	
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Table	
  12.	
  Estimated	
  solution	
  viscosities	
  of	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   10oC	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
  

0.000	
   0.49	
  ±	
  0.01	
   0.47	
  ±	
  0.01	
   0.45	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
   0.42	
  ±	
  0.01	
   0.41	
  ±	
  0.01	
  

0.237	
   0.650	
  ±	
  0.002	
   0.618	
  ±	
  0.003	
   0.588	
  ±	
  0.004	
   0.560	
  ±	
  0.004	
   0.535	
  ±	
  0.004	
   0.516	
  ±	
  0.005	
  

0.673	
   1.023	
  ±	
  0.004	
   0.961	
  ±	
  0.002	
   0.904	
  ±	
  0.001	
   0.852	
  ±	
  0.001	
   0.806	
  ±	
  0.001	
   0.762	
  ±	
  0.002	
  

0.998	
   1.358	
  ±	
  0.005	
   1.266	
  ±	
  0.003	
   1.183	
  ±	
  0.003	
   1.108	
  ±	
  0.003	
   1.040	
  ±	
  0.004	
   0.978	
  ±	
  0.005	
  

1.456	
   1.911	
  ±	
  0.009	
   1.77	
  ±	
  0.01	
   1.64	
  ±	
  0.01	
   1.517	
  ±	
  0.006	
   1.414	
  ±	
  0.007	
   1.32	
  ±	
  0.01	
  

	
  

Table	
  13.	
  Estimated	
  solution	
  viscosities	
  of	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   10oC	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
  

0.000	
   0.49	
  ±	
  0.01	
   0.47	
  ±	
  0.01	
   0.45	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
   0.42	
  ±	
  0.01	
   0.41	
  ±	
  0.01	
  

0.026	
   0.52	
  ±	
  0.01	
   0.50	
  ±	
  0.01	
   0.48	
  ±	
  0.01	
   0.46	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
   0.43	
  ±	
  0.01	
  

0.101	
   0.55	
  ±	
  0.01	
   0.52	
  ±	
  0.01	
   0.50	
  ±	
  0.01	
   0.48	
  ±	
  0.01	
   0.46	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
  

0.196	
   0.616	
  ±	
  0.009	
   0.587	
  ±	
  0.009	
   0.56	
  ±	
  0.01	
   0.53	
  ±	
  0.01	
   0.51	
  ±	
  0.01	
   0.49	
  ±	
  0.01	
  

0.304	
   0.681	
  ±	
  0.008	
   0.646	
  ±	
  0.009	
   0.614	
  ±	
  0.009	
   0.585	
  ±	
  0.009	
   0.558	
  ±	
  0.009	
   0.533	
  ±	
  0.009	
  

	
  

Table	
  14.	
  Estimated	
  solution	
  viscosities	
  of	
  [C2mim][NTf2]	
  in	
  CD2Cl2	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   10oC	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
  

0.000	
   0.49	
  ±	
  0.01	
   0.47	
  ±	
  0.01	
   0.45	
  ±	
  0.01	
   0.44	
  ±	
  0.01	
   0.42	
  ±	
  0.01	
   0.41	
  ±	
  0.01	
  

0.032	
   0.51	
  ±	
  0.01	
   0.49	
  ±	
  0.01	
   0.47	
  ±	
  0.01	
   0.45	
  ±	
  0.01	
   0.43	
  ±	
  0.01	
   0.41	
  ±	
  0.01	
  

0.142	
   0.56	
  ±	
  0.01	
   0.54	
  ±	
  0.01	
   0.51	
  ±	
  0.01	
   0.49	
  ±	
  0.01	
   0.47	
  ±	
  0.01	
   0.45	
  ±	
  0.01	
  

0.415	
   0.72	
  ±	
  0.008	
   0.681	
  ±	
  0.009	
   0.648	
  ±	
  0.009	
   0.613	
  ±	
  0.009	
   0.586	
  ±	
  0.009	
   0.559	
  ±	
  0.009	
  

0.555	
   0.811	
  ±	
  0.008	
   0.766	
  ±	
  0.009	
   0.725	
  ±	
  0.009	
   0.687	
  ±	
  0.009	
   0.652	
  ±	
  0.008	
   0.621	
  ±	
  0.008	
  

0.871	
   1.031	
  ±	
  0.008	
   0.968	
  ±	
  0.008	
   0.911	
  ±	
  0.009	
   0.858	
  ±	
  0.008	
   0.810	
  ±	
  0.007	
   0.787	
  ±	
  0.008	
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Table	
  15.	
  Estimated	
  solution	
  viscosities	
  of	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
   45oC	
  

0.000	
   0.880	
  ±	
  0.008	
   0.825	
  ±	
  0.008	
   0.776	
  ±	
  0.007	
   0.732	
  ±	
  0.006	
   0.691	
  ±	
  0.006	
   0.620	
  ±	
  0.003	
  

0.359	
   1.42	
  ±	
  0.01	
   1.32	
  ±	
  0.01	
   1.22	
  ±	
  0.01	
   1.136	
  ±	
  0.008	
   1.061	
  ±	
  0.006	
   0.931	
  ±	
  0.001	
  

0.723	
   1.97	
  ±	
  0.02	
   1.81	
  ±	
  0.01	
   1.66	
  ±	
  0.01	
   1.54	
  ±	
  0.01	
   1.425	
  ±	
  0.007	
   1.2354	
  ±	
  0.0008	
  

1.110	
   2.64	
  ±	
  0.01	
   2.40	
  ±	
  0.01	
   2.19	
  ±	
  0.01	
   2.01	
  ±	
  0.01	
   1.85	
  ±	
  0.01	
   1.59	
  ±	
  0.02	
  

2.040	
   4.5	
  ±	
  0.1	
   4.0	
  ±	
  0.1	
   3.6	
  ±	
  0.1	
   3.3	
  ±	
  0.1	
   3.0	
  ±	
  0.1	
   2.6	
  ±	
  0.1	
  

	
  

Table	
  16.	
  Estimated	
  solution	
  viscosities	
  of	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  in	
  mPa∙s	
  

m/mol	
  kg-­‐1	
   15oC	
   20oC	
   25oC	
   30oC	
   35oC	
   45oC	
  

0.000	
   0.550	
  ±	
  0.008	
   0.523	
  ±	
  0.008	
   0.498	
  ±	
  0.008	
   0.475	
  ±	
  0.008	
   0.453	
  ±	
  0.007	
   0.414	
  ±	
  0.007	
  

0.300	
   0.704	
  ±	
  0.007	
   0.665	
  ±	
  0.008	
   0.631	
  ±	
  0.007	
   0.598	
  ±	
  0.006	
   0.567	
  ±	
  0.006	
   0.514	
  ±	
  0.004	
  

0.539	
   0.846	
  ±	
  0.008	
   0.796	
  ±	
  0.007	
   0.751	
  ±	
  0.007	
   0.711	
  ±	
  0.006	
   0.672	
  ±	
  0.005	
   0.604	
  ±	
  0.003	
  

1.511	
   1.60	
  ±	
  0.01	
   1.48	
  ±	
  0.01	
   1.38	
  ±	
  0.01	
   1.286	
  ±	
  0.007	
   1.202	
  ±	
  0.005	
   1.0571	
  ±	
  0.0006	
  

3.900	
   4.32	
  ±	
  0.03	
   3.89	
  ±	
  0.03	
   3.51	
  ±	
  0.03	
   3.19	
  ±	
  0.02	
   2.91	
  ±	
  0.01	
   2.450	
  ±	
  0.001	
  

	
  

	
   In	
  Figures	
  9-­‐13	
  we	
  observe	
  that	
  all	
  of	
  the	
  viscosity	
  measurements	
  for	
  each	
  binary	
  

system	
  at	
  every	
  temperature	
  exhibit	
  a	
  quadratic	
  curve.	
  It	
  is	
  universally	
  observed	
  that	
  as	
  the	
  

temperature	
  increases,	
  the	
  viscosity	
  decreases	
  and	
  as	
  the	
  concentration	
  of	
  IL	
  increases,	
  the	
  

viscosity	
  increases.	
  These	
  results	
  are	
  consistent	
  with	
  the	
  knowledge	
  that	
  the	
  ILs	
  in	
  this	
  

study	
  are	
  highly	
  viscous,	
  as	
  opposed	
  to	
  the	
  solvents	
  chosen,	
  which	
  are	
  significantly	
  less	
  

viscous.	
  An	
  increase	
  in	
  concentration	
  of	
  IL	
  in	
  the	
  binary	
  system	
  should	
  increase	
  the	
  overall	
  

viscosity	
  of	
  the	
  system,	
  which	
  is	
  supported	
  by	
  Figures	
  9-­‐13	
  and	
  Tables	
  12-­‐16.	
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Figure	
  9.	
  Viscosity	
  (η)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  
in	
  CD2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
10oC	
  (◊),	
  15oC	
  (□);	
  20oC	
  (Δ);	
  25oC	
  (×);	
  30oC	
  (*);	
  35oC	
  (○).	
  Each	
  of	
  the	
  trends	
  
follows	
  a	
  quadratic	
  curve.	
  	
  

	
  

	
  

Figure	
  10.	
  Viscosity	
  (η)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C4mim][NTf2]	
  
in	
  CD2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
10oC	
  (◊),	
  15oC	
  (□);	
  20oC	
  (Δ);	
  25oC	
  (×);	
  30oC	
  (*);	
  35oC	
  (○).	
  Each	
  of	
  the	
  trends	
  
follows	
  a	
  quadratic	
  curve.	
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Figure	
  11.	
  Viscosity	
  (η)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C2mim][NTf2]	
  
in	
  CD2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
10oC	
  (◊),	
  15oC	
  (□);	
  20oC	
  (Δ);	
  25oC	
  (×);	
  30oC	
  (*);	
  35oC	
  (○).	
  Each	
  of	
  the	
  trends	
  
follows	
  a	
  quadratic	
  curve.	
  	
  

	
  

	
  

Figure	
  12.	
  Viscosity	
  (η)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  
in	
  C6H5Cl.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
15oC	
  (◊),	
  20oC	
  (□);	
  25oC	
  (Δ);	
  30oC	
  (×);	
  35oC	
  (*);	
  45oC	
  (○).	
  Each	
  of	
  the	
  trends	
  
follows	
  a	
  quadratic	
  curve.	
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Figure	
  13.	
  Viscosity	
  (η)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  
in	
  THF.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
15oC	
  (◊),	
  20oC	
  (□);	
  25oC	
  (Δ);	
  30oC	
  (×);	
  35oC	
  (*);	
  45oC	
  (○).	
  Each	
  of	
  the	
  trends	
  
follows	
  a	
  quadratic	
  curve.	
  	
  

	
  

3.3.	
  Self-­‐Diffusion	
  

	
   All	
  of	
  the	
  self-­‐diffusion	
  measurements	
  for	
  the	
  dichloromethane	
  binary	
  systems	
  were	
  

performed	
  at	
  10oC,	
  25oC,	
  30oC,	
  and	
  35oC,	
  seen	
  in	
  Figures	
  14-­‐16.	
  For	
  the	
  chlorobenzene	
  

binary	
  system	
  (Figure	
  17),	
  measurements	
  were	
  performed	
  at	
  30oC,	
  35oC,	
  45oC,	
  and	
  55oC.	
  

For	
  the	
  THF	
  binary	
  system	
  (Figure	
  18),	
  measurements	
  were	
  performed	
  at	
  10oC,	
  30oC,	
  35oC,	
  

and	
  45oC.	
  All	
  of	
  the	
  self-­‐diffusion	
  measurements	
  for	
  the	
  cation	
  share	
  the	
  same	
  general	
  

decreasing	
  trend	
  as	
  IL	
  concentration	
  increases.	
  At	
  highly	
  dilute	
  concentrations,	
  the	
  

decrease	
  is	
  more	
  dramatic	
  and	
  then	
  begins	
  to	
  taper	
  down	
  slowly,	
  especially	
  in	
  the	
  

chlorobenzene	
  binary	
  system,	
  seen	
  in	
  Figure	
  17.	
  As	
  temperature	
  increases,	
  the	
  self-­‐

diffusion	
  coefficients	
  increase.	
  The	
  self-­‐diffusion	
  measurements	
  are	
  listed	
  in	
  Tables	
  17-­‐21.	
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Figure	
  14.	
  Cation	
  self-­‐diffusion	
  coefficients	
  (D+)	
  vs	
  molality	
  (m)	
  for	
  the	
  
binary	
  system	
  [C6mim][NTf2]	
  in	
  CD2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  
represent	
  various	
  temperatures:	
  10oC	
  (◊),	
  25oC	
  (□);	
  30oC	
  (Δ);	
  35oC	
  (×).	
  
	
  
	
  

	
  

Figure	
  15.	
  Cation	
  self-­‐diffusion	
  coefficients	
  (D+)	
  vs	
  molality	
  (m)	
  for	
  the	
  
binary	
  system	
  [C4mim][NTf2]	
  in	
  CD2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  
represent	
  various	
  temperatures:	
  10oC	
  (◊),	
  25oC	
  (□);	
  30oC	
  (Δ);	
  35oC	
  (×).	
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Figure	
  16.	
  Cation	
  self-­‐diffusion	
  coefficients	
  (D+)	
  vs	
  molality	
  (m)	
  for	
  the	
  
binary	
  system	
  [C2mim][NTf2]	
  in	
  CD2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  
represent	
  various	
  temperatures:	
  10oC	
  (◊),	
  25oC	
  (□);	
  30oC	
  (Δ);	
  35oC	
  (×).	
  

	
  

	
  

Figure	
  17.	
  Cation	
  self-­‐diffusion	
  coefficients	
  (D+)	
  vs	
  molality	
  (m)	
  for	
  the	
  
binary	
  system	
  [C6mim][NTf2]	
  in	
  C6D5Cl.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  
represent	
  various	
  temperatures:	
  30oC	
  (◊),	
  35oC	
  (□);	
  45oC	
  (Δ);	
  55oC	
  (×).	
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Figure	
  18.	
  Cation	
  self-­‐diffusion	
  coefficients	
  (D+)	
  vs	
  molality	
  (m)	
  for	
  the	
  
binary	
  system	
  [C6mim][NTf2]	
  in	
  THF-­‐d8.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  
represent	
  various	
  temperatures:	
  10oC	
  (◊),	
  30oC	
  (□);	
  35oC	
  (Δ);	
  45oC	
  (×).	
  

	
  

Table	
  17.	
  Cation	
  self-­‐diffusion	
  coefficient	
  of	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  in	
  units	
  10-­‐10	
  m2·s-­‐1	
  

m/mol·kg-­‐1	
   10oC	
   25	
  oC	
   30	
  oC	
   35	
  oC	
  

1.101	
   2.55	
  ±	
  0.02	
   3.42	
  ±	
  0.06	
   3.8	
  ±	
  0.1	
   4.08	
  ±	
  0.03	
  

0.402	
   5.20	
  ±	
  0.06	
   6.5	
  ±	
  0.1	
   7.1	
  ±	
  0.1	
   7.49	
  ±	
  0.09	
  

0.350	
   6.11	
  ±	
  0.04	
   7.6	
  ±	
  0.2	
   8.1	
  ±	
  0.1	
   8.66	
  ±	
  0.07	
  

0.209	
   6.53	
  ±	
  0.07	
   8.2	
  ±	
  0.2	
   8.5	
  ±	
  0.2	
   9.1	
  ±	
  0.1	
  

0.161	
   7.27	
  ±	
  0.08	
   8.84±	
  0.08	
   9.6	
  ±	
  0.1	
   10.123	
  ±	
  0.009	
  

0.105	
   7.5	
  ±	
  0.1	
   9.2	
  ±	
  0.3	
   9.7	
  ±	
  0.1	
   10.30	
  ±	
  0.01	
  

0.045	
   8.57	
  ±	
  0.05	
   10.51	
  ±	
  0.02	
   11.1	
  ±	
  0.1	
   11.70	
  ±	
  0.02	
  

0.022	
   9.18	
  ±	
  0.08	
   11.13	
  ±	
  0.03	
   11.82	
  ±	
  0.08	
   12.64	
  ±	
  0.02	
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Table	
  18.	
  Cation	
  self-­‐diffusion	
  coefficient	
  of	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  in	
  units	
  10-­‐10	
  m2·s-­‐1	
  

m/mol·kg-­‐1	
   10	
  oC	
   25	
  oC	
   30	
  oC	
   35	
  oC	
  

0.296	
   6.99	
  ±	
  0.06	
   8.6	
  ±	
  0.1	
   9.1	
  ±	
  0.2	
   9.65	
  ±	
  0.09	
  

0.145	
   7.9	
  ±	
  0.1	
   9.7	
  ±	
  0.1	
   10.27	
  ±	
  0.02	
   10.9	
  ±	
  0.1	
  

0.075	
   8.60	
  ±	
  0.08	
   10.5	
  ±	
  0.2	
   10.88	
  ±	
  0.01	
   11.8	
  ±	
  0.1	
  

0.062	
   8.90	
  ±	
  0.06	
   10.8	
  ±	
  0.2	
   11.35	
  ±	
  0.01	
   11.9	
  ±	
  0.1	
  

0.053	
   8.64	
  ±	
  0.07	
   10.7	
  ±	
  0.2	
   11.18	
  ±	
  0.02	
   11.8	
  ±	
  0.2	
  

0.037	
   9.19	
  ±	
  0.09	
   11.2	
  ±	
  0.2	
   12.38	
  ±	
  0.01	
   12.6	
  ±	
  0.1	
  

0.024	
   9.56	
  ±	
  0.08	
   11.6	
  ±	
  0.1	
   12.33	
  ±	
  0.01	
   12.9	
  ±	
  0.1	
  

0.013	
   9.99	
  ±	
  0.08	
   12.2	
  ±	
  0.1	
   12.86	
  ±	
  0.02	
   13.7	
  ±	
  0.1	
  

	
  

Table	
  19.	
  Cation	
  self-­‐diffusion	
  coefficient	
  of	
  [C2mim][NTf2]	
  in	
  CD2Cl2	
  in	
  units	
  10-­‐10	
  m2·s-­‐1	
  

m/mol·kg-­‐1	
   10	
  oC	
   25	
  oC	
   30	
  oC	
   35	
  oC	
  

0.769	
   5.8	
  ±	
  0.1	
   7.22	
  ±	
  0.09	
   7.77	
  ±	
  0.06	
   8.3	
  ±	
  0.1	
  

0.404	
   7.2	
  ±	
  0.1	
   8.9	
  ±	
  0.1	
   9.4	
  ±	
  0.1	
   9.75	
  ±	
  0.08	
  

0.181	
   8.38	
  ±	
  0.09	
   10.3	
  ±	
  0.1	
   11.0	
  ±	
  0.2	
   11.64	
  ±	
  0.02	
  

0.088	
   9.2	
  ±	
  0.1	
   11.2	
  ±	
  0.1	
   11.82	
  ±	
  0.09	
   12.6	
  ±	
  0.2	
  

0.048	
   9.7	
  ±	
  0.1	
   11.9	
  ±	
  0.2	
   12.4	
  ±	
  0.3	
   13.4	
  ±	
  0.1	
  

0.026	
   10.2	
  ±	
  0.2	
   12.5	
  ±	
  0.3	
   13.0	
  ±	
  0.3	
   14.0	
  ±	
  0.3	
  

0.012	
   10.6	
  ±	
  0.2	
   13.0	
  ±	
  0.2	
   13.7	
  ±	
  0.2	
   14.45	
  ±	
  0.08	
  

0.006	
   10.9	
  ±	
  0.2	
   13.3	
  ±	
  0.1	
   14.0	
  ±	
  0.1	
   14.5	
  ±	
  0.2	
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Table	
  20.	
  Cation	
  self-­‐diffusion	
  coefficient	
  of	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  in	
  units	
  10-­‐10	
  m2·s-­‐1	
  

m/mol·kg-­‐1	
   30	
  oC	
   35	
  oC	
   45	
  oC	
   55	
  oC	
  

1.994	
   2.15	
  ±	
  0.08	
   2.34	
  ±	
  0.06	
   2.81	
  ±	
  0.04	
   3.46	
  ±	
  0.03	
  

0.983	
   3.00	
  ±	
  0.09	
   3.25	
  ±	
  0.05	
   3.86	
  ±	
  0.04	
   4.61	
  ±	
  0.03	
  

0.508	
   3.42	
  ±	
  0.07	
   3.74	
  ±	
  0.03	
   4.39	
  ±	
  0.05	
   5.20	
  ±	
  0.05	
  

0.270	
   3.70	
  ±	
  0.05	
   4.04	
  ±	
  0.05	
   4.72	
  ±	
  0.1	
   5.66	
  ±	
  0.07	
  

0.093	
   4.31	
  ±	
  0.09	
   4.67	
  ±	
  0.04	
   5.45	
  ±	
  0.05	
   6.43	
  ±	
  0.06	
  

0.049	
   4.9	
  ±	
  0.1	
   5.29	
  ±	
  0.05	
   6.2	
  ±	
  0.1	
   7.26	
  ±	
  0.07	
  

0.022	
   5.68	
  ±	
  0.13	
   6.12	
  ±	
  0.09	
   7.10	
  ±	
  0.09	
   8.3	
  ±	
  0.1	
  

0.013	
   6.22	
  ±	
  0.22	
   6.7	
  ±	
  0.2	
   7.7	
  ±	
  0.2	
   9.0	
  ±	
  0.1	
  

	
  

Table	
  21.	
  Cation	
  self-­‐diffusion	
  coefficient	
  of	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  in	
  units	
  10-­‐10	
  m2·s-­‐1	
  

m/mol·kg-­‐1	
   10	
  oC	
   30	
  oC	
   35	
  oC	
   45	
  oC	
  

4.351	
   -­‐	
   1.91	
  ±	
  0.07	
   2.09	
  ±	
  0.05	
   2.58	
  ±	
  0.05	
  

1.368	
   3.50	
  ±	
  0.08	
   4.9	
  ±	
  0.2	
   5.25	
  ±	
  0.08	
   6.07	
  ±	
  0.06	
  

0.589	
   5.18	
  ±	
  0.07	
   6.9	
  ±	
  0.1	
   7.4	
  ±	
  0.1	
   8.43	
  ±	
  0.09	
  

0.206	
   6.7	
  ±	
  0.2	
   8.5	
  ±	
  0.1	
   9.1	
  ±	
  0.1	
   10.3	
  ±	
  0.1	
  

0.159	
   7.15	
  ±	
  0.09	
   9.3	
  ±	
  0.2	
   9.63	
  ±	
  0.06	
   11.1	
  ±	
  0.1	
  

0.074	
   7.5	
  ±	
  0.1	
   9.9	
  ±	
  0.2	
   10.39	
  ±	
  0.02	
   11.8	
  ±	
  0.1	
  

0.039	
   7.7	
  ±	
  0.1	
   9.00	
  ±	
  0.08	
   10.77	
  ±	
  0.02	
   12.2	
  ±	
  0.2	
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Fluorine	
  NMR	
  measurements	
  were	
  performed	
  at	
  35oC	
  for	
  each	
  binary	
  system	
  as	
  

spot	
  checks	
  as	
  well,	
  seen	
  in	
  Figure	
  19.	
  From	
  Scharf’s	
  previous	
  study,	
  it	
  was	
  found	
  that	
  

cation	
  and	
  anion	
  self-­‐diffusion	
  measurements	
  were	
  nearly	
  identical,	
  indicating	
  that	
  the	
  

cation	
  and	
  anion	
  move	
  together	
  through	
  solution	
  as	
  an	
  ion	
  pair.9	
  Knowing	
  this,	
  only	
  one	
  

temperature	
  was	
  performed	
  for	
  each	
  system	
  in	
  order	
  to	
  check	
  if	
  this	
  behavior	
  was	
  the	
  

same.	
  In	
  Table	
  22,	
  the	
  raw	
  self-­‐diffusion	
  measurements	
  for	
  the	
  anion	
  can	
  be	
  found	
  and	
  

compared.	
  It	
  is	
  noted	
  that	
  the	
  anion	
  self-­‐diffusion	
  coefficient	
  is	
  typically	
  very	
  similar	
  to	
  that	
  

of	
  the	
  cation.	
  The	
  only	
  system	
  with	
  significant	
  difference	
  between	
  the	
  cation	
  and	
  anion	
  was	
  

with	
  THF	
  as	
  a	
  solvent,	
  with	
  values	
  differing	
  approximately	
  5-­‐9%.	
  	
  

	
  

	
  

Figure	
  19.	
  Anion	
  self-­‐diffusion	
  coefficients	
  (D-­‐)	
  vs	
  molality	
  (m)	
  for	
  all	
  binary	
  
systems.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  systems:	
  
[C6mim][NTf2]	
  in	
  CD2Cl2	
  (◊);	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  (□);	
  [C2mim][NTf2]	
  in	
  
CD2Cl2	
  (Δ);	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  (×);[C6mim][NTf2]	
  in	
  THF-­‐d8	
  (*).	
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Table	
  22.	
  Anion	
  self-­‐diffusion	
  coefficients,	
  D,	
  for	
  each	
  IL	
  and	
  solvent	
  pairing	
  at	
  35oC	
  

D-­‐	
  in	
  units	
  of	
  10-­‐10	
  m2·s-­‐1	
  and	
  m	
  in	
  units	
  of	
  mol·kg-­‐1	
  

[C6mim][NTf2]	
  

CD2Cl2	
  

[C4mim][NTf2]	
  

CD2Cl2	
  

[C2mim][NTf2]	
  

CD2Cl2	
  

[C6mim][NTf2]	
  

C6D5Cl	
  

[C6mim][NTf2]	
  

THF-­‐d8	
  

m	
   D-­‐	
   m	
   D-­‐	
   m	
   D-­‐	
   m	
   D-­‐	
   m	
   D-­‐	
  

1.124	
   4.06	
   0.296	
   9.67	
   0.769	
   7.72	
   1.994	
   2.35	
   4.351	
   -­‐	
  

0.405	
   7.42	
   0.145	
   10.74	
   0.404	
   9.57	
   0.983	
   3.29	
   1.368	
   5.56	
  

0.350	
   8.77	
   0.075	
   11.72	
   0.181	
   11.02	
   0.508	
   3.75	
   0.589	
   7.85	
  

0.208	
   8.91	
   0.062	
   12.10	
   0.088	
   12.38	
   0.270	
   -­‐	
   0.206	
   9.25	
  

0.161	
   10.29	
   0.053	
   11.91	
   0.048	
   13.09	
   0.093	
   4.64	
   0.159	
   10.16	
  

0.103	
   10.40	
   0.037	
   12.69	
   0.026	
   13.79	
   0.049	
   5.24	
   0.074	
   10.53	
  

0.045	
   11.66	
   0.024	
   13.13	
   0.012	
   14.20	
   0.022	
   6.03	
   0.039	
   10.88	
  

0.022	
   12.44	
   0.013	
   13.65	
   0.006	
   14.52	
   0.013	
   6.64	
  

	
   	
  	
  

3.4.	
  Chemical	
  Shift	
  

	
   In	
  these	
  experiments	
  there	
  was	
  no	
  internal	
  standard	
  mixed	
  into	
  the	
  binary	
  systems	
  

to	
  avoid	
  any	
  unwanted	
  interactions	
  that	
  could	
  possibly	
  influence	
  the	
  results	
  of	
  the	
  study.	
  

Therefore,	
  we	
  chose	
  to	
  use	
  the	
  methyl	
  group	
  at	
  the	
  end	
  of	
  the	
  aliphatic	
  chain	
  of	
  the	
  cation	
  

of	
  the	
  IL	
  as	
  an	
  internal	
  standard.	
  Figure	
  20	
  shows	
  the	
  chemical	
  structure	
  of	
  the	
  cation.	
  This	
  

methyl	
  group	
  was	
  chosen	
  since	
  it	
  is	
  least	
  sensitive	
  to	
  intermolecular	
  interactions	
  and	
  will	
  

therefore	
  experience	
  the	
  least	
  change,	
  if	
  any,	
  in	
  chemical	
  shift.	
  Therefore,	
  H8	
  in	
  

[C2mim][NTf2],	
  H10	
  in	
  [C4mim][NTf2],	
  and	
  H12	
  in	
  [C6mim][NTf2]	
  were	
  selected	
  as	
  internal	
  

standards.	
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Figure	
  20.	
  Chemical	
  structure	
  of	
  imidazolium	
  cation	
  ring.	
  
*The	
  aliphatic	
  chain	
  may	
  include	
  up	
  to	
  H12	
  if	
  it	
  is	
  [C6mim];	
  H10	
  if	
  it	
  is	
  
[C4mim];	
  H8	
  if	
  [C2mim].	
  

	
  

	
   In	
  an	
  attempt	
  to	
  show	
  all	
  of	
  the	
  trends,	
  we	
  have	
  condensed	
  the	
  chemical	
  shift	
  data	
  

from	
  each	
  of	
  the	
  five	
  binary	
  systems	
  into	
  Figures	
  21-­‐27,	
  rather	
  than	
  having	
  individual	
  

graphs	
  for	
  each	
  proton	
  of	
  each	
  system	
  at	
  every	
  temperature	
  measured.	
  This	
  was	
  also	
  done	
  

in	
  order	
  to	
  compare	
  the	
  trends	
  between	
  binary	
  systems.	
  However,	
  this	
  compilation	
  of	
  data	
  

has	
  made	
  it	
  more	
  difficult	
  to	
  observe	
  the	
  trends	
  that	
  will	
  be	
  discussed	
  and	
  it	
  is	
  

recommended	
  to	
  refer	
  to	
  Tables	
  23-­‐27	
  in	
  order	
  to	
  better	
  observe	
  the	
  changes	
  that	
  occur	
  in	
  

the	
  chemical	
  shift	
  values.	
  In	
  addition,	
  the	
  chemical	
  shifts	
  of	
  each	
  individual	
  proton	
  of	
  the	
  

binary	
  systems	
  appear	
  to	
  be	
  relatively	
  the	
  same	
  at	
  every	
  temperature.	
  For	
  this	
  reason,	
  we	
  

will	
  more	
  closely	
  examine	
  only	
  one	
  temperature,	
  35oC,	
  common	
  to	
  all	
  five	
  binary	
  systems	
  

in	
  the	
  Figures	
  21-­‐25.	
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Table	
  23.	
  1H	
  Chemical	
  Shift	
  of	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  relative	
  to	
  H12	
  

m/mol	
  kg-­‐1	
   H2	
   H4	
   H5	
   CD2Cl2	
   H6	
   H7	
   H8	
   H9-­‐11	
   H12	
  

10oC	
  

0.022	
   7.780	
   6.382	
   6.376	
   4.440	
   3.274	
   3.050	
   0.975	
   0.434	
   0	
  

0.045	
   7.765	
   6.398	
   6.392	
   4.441	
   3.272	
   3.046	
   0.974	
   0.434	
   0	
  

0.161	
   7.740	
   6.428	
   6.422	
   4.448	
   3.270	
   3.039	
   0.974	
   0.434	
   0	
  

0.103	
   7.744	
   6.423	
   6.419	
   4.448	
   3.270	
   3.040	
   0.972	
   0.434	
   0	
  

0.350	
   7.732	
   6.446	
   6.441	
   4.453	
   3.271	
   3.036	
   0.974	
   0.435	
   0	
  

0.208	
   7.734	
   6.441	
   6.435	
   4.451	
   3.270	
   3.036	
   0.973	
   0.434	
   0	
  

0.405	
   7.730	
   6.463	
   6.457	
   4.457	
   3.274	
   3.036	
   0.977	
   0.437	
   0	
  

1.124	
   7.732	
   6.515	
   6.489	
   4.467	
   3.290	
   3.039	
   0.990	
   0.444	
   0	
  

30oC	
  

0.022	
   7.774	
   6.370	
   6.365	
   4.423	
   3.272	
   3.047	
   0.980	
   0.440	
   0	
  

0.045	
   7.756	
   6.387	
   6.381	
   4.426	
   3.270	
   3.043	
   0.979	
   0.440	
   0	
  

0.161	
   7.728	
   6.417	
   6.412	
   4.432	
   3.268	
   3.036	
   0.978	
   0.440	
   0	
  

0.103	
   7.733	
   6.414	
   6.408	
   4.431	
   3.268	
   3.037	
   0.978	
   0.440	
   0	
  

0.350	
   7.718	
   6.437	
   6.431	
   4.437	
   3.268	
   3.033	
   0.979	
   0.441	
   0	
  

0.208	
   7.721	
   6.431	
   6.425	
   4.435	
   3.267	
   3.034	
   0.979	
   0.440	
   0	
  

0.405	
   7.714	
   6.450	
   6.444	
   4.442	
   3.271	
   3.032	
   0.982	
   0.442	
   0	
  

1.124	
   7.715	
   6.503	
   6.476	
   4.453	
   3.287	
   3.036	
   0.995	
   0.450	
   0	
  

35oC	
  

#0.022	
   7.330	
   5.925	
   5.920	
   3.977	
   2.830	
   2.604	
   -­‐	
   0.539	
   0	
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0.045	
   7.752	
   6.379*	
   4.419	
   3.269	
   3.042	
   0.979	
   0.436	
   0	
  

0.161	
   7.725	
   6.414	
   6.409	
   4.428	
   3.267	
   3.035	
   0.979	
   0.441	
   0	
  

0.103	
   7.730	
   6.411	
   6.406	
   4.427	
   3.267	
   3.036	
   0.979	
   0.441	
   0	
  

0.350	
   7.715	
   6.434	
   6.429	
   4.434	
   3.268	
   3.033	
   0.981	
   0.442	
   0	
  

0.208	
   7.719	
   6.429	
   6.423	
   4.432	
   3.268	
   3.034	
   0.981	
   0.442	
   0	
  

0.405	
   7.711	
   6.448	
   6.444	
   4.437	
   3.270	
   3.032	
   0.983	
   0.444	
   0	
  

1.124	
   7.710	
   6.499	
   6.473	
   4.449	
   3.286	
   3.035	
   0.995	
   0.451	
   0	
  

#	
  A	
  zg30	
  proton	
  scan	
  was	
  not	
  performed	
  at	
  35oC,	
  so	
  a	
  spectrum	
  was	
  obtained	
  
from	
  the	
  DOSY	
  experiment	
  performed	
  for	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  at	
  35oC	
  
instead.	
  However,	
  the	
  spectral	
  width	
  did	
  not	
  include	
  the	
  full	
  range	
  of	
  ppm	
  
values,	
  so	
  the	
  spectrum	
  could	
  not	
  be	
  calibrated	
  relative	
  to	
  the	
  H12	
  proton,	
  
thus	
  causing	
  the	
  significant	
  difference	
  in	
  chemical	
  shift	
  values	
  for	
  the	
  0.022m	
  
sample	
  in	
  the	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  system.	
  
	
  
*	
  The	
  resolution	
  of	
  the	
  proton	
  spectra	
  was	
  not	
  clear	
  enough	
  to	
  distinguish	
  
two	
  peaks	
  for	
  the	
  H4	
  and	
  H5	
  protons	
  at	
  35oC.	
  

	
  

Table	
  24.	
  1H	
  Chemical	
  Shift	
  of	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  relative	
  to	
  H12	
  

m/mol	
  kg-­‐1	
   H2	
   H4	
   H5	
   CD2Cl2	
   H6	
   H7	
   H8	
   H9	
   H10	
  

10oC	
  

0.013	
   7.709	
   6.294	
   6.288	
   4.358	
   3.204	
   2.971	
   0.885	
   0.401	
   0	
  

0.024	
   7.697	
   6.306	
   6.300	
   4.361	
   3.202	
   2.969	
   0.885	
   0.399	
   0	
  

0.037	
   7.688	
   6.316	
   6.310	
   4.363	
   3.201	
   2.967	
   0.885	
   0.400	
   0	
  

0.053	
   7.675	
   6.329	
   6.325	
   4.368	
   3.201	
   2.965	
   0.886	
   0.398	
   0	
  

0.062	
   7.679	
   6.327	
   6.322	
   4.366	
   3.201	
   2.966	
   0.886	
   0.401	
   0	
  

0.075	
   7.674	
   6.334	
   6.328	
   4.368	
   3.201	
   2.965	
   0.886	
   0.401	
   0	
  

0.145	
   7.663	
   6.351	
   6.346	
   4.374	
   3.202	
   2.963	
   0.888	
   0.402	
   0	
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0.296	
   7.654	
   6.367*	
   4.381	
   3.204	
   2.962	
   0.890	
   0.402	
   0	
  

30oC	
  

0.013	
   7.704	
   6.281	
   6.276	
   4.340	
   3.201	
   2.968	
   0.889	
   0.408	
   0	
  

0.024	
   7.690	
   6.294	
   6.289	
   4.344	
   3.200	
   2.966	
   0.889	
   0.408	
   0	
  

0.037	
   7.679	
   6.304	
   6.299	
   4.346	
   3.199	
   2.964	
   0.889	
   0.407	
   0	
  

0.053	
   7.666	
   6.319	
   6.314	
   4.350	
   3.199	
   2.962	
   0.890	
   0.407	
   0	
  

0.062	
   7.669	
   6.316	
   6.311	
   4.350	
   3.199	
   2.963	
   0.890	
   0.407	
   0	
  

0.075	
   7.663	
   6.322	
   6.317	
   4.351	
   3.199	
   2.962	
   0.891	
   0.408	
   0	
  

0.145	
   7.650	
   6.340	
   6.335	
   4.357	
   3.199	
   2.959	
   0.891	
   0.407	
   0	
  

0.296	
   7.639	
   6.356*	
   4.364	
   3.201	
   2.958	
   0.894	
   0.408	
   0	
  

35oC	
  

0.013	
   7.702	
   6.274*	
   4.336	
   3.201	
   2.967	
   0.890	
   0.408	
   0	
  

0.024	
   7.688	
   6.288*	
   4.340	
   3.200	
   2.965	
   0.891	
   0.409	
   0	
  

0.037	
   7.677	
   6.297*	
   4.341	
   3.199	
   2.964	
   0.890	
   0.409	
   0	
  

0.053	
   7.662	
   6.311*	
   4.346	
   3.197	
   2.960	
   0.891	
   0.407	
   0	
  

0.062	
   7.665	
   6.308*	
   4.345	
   3.198	
   2.961	
   0.891	
   0.407	
   0	
  

0.075	
   7.660	
   6.314*	
   4.347	
   3.198	
   2.961	
   0.892	
   0.408	
   0	
  

0.145	
   7.648	
   6.333*	
   4.353	
   3.199	
   2.959	
   0.893	
   0.409	
   0	
  

0.296	
   7.637	
   6.353*	
   4.360	
   3.200	
   2.957	
   0.895	
   0.410	
   0	
  

*	
  The	
  resolution	
  of	
  the	
  proton	
  spectra	
  was	
  not	
  clear	
  enough	
  to	
  distinguish	
  
two	
  peaks	
  for	
  the	
  H4	
  and	
  H5	
  protons	
  at	
  all	
  temperatures.	
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Table	
  25.	
  1H	
  Chemical	
  Shift	
  of	
  [C2mim][NTf2]	
  in	
  CD2Cl2	
  relative	
  to	
  H12	
  

m/mol	
  kg-­‐1	
   H2	
   H4	
   H5	
   CD2Cl2	
   H6	
   H7	
   H8	
  

10oC	
  

0.006	
   7.1293	
   5.7272	
   5.6976	
   3.7709	
   2.6897	
   2.3849	
   0	
  

0.012	
   7.126	
   5.734	
   5.7043	
   3.7736	
   2.6891	
   2.3849	
   0	
  

0.026	
   7.1156	
   5.7454	
   5.7152	
   3.7772	
   2.6901	
   2.3839	
   0	
  

0.048	
   7.1025	
   5.7593	
   5.7288	
   3.7822	
   2.6888	
   2.3829	
   0	
  

0.088	
   7.0902	
   5.7764	
   5.7455	
   3.7886	
   2.6901	
   2.3823	
   0	
  

0.181	
   7.0767	
   5.7971	
   5.7646	
   3.7974	
   2.6913	
   2.3816	
   0	
  

0.404	
   7.0645	
   5.8231	
   5.7872	
   3.8098	
   2.695	
   2.3818	
   0	
  

0.769	
   7.0555	
   5.848	
   5.808	
   3.8212	
   2.6989	
   2.3833	
   0	
  

30oC	
  

0.006	
   7.126	
   5.715	
   5.684	
   3.754	
   2.686	
   2.381	
   0	
  

0.012	
   7.123	
   5.722	
   5.694	
   3.758	
   2.690	
   2.381	
   0	
  

0.026	
   7.108	
   5.733	
   5.702	
   3.760	
   2.686	
   2.380	
   0	
  

0.048	
   7.050	
   5.811	
   5.775	
   3.792	
   2.691	
   2.377	
   0	
  

0.088	
   7.049	
   5.811	
   5.776	
   3.793	
   2.689	
   2.378	
   0	
  

0.181	
   7.049	
   5.811	
   5.776	
   3.793	
   2.691	
   2.378	
   0	
  

0.404	
   7.053	
   5.814	
   5.778	
   3.793	
   2.696	
   2.377	
   0	
  

0.769	
   7.038	
   5.835	
   5.795	
   3.805	
   2.694	
   2.379	
   0	
  

35oC	
  

0.006	
   7.123	
   5.710	
   5.680	
   3.749	
   2.683	
   2.380	
   0	
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0.012	
   7.116	
   5.713	
   5.685	
   3.751	
   2.683	
   2.380	
   0	
  

0.026	
   7.105	
   5.725	
   5.698	
   3.755	
   2.683	
   2.379	
   0	
  

0.048	
   7.091	
   5.744	
   5.713	
   3.761	
   2.683	
   2.378	
   0	
  

0.088	
   7.076	
   5.761	
   5.730	
   3.767	
   2.686	
   2.378	
   0	
  

0.181	
   7.062	
   5.783	
   5.750	
   3.776	
   2.688	
   2.377	
   0	
  

0.404	
   7.045	
   5.806	
   5.773	
   3.788	
   2.688	
   2.377	
   0	
  

0.769	
   7.034	
   5.830	
   5.792	
   3.800	
   2.692	
   2.378	
   0	
  

	
  

Table	
  26.	
  1H	
  Chemical	
  Shift	
  of	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  relative	
  to	
  H12	
  

m/mol	
  kg-­‐1	
   H2	
   C6D5Cl	
   H4	
   H5	
   H6	
   H7	
   H8	
   H9-­‐H11	
   H12	
  

30oC	
  

0.013	
   7.577	
   6.311	
   6.168	
   6.136	
   5.686	
   5.613	
   2.844	
   2.489	
   0.641	
   0.284	
   0	
  

0.022	
   7.557	
   6.308	
   6.165	
   6.134	
   5.753	
   5.692	
   2.863	
   2.523	
   0.657	
   0.285	
   0	
  

0.049	
   7.536	
   6.304	
   6.164	
   6.132	
   5.853	
   5.804	
   2.893	
   2.569	
   0.682	
   0.304	
   0	
  

0.093	
   7.578	
   6.311	
   6.168	
   6.136	
   5.687	
   5.613	
   2.844	
   2.489	
   0.641	
   0.284	
   0	
  

0.270	
   7.521	
   6.304	
   6.177	
   6.143	
   6.012	
   5.970	
   2.947	
   2.647	
   0.724	
   0.320	
   0	
  

0.508	
   7.520	
   6.310	
   6.193	
   6.158	
   6.059	
   6.017	
   2.965	
   2.673	
   0.739	
   0.327	
   0	
  

0.983	
   7.521	
   6.326	
   6.232	
   6.192	
   6.117	
   6.075	
   2.990	
   2.709	
   0.758	
   0.331	
   0	
  

1.994	
   7.535	
   6.367	
   6.315	
   6.265	
   6.217	
   6.171	
   3.042	
   2.780	
   0.798	
   0.349	
   0	
  

35oC	
  

0.013	
   7.580	
   6.311	
   6.168	
   6.136	
   5.692	
   5.619	
   2.851	
   2.496	
   0.649	
   0.252	
   0	
  

0.022	
   7.559	
   6.309	
   6.167	
   6.135	
   5.758	
   5.697	
   2.870	
   2.530	
   0.664	
   0.290	
   0	
  

0.049	
   7.537	
   6.304	
   6.165	
   6.133	
   5.857	
   5.809	
   2.898	
   2.576	
   0.688	
   0.289	
   0	
  

0.093	
   7.527	
   6.302	
   6.167	
   6.133	
   5.932	
   5.888	
   2.923	
   2.611	
   0.707	
   0.299	
   0	
  

0.270	
   7.521	
   6.304	
   6.177	
   6.143	
   6.015	
   5.975	
   2.952	
   2.653	
   0.731	
   0.313	
   0	
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0.508	
   7.520	
   6.310	
   6.194	
   6.158	
   6.062	
   6.022	
   2.970	
   2.679	
   0.745	
   0.321	
   0	
  

0.983	
   7.522	
   6.327	
   6.233	
   6.192	
   6.121	
   6.079	
   2.996	
   2.716	
   0.765	
   0.333	
   0	
  

1.994	
   7.536	
   6.367	
   6.314	
   6.220	
   6.174	
   -­‐	
   3.047	
   2.785	
   0.805	
   0.352	
   0	
  

45oC	
  

0.013	
   7.585	
   6.313	
   6.172	
   6.138	
   5.705	
   5.634	
   2.863	
   2.513	
   0.664	
   0.290	
   0	
  

0.022	
   7.562	
   6.310	
   6.169	
   6.136	
   5.767	
   5.709	
   2.881	
   2.544	
   0.677	
   0.301	
   0	
  

0.049	
   7.540	
   6.306	
   6.167	
   6.133	
   5.865	
   5.818	
   2.909	
   2.590	
   0.702	
   0.312	
   0	
  

0.093	
   7.529	
   6.303	
   6.169	
   6.135	
   5.938	
   5.897	
   2.933	
   2.624	
   0.720	
   0.320	
   0	
  

0.270	
   7.522	
   6.305	
   6.180	
   6.144	
   6.022	
   5.983	
   2.962	
   2.666	
   0.744	
   0.331	
   0	
  

0.508	
   7.520	
   6.310	
   6.195	
   6.158	
   6.069	
   6.030	
   2.979	
   2.691	
   0.758	
   0.338	
   0	
  

0.983	
   7.522	
   6.327	
   6.232	
   6.192	
   6.127	
   6.087	
   3.005	
   2.727	
   0.777	
   0.343	
   0	
  

1.994	
   7.536	
   6.364	
   6.310	
   6.260	
   6.224	
   6.179	
   3.055	
   2.794	
   0.816	
   0.359	
   0	
  

55oC	
  

0.013	
   7.589	
   6.314	
   6.174	
   6.139	
   5.717	
   5.648	
   2.875	
   2.528	
   0.677	
   0.293	
   0	
  

0.022	
   7.567	
   6.311	
   6.172	
   6.137	
   5.778	
   5.721	
   2.893	
   2.559	
   0.692	
   0.302	
   0	
  

0.049	
   7.544	
   6.307	
   6.170	
   6.135	
   5.874	
   5.829	
   2.921	
   2.603	
   0.715	
   0.318	
   0	
  

0.093	
   7.532	
   6.304	
   6.171	
   6.136	
   5.947	
   5.907	
   2.943	
   2.637	
   0.733	
   0.327	
   0	
  

0.270	
   7.524	
   6.305	
   6.181	
   6.144	
   6.029	
   5.992	
   2.971	
   2.677	
   0.756	
   0.336	
   0	
  

0.508	
   7.522	
   6.311	
   6.197	
   6.158	
   6.075	
   6.038	
   2.989	
   2.703	
   0.770	
   0.344	
   0	
  

0.983	
   7.523	
   6.326	
   6.232	
   6.191	
   6.133	
   6.094	
   3.014	
   2.738	
   0.789	
   0.353	
   0	
  

1.994	
   7.536	
   6.363	
   6.310	
   -­‐	
   6.229	
   6.186	
   3.064	
   2.803	
   0.827	
   0.369	
   0	
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Table	
  27.	
  1H	
  Chemical	
  Shift	
  of	
  [C6mim][NTf2]	
  in	
  THF	
  relative	
  to	
  H12	
  

m/mol	
  kg-­‐1	
   H2	
   H4	
   H5	
   H6	
   H7	
   THF	
   H8	
   THF	
   H9-­‐H11	
   H12	
  

30oC	
  

0.039*	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  0.074*	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  0.159	
   7.914	
   6.688	
   6.644	
   3.315	
   3.030	
   2.685	
   0.987	
   0.834	
   0.447	
   0	
  

0.206*	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  1.285	
   7.888	
   6.692	
   6.639	
   3.316	
   3.030	
   2.693	
   0.991	
   0.845	
   0.451	
   0	
  

2.356	
   7.871	
   6.687	
   6.627	
   3.318	
   3.031	
   2.699	
   0.997	
   0.853	
   0.453	
   0	
  

4.352	
   7.836	
   6.669	
   6.596	
   3.324	
   3.039	
   2.718	
   1.011	
   0.866	
   0.452	
   0	
  

35oC	
  

0.039	
   7.937	
   6.674	
   6.635	
   3.317	
   3.033	
   2.684	
   0.989	
   0.832	
   0.451	
   0	
  

0.074	
   7.926	
   6.678	
   6.637	
   3.315	
   3.032	
   2.685	
   0.989	
   0.833	
   0.451	
   0	
  

0.159	
   7.912	
   6.682	
   6.638	
   3.315	
   3.031	
   2.686	
   0.989	
   0.835	
   0.451	
   0	
  

0.206	
   7.899	
   6.685	
   6.638	
   3.315	
   3.030	
   2.688	
   0.991	
   0.839	
   0.451	
   0	
  

1.285	
   7.883	
   6.686	
   6.634	
   3.315	
   3.030	
   2.693	
   0.993	
   0.844	
   0.453	
   0	
  

2.356	
   7.866	
   6.681	
   6.622	
   3.318	
   3.031	
   2.699	
   0.998	
   0.852	
   0.452	
   0	
  

4.352	
   7.831	
   6.664	
   6.591	
   3.323	
   3.038	
   2.717	
   1.012	
   0.865	
   0.453	
   0	
  

45oC	
  

0.039	
   7.930	
   6.661	
   6.623	
   3.315	
   3.033	
   2.682	
   0.992	
   0.828	
   0.447	
   0	
  

0.074	
   7.921	
   6.666	
   6.627	
   3.315	
   3.032	
   2.685	
   0.993	
   0.831	
   0.449	
   0	
  

0.159	
   7.905	
   6.670	
   6.627	
   3.314	
   3.031	
   2.685	
   0.993	
   0.833	
   0.449	
   0	
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0.206	
   7.889	
   6.671	
   6.627	
   3.313	
   3.029	
   2.685	
   0.992	
   0.834	
   0.448	
   0	
  

1.285	
   7.875	
   6.674	
   6.623	
   3.314	
   3.029	
   2.692	
   0.995	
   0.843	
   0.449	
   0	
  

2.356	
   7.858	
   6.671	
   6.613	
   3.317	
   3.031	
   2.697	
   1.001	
   0.850	
   0.452	
   0	
  

4.352	
   7.820	
   6.653	
   6.582	
   3.321	
   3.037	
   2.715	
   1.014	
   0.863	
   0.456	
   0	
  

*	
  A	
  zg30	
  proton	
  scan	
  was	
  not	
  performed	
  for	
  concentrations	
  0.039m,	
  0.074m,	
  
and	
  0.206m	
  at	
  30oC.	
  In	
  addition,	
  the	
  spectra	
  from	
  the	
  DOSY	
  experiments	
  
performed	
  for	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  at	
  30oC	
  did	
  not	
  have	
  high	
  enough	
  
resolution	
  to	
  be	
  used.	
  

	
  

	
   Figure	
  21	
  shows	
  the	
  trends	
  of	
  the	
  H2	
  proton	
  in	
  each	
  of	
  the	
  binary	
  systems.	
  The	
  H2	
  

proton	
  chemical	
  shift	
  appears	
  to	
  shift	
  up-­‐field	
  as	
  concentration	
  increases	
  for	
  each	
  of	
  the	
  

binary	
  systems.	
  The	
  trend	
  is	
  non-­‐linear	
  in	
  every	
  case.	
  However,	
  the	
  H2	
  chemical	
  shift	
  in	
  the	
  

chlorobenzene	
  system	
  starts	
  to	
  move	
  back	
  downfield	
  again	
  at	
  0.983m.	
  

	
  

	
  

Figure	
  21.	
  Chemical	
  shift	
  vs	
  molality	
  (m)	
  for	
  the	
  H2	
  proton	
  at	
  35oC.	
  The	
  
following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  systems:	
  [C2mim][NTf2]	
  in	
  
CD2Cl2	
  (◊);	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  (□);	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  (Δ);	
  
[C6mim][NTf2]	
  in	
  C6D5Cl	
  (×);	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  (*).	
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   Figure	
  22	
  shows	
  the	
  chemical	
  shifts	
  of	
  the	
  H4	
  proton.	
  The	
  H4	
  proton	
  chemical	
  shift	
  

for	
  [C2mim][NTf2]	
  in	
  CD2Cl2,	
  [C4mim][NTf2]	
  in	
  CD2Cl2,	
  and	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  all	
  have	
  

the	
  same	
  general	
  trend	
  of	
  shifting	
  downfield	
  with	
  increasing	
  concentration,	
  at	
  first	
  more	
  

dramatically,	
  but	
  then	
  slowly	
  decreasing	
  in	
  rate	
  with	
  increasing	
  concentration.	
  

[C6mim][NTf2]	
  in	
  THF	
  appears	
  to	
  shift	
  downfield	
  at	
  low	
  concentrations	
  (<	
  0.206m)	
  but	
  then	
  

shift	
  up-­‐field	
  at	
  higher	
  concentrations	
  (>	
  1.285m).	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  appears	
  to	
  

overall	
  shift	
  downfield.	
  However,	
  the	
  changes	
  in	
  the	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  system	
  are	
  

very	
  small	
  and	
  often	
  appear	
  linear	
  until	
  closer	
  inspection.	
  The	
  chemical	
  shifts	
  of	
  proton	
  H5	
  

are	
  very	
  similar	
  to	
  the	
  H4	
  proton	
  for	
  every	
  binary	
  system.	
  In	
  the	
  case	
  of	
  [C4mim][NTf2]	
  in	
  

CD2Cl2,	
  they	
  are	
  the	
  same.	
  However,	
  in	
  the	
  remaining	
  four	
  systems,	
  the	
  H5	
  proton	
  chemical	
  

shifts	
  are	
  consistently	
  smaller	
  in	
  value,	
  or	
  more	
  up-­‐field,	
  than	
  the	
  H4	
  proton	
  chemical	
  

shifts.	
  However	
  these	
  differences	
  are	
  all	
  smaller	
  than	
  0.08	
  ppm.	
  These	
  values	
  can	
  be	
  

compared	
  in	
  Tables	
  23-­‐27.	
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Figure	
  22.	
  Chemical	
  shift	
  vs	
  molality	
  (m)	
  for	
  the	
  H4	
  proton	
  at	
  35oC.	
  The	
  
following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  systems:	
  [C2mim][NTf2]	
  in	
  
CD2Cl2	
  (◊);	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  (□);	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  (Δ);	
  
[C6mim][NTf2]	
  in	
  C6D5Cl	
  (×);	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  (*).	
  

	
  

	
  

	
  

Figure	
  23.	
  Chemical	
  shift	
  vs	
  molality	
  (m)	
  for	
  the	
  H5	
  proton	
  at	
  35oC.	
  The	
  
following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  systems:	
  [C2mim][NTf2]	
  in	
  
CD2Cl2	
  (◊);	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  (□);	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  (Δ);	
  
[C6mim][NTf2]	
  in	
  C6D5Cl	
  (×);	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  (*).	
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   The	
  H6	
  proton	
  does	
  not	
  share	
  any	
  similar	
  trends	
  amongst	
  the	
  five	
  binary	
  systems.	
  

As	
  can	
  be	
  observed	
  in	
  Figure	
  24,	
  [C2mim][NTf2]	
  in	
  CD2Cl2	
  shows	
  no	
  significant	
  change	
  

initially	
  at	
  low	
  concentrations	
  (<	
  0.05m),	
  but	
  then	
  appears	
  to	
  shift	
  downfield	
  at	
  higher	
  

concentrations	
  overall.	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  initially	
  shifts	
  up-­‐field	
  and	
  then	
  sharply	
  

shifts	
  downfield	
  at	
  0.053m.	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  shows	
  no	
  significant	
  change.	
  

[C6mim][NTf2]	
  in	
  C6D5Cl	
  shifts	
  downfield	
  with	
  increasing	
  concentration,	
  but	
  much	
  less	
  

dramatically	
  than	
  previously	
  observed	
  for	
  the	
  aromatic	
  protons.	
  [C6mim][NTf2]	
  in	
  THF	
  

initially	
  shifts	
  up-­‐field	
  at	
  low	
  concentrations	
  (<	
  0.159m),	
  but	
  then	
  begins	
  shifting	
  downfield	
  

at	
  higher	
  concentrations,	
  forming	
  a	
  minimum.	
  	
  

	
  

	
  

Figure	
  24.	
  Chemical	
  shift	
  vs	
  molality	
  (m)	
  for	
  the	
  H6	
  proton	
  at	
  35oC.	
  The	
  
following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  systems:	
  [C2mim][NTf2]	
  in	
  
CD2Cl2	
  (◊);	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  (□);	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  (Δ);	
  
[C6mim][NTf2]	
  in	
  C6D5Cl	
  (×);	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  (*).	
  

	
  

	
   The	
  H7	
  proton	
  chemical	
  shift	
  again	
  does	
  not	
  share	
  many	
  similarities	
  amongst	
  the	
  

five	
  systems,	
  seen	
  in	
  Figure	
  25.	
  The	
  H7	
  proton	
  of	
  [C2mim][NTf2]	
  in	
  CD2Cl2	
  initially	
  shifts	
  up-­‐

field	
  with	
  increasing	
  concentration,	
  but	
  then	
  forms	
  a	
  minimum	
  at	
  0.181m	
  and	
  begins	
  to	
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shift	
  back	
  downfield	
  at	
  higher	
  concentrations.	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  appears	
  to	
  

continuously	
  shift	
  up-­‐field	
  with	
  increasing	
  concentration.	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  again	
  

shows	
  no	
  significant	
  change.	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  appears	
  to	
  continuously	
  shift	
  

downfield	
  with	
  increasing	
  concentration,	
  at	
  first	
  at	
  a	
  greater	
  rate	
  when	
  at	
  lower	
  

concentrations.	
  Upon	
  close	
  inspection,	
  [C6mim][NTf2]	
  in	
  THF	
  appears	
  to	
  shift	
  up-­‐field	
  and	
  

forms	
  a	
  minimum	
  at	
  1.285m,	
  then	
  shifting	
  back	
  downfield	
  at	
  higher	
  concentrations.	
  

However,	
  the	
  changes	
  are	
  very	
  small	
  and	
  on	
  the	
  order	
  of	
  0.001ppm.	
  

	
  

	
  

Figure	
  25.	
  Chemical	
  shift	
  vs	
  molality	
  (m)	
  for	
  the	
  H7	
  proton	
  at	
  35oC.	
  The	
  
following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  systems:	
  [C2mim][NTf2]	
  in	
  
CD2Cl2	
  (◊);	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  (□);	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  (Δ);	
  
[C6mim][NTf2]	
  in	
  C6D5Cl	
  (×);	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  (*).	
  

	
  

	
   In	
  Figure	
  26	
  we	
  can	
  see	
  that	
  the	
  H8	
  proton	
  chemical	
  shift	
  is	
  generally	
  shifting	
  

downfield	
  with	
  increasing	
  concentration	
  for	
  each	
  of	
  the	
  binary	
  systems,	
  excluding	
  

[C2mim][NTf2]	
  in	
  CD2Cl2	
  since	
  H8	
  was	
  used	
  as	
  a	
  standard	
  in	
  this	
  particular	
  system.	
  The	
  

changes	
  are	
  all	
  very	
  small	
  and	
  require	
  close	
  inspection	
  to	
  observe	
  the	
  trends.	
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Figure	
  26.	
  Chemical	
  shift	
  vs	
  molality	
  (m)	
  for	
  the	
  H8	
  proton	
  at	
  35oC.	
  The	
  
following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  systems:	
  [C4mim][NTf2]	
  in	
  
CD2Cl2	
  (□);	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  (Δ);	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  (×);	
  
[C6mim][NTf2]	
  in	
  THF-­‐d8	
  (*).	
  

	
  

	
   The	
  H9-­‐H11	
  proton	
  chemical	
  shift	
  (in	
  the	
  case	
  of	
  binary	
  systems	
  with	
  

[C6mim][NTf2],	
  protons	
  H9-­‐H11	
  contribute	
  to	
  the	
  recorded	
  chemical	
  shift)	
  is	
  generally	
  

shifting	
  downfield	
  with	
  increasing	
  concentration	
  for	
  each	
  binary	
  system	
  excluding	
  

[C2mim][NTf2]	
  in	
  CD2Cl2.	
  The	
  changes	
  are	
  all	
  very	
  minimal	
  in	
  each	
  case	
  however,	
  usually	
  

only	
  changing	
  in	
  the	
  order	
  of	
  0.001ppm	
  (except	
  for	
  [C6mim][NTf2]	
  in	
  C6D5Cl).	
  Therefore,	
  it	
  

is	
  difficult	
  to	
  observe	
  any	
  trends	
  in	
  Figure	
  27,	
  which	
  displays	
  the	
  H9-­‐H11	
  proton	
  chemical	
  

shifts.	
  Also,	
  there	
  is	
  some	
  scatter	
  in	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  making	
  it	
  difficult	
  to	
  discern	
  a	
  

particular	
  trend.	
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Figure	
  27.	
  Chemical	
  shift	
  vs	
  molality	
  (m)	
  for	
  the	
  H9-­‐H11	
  protons	
  at	
  35oC.	
  
The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  systems:	
  [C4mim][NTf2]	
  
in	
  CD2Cl2	
  (□);	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  (Δ);	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  (×);	
  
[C6mim][NTf2]	
  in	
  THF-­‐d8	
  (*).	
  

	
  

3.5.	
  Hydrodynamic	
  Radii	
  

	
   The	
  hydrodynamic	
  radii	
  were	
  initially	
  calculated	
  using	
  equation	
  1	
  with	
  constant	
  c	
  

set	
  to	
  a	
  value	
  of	
  6.	
  We	
  then	
  more	
  carefully	
  calculated	
  the	
  radii	
  by	
  using	
  equation	
  2	
  to	
  

calculate	
  the	
  constant	
  c	
  later	
  on.	
  Equation	
  2	
  includes	
  the	
  size	
  of	
  the	
  deuterated	
  solvent	
  of	
  

the	
  binary	
  systems.	
  By	
  using	
  several	
  iterations	
  of	
  c	
  as	
  well	
  as	
  the	
  radii	
  themselves,	
  similar	
  

results	
  were	
  obtained	
  as	
  the	
  preliminary	
  calculations	
  when	
  c	
  was	
  set	
  to	
  6.	
  Iterations	
  were	
  

repeated	
  until	
  there	
  was	
  no	
  change	
  in	
  the	
  thousandths	
  place.	
  The	
  cation	
  hydrodynamic	
  

radii	
  are	
  recorded	
  in	
  Tables	
  28-­‐32,	
  along	
  with	
  the	
  error	
  propagations.	
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Table	
  28.	
  Cation	
  hydrodynamic	
  radii	
  of	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  in	
  angstroms	
  

m/mol·kg-­‐1	
   10oC	
   25	
  oC	
   30	
  oC	
   35	
  oC	
  

0.022	
   5.3	
  ±	
  0.5	
   5.0	
  ±	
  0.3	
   5.0	
  ±	
  0.2	
   5.0	
  ±	
  0.2	
  

0.045	
   5.3	
  ±	
  0.5	
   5.2	
  ±	
  0.3	
   5.2	
  ±	
  0.2	
   5.2	
  ±	
  0.2	
  

0.105	
   5.7	
  ±	
  0.4	
   5.6	
  ±	
  0.2	
   5.5	
  ±	
  0.2	
   5.5	
  ±	
  0.2	
  

0.161	
   5.3	
  ±	
  0.4	
   5.2	
  ±	
  0.3	
   5.2	
  ±	
  0.2	
   5.2	
  ±	
  0.2	
  

0.209	
   5.9	
  ±	
  0.4	
   5.8	
  ±	
  0.2	
   5.8	
  ±	
  0.2	
   5.7	
  ±	
  0.2	
  

0.350	
   4.9	
  ±	
  0.2	
   4.9	
  ±	
  0.2	
   5.0	
  ±	
  0.2	
   5.0	
  ±	
  0.2	
  

0.402	
   5.7	
  ±	
  0.3	
   5.6	
  ±	
  0.2	
   5.5	
  ±	
  0.2	
   5.6	
  ±	
  0.1	
  

1.101	
   6.1	
  ±	
  0.2	
   5.9	
  ±	
  0.1	
   5.8	
  ±	
  0.2	
   5.82	
  ±	
  0.08	
  

	
  

Table	
  29.	
  Cation	
  hydrodynamic	
  radii	
  of	
  [C4mim][NTf2]	
  in	
  CD2Cl2	
  in	
  angstroms	
  

m/mol·kg-­‐1	
   10	
  oC	
   25	
  oC	
   30	
  oC	
   35	
  oC	
  

0.013	
   4.78	
  ±	
  0.04	
   4.71	
  ±	
  0.05	
   4.701	
  ±	
  0.007	
   4.66	
  ±	
  0.04	
  

200.024	
   4.90	
  ±	
  0.04	
   4.83	
  ±	
  0.04	
   4.823	
  ±	
  0.006	
   4.84	
  ±	
  0.05	
  

0.037	
   5.0	
  ±	
  0.05	
   4.92	
  ±	
  0.07	
   4.763	
  ±	
  0.005	
   4.89	
  ±	
  0.04	
  

0.053	
   5.18	
  ±	
  0.04	
   5.05	
  ±	
  0.08	
   5.097	
  ±	
  0.009	
   5.07	
  ±	
  0.08	
  

0.062	
   5.02	
  ±	
  0.04	
   5.0	
  ±	
  0.1	
   5.005	
  ±	
  0.006	
   5.01	
  ±	
  0.06	
  

0.075	
   5.10	
  ±	
  0.05	
   5.02	
  ±	
  0.07	
   5.127	
  ±	
  0.008	
   5.01	
  ±	
  0.06	
  

0.145	
   5.17	
  ±	
  0.08	
   5.10	
  ±	
  0.08	
   5.101	
  ±	
  0.009	
   5.10	
  ±	
  0.05	
  

0.296	
   5.02	
  ±	
  0.04	
   5.03	
  ±	
  0.06	
   5.0	
  ±	
  0.1	
   5.05	
  ±	
  0.04	
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Table	
  30.	
  Cation	
  hydrodynamic	
  radii	
  of	
  [C2mim][NTf2]	
  in	
  CD2Cl2	
  in	
  angstroms	
  

m/mol·kg-­‐1	
   10	
  oC	
   25	
  oC	
   30	
  oC	
   35	
  oC	
  

0.006	
   4.54	
  ±	
  0.09	
   4.47	
  ±	
  0.04	
   4.48	
  ±	
  0.04	
   4.53	
  ±	
  0.06	
  

0.012	
   4.6	
  ±	
  0.1	
   4.53	
  ±	
  0.07	
   4.53	
  ±	
  0.08	
   4.52	
  ±	
  0.03	
  

0.026	
   4.7	
  ±	
  0.1	
   4.6	
  ±	
  0.1	
   4.7	
  ±	
  0.1	
   4.6	
  ±	
  0.1	
  

0.048	
   4.83	
  ±	
  0.07	
   4.7	
  ±	
  0.1	
   4.8	
  ±	
  0.1	
   4.69	
  ±	
  0.05	
  

0.088	
   4.86	
  ±	
  0.08	
   4.81	
  ±	
  0.05	
   4.82	
  ±	
  0.04	
   4.81	
  ±	
  0.07	
  

0.181	
   4.88	
  ±	
  0.05	
   4.84	
  ±	
  0.06	
   4.80	
  ±	
  0.07	
   4.83	
  ±	
  0.02	
  

0.404	
   4.73	
  ±	
  0.08	
   4.71	
  ±	
  0.06	
   4.74	
  ±	
  0.07	
   4.84	
  ±	
  0.04	
  

0.769	
   4.46	
  ±	
  0.08	
   4.49	
  ±	
  0.06	
   4.48	
  ±	
  0.03	
   4.44	
  ±	
  0.07	
  

	
  

Table	
  31.	
  Cation	
  hydrodynamic	
  radii	
  of	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  in	
  angstroms	
  

m/mol·kg-­‐1	
   30	
  oC	
   35	
  oC	
   45	
  oC	
   55	
  oC	
  

0.013	
   5.4	
  ±	
  0.4	
   5.5	
  ±	
  0.3	
   5.4	
  ±	
  0.3	
   5.62	
  ±	
  0.08	
  

0.022	
   5.8	
  ±	
  0.4	
   5.8	
  ±	
  0.3	
   5.7	
  ±	
  0.2	
   5.9	
  ±	
  0.1	
  

0.049	
   6.4	
  ±	
  0.4	
   6.3	
  ±	
  0.3	
   6.3	
  ±	
  0.3	
   6.48	
  ±	
  0.06	
  

0.093	
   6.7	
  ±	
  0.4	
   6.7	
  ±	
  0.3	
   6.7	
  ±	
  0.2	
   6.93	
  ±	
  0.07	
  

0.270	
   6.4	
  ±	
  0.3	
   6.4	
  ±	
  0.2	
   6.4	
  ±	
  0.3	
   6.76	
  ±	
  0.08	
  

0.508	
   5.7	
  ±	
  0.3	
   5.7	
  ±	
  0.2	
   5.7	
  ±	
  0.1	
   6.22	
  ±	
  0.06	
  

0.983	
   4.8	
  ±	
  0.2	
   4.8	
  ±	
  0.1	
   4.85	
  ±	
  0.09	
   5.37	
  ±	
  0.03	
  

1.994	
   4.08	
  ±	
  0.1	
   4.1	
  ±	
  0.1	
   4.15	
  ±	
  0.07	
   4.65	
  ±	
  0.04	
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Table	
  32.	
  Cation	
  hydrodynamic	
  radii	
  of	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  in	
  angstroms	
  

m/mol·kg-­‐1	
   10	
  oC	
   30	
  oC	
   35	
  oC	
   45	
  oC	
  

0.039	
   5.2	
  ±	
  0.1	
   5.7	
  ±	
  0.2	
   5.2	
  ±	
  0.2	
   5.2	
  ±	
  0.1	
  

0.074	
   5.19	
  ±	
  0.09	
   5.1	
  ±	
  0.2	
   5.2	
  ±	
  0.1	
   5.16	
  ±	
  0.1	
  

0.159	
   5.07	
  ±	
  0.07	
   5.1	
  ±	
  0.2	
   5.2	
  ±	
  0.1	
   5.11	
  ±	
  0.09	
  

0.206	
   5.2	
  ±	
  0.1	
   5.3	
  ±	
  0.2	
   5.3	
  ±	
  0.1	
   5.3	
  ±	
  0.1	
  

0.589	
   4.96	
  ±	
  0.07	
   4.9	
  ±	
  0.2	
   4.9	
  ±	
  0.1	
   4.97	
  ±	
  0.07	
  

1.368	
   4.5	
  ±	
  0.1	
   4.5	
  ±	
  0.2	
   4.54	
  ±	
  0.08	
   4.58	
  ±	
  0.05	
  

4.351	
   -­‐	
   4.0	
  ±	
  0.8	
   4.0	
  ±	
  0.6	
   4.0	
  ±	
  0.3	
  

	
  

	
   In	
  Figures	
  28-­‐32,	
  we	
  observe	
  the	
  hydrodynamic	
  radii	
  of	
  the	
  five	
  binary	
  systems.	
  

[C2mim][NTf2]	
  in	
  CD2Cl2	
  is	
  shown	
  in	
  Figure	
  30.	
  For	
  all	
  temperatures	
  there	
  appears	
  to	
  be	
  a	
  

maximum	
  forming	
  around	
  0.1	
  –	
  0.2m.	
  Figure	
  31	
  shows	
  [C6mim][NTf2]	
  in	
  C6D5Cl.	
  At	
  every	
  

temperature	
  measured,	
  there	
  is	
  a	
  clear	
  maximum	
  forming	
  around	
  0.1m.	
  The	
  55oC	
  data	
  

always	
  has	
  the	
  largest	
  values	
  amongst	
  the	
  other	
  temperatures	
  measured.	
  However,	
  for	
  

temperatures	
  30	
  –	
  45oC,	
  the	
  radii	
  are	
  very	
  similar	
  in	
  value.	
  Figure	
  28	
  shows	
  the	
  radii	
  of	
  

[C6mim][NTf2]	
  in	
  CD2Cl2.	
  At	
  best	
  it	
  appears	
  that	
  there	
  is	
  an	
  overall,	
  be	
  it	
  inconsistent,	
  

increase	
  in	
  radii	
  size	
  as	
  concentration	
  increases.	
  In	
  Figure	
  29	
  showing	
  [C4mim][NTf2]	
  in	
  

CD2Cl2	
  there	
  appears	
  to	
  be	
  some	
  scatter,	
  but	
  overall	
  there	
  appears	
  to	
  be	
  a	
  maximum	
  

forming	
  around	
  0.1	
  –	
  0.2m	
  at	
  most	
  of	
  the	
  temperatures	
  as	
  well.	
  	
  Figure	
  32	
  with	
  THF	
  as	
  a	
  

solvent	
  appears	
  to	
  show	
  the	
  most	
  scatter	
  and	
  no	
  suggestion	
  of	
  any	
  maxima	
  at	
  any	
  

temperature.	
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   In	
  the	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  and	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  binary	
  systems,	
  

inconclusive	
  results	
  developed,	
  as	
  seen	
  in	
  Figures	
  28	
  and	
  32	
  There	
  do	
  not	
  appear	
  to	
  be	
  any	
  

particular	
  trends	
  amongst	
  the	
  temperature	
  dependent	
  data.	
  Overall	
  the	
  values	
  of	
  the	
  radii	
  

at	
  each	
  temperature	
  are	
  very	
  similar.	
  There	
  is	
  one	
  exception	
  in	
  the	
  chlorobenzene	
  system	
  

(Figure	
  31)	
  where	
  the	
  55oC	
  data	
  at	
  first	
  is	
  similar	
  in	
  value	
  to	
  the	
  radii	
  at	
  all	
  other	
  

temperatures,	
  but	
  after	
  the	
  maximum,	
  the	
  55oC	
  data	
  maintains	
  significantly	
  larger	
  radii	
  

values	
  compared	
  to	
  the	
  other	
  temperatures.	
  The	
  systems	
  that	
  do	
  display	
  maxima	
  appear	
  to	
  

share	
  the	
  same	
  trends	
  observed	
  in	
  Scharf’s	
  work,	
  where	
  at	
  concentrations	
  around	
  0.1m,	
  a	
  

maximum	
  formed	
  in	
  the	
  hydrodynamic	
  radii.	
  	
  

	
  

	
  

Figure	
  28.	
  Hydrodynamic	
  radii	
  (r)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  
[C6mim][NTf2]	
  in	
  CD2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  
various	
  temperatures:	
  10oC	
  (◊),	
  25oC	
  (□);	
  30oC	
  (Δ);	
  35oC	
  (×).	
  

	
  

4.5	
  

5.0	
  

5.5	
  

6.0	
  

6.5	
  

0.0	
   0.4	
   0.8	
   1.2	
  

r,
	
  Å
	
  

m,	
  mol∙kg-­‐1	
  



	
  

70	
  

	
  

Figure	
  29.	
  Hydrodynamic	
  radii	
  (r)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  
[C4mim][NTf2]	
  in	
  CD2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  
various	
  temperatures:	
  10oC	
  (◊),	
  25oC	
  (□);	
  30oC	
  (Δ);	
  35oC	
  (×).	
  

	
  

	
  

Figure	
  30.	
  Hydrodynamic	
  radii	
  (r)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  
[C2mim][NTf2]	
  in	
  CD2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  
various	
  temperatures:	
  10oC	
  (◊),	
  25oC	
  (□);	
  30oC	
  (Δ);	
  35oC	
  (×).	
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Figure	
  31.	
  Hydrodynamic	
  radii	
  (r)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  
[C6mim][NTf2]	
  in	
  C6D5Cl.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  
various	
  temperatures:	
  30oC	
  (◊),	
  35oC	
  (□);	
  45oC	
  (Δ);	
  55oC	
  (×).	
  

	
  

	
  

Figure	
  32.	
  Hydrodynamic	
  radii	
  (r)	
  vs	
  molality	
  (m)	
  for	
  the	
  binary	
  system	
  
[C6mim][NTf2]	
  in	
  THF-­‐d8.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  
various	
  temperatures:	
  10oC	
  (◊),	
  30oC	
  (□);	
  35oC	
  (Δ);	
  45oC	
  (×).	
  
	
  

	
  

3.6.	
  Excess	
  Molar	
  Volume	
  	
  

	
  The	
  excess	
  molar	
  volumes	
  (VE)	
  were	
  calculated	
  using	
  the	
  raw	
  density	
  

measurements	
  (Tables	
  2-­‐6).	
  The	
  calculations	
  were	
  performed	
  by	
  using	
  equation	
  5.	
  All	
  of	
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the	
  VE	
  were	
  generally	
  found	
  to	
  be	
  negative,	
  with	
  the	
  exception	
  of	
  the	
  binary	
  system	
  of	
  

[C6mim][NTf2]	
  in	
  THF,	
  which	
  has	
  both	
  positive	
  and	
  negative	
  values,	
  seen	
  in	
  Figure	
  37.	
  	
  

	
   In	
  Figures	
  33-­‐37,	
  the	
  VE	
  data	
  was	
  fitted	
  with	
  equation	
  6.	
  Generally,	
  the	
  calculated	
  fit	
  

lines	
  follow	
  the	
  VE	
  data	
  closely,	
  as	
  seen	
  in	
  Figures	
  33	
  and	
  34.	
  However	
  there	
  are	
  two	
  

notable	
  exceptions.	
  In	
  Figure	
  35	
  with	
  [C2mim][NTf2]	
  in	
  CH2Cl2	
  at	
  35oC	
  we	
  see	
  that	
  the	
  VE	
  

data	
  at	
  the	
  various	
  temperatures	
  are	
  all	
  very	
  similar	
  in	
  value,	
  with	
  the	
  exception	
  of	
  the	
  

35oC	
  series,	
  whereas	
  with	
  the	
  fit	
  lines,	
  they	
  increase	
  in	
  magnitude	
  with	
  increasing	
  

temperature	
  incrementally.	
  The	
  second	
  exception	
  is	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  in	
  

THF	
  seen	
  in	
  Figure	
  37.	
  The	
  VE	
  data	
  and	
  corresponding	
  fit	
  lines	
  calculated	
  using	
  equation	
  6	
  

do	
  not	
  follow	
  closely	
  at	
  all	
  and	
  in	
  fact	
  display	
  very	
  different	
  trends	
  from	
  the	
  other	
  binary	
  

systems.	
  The	
  VE	
  at	
  first	
  increase	
  with	
  positive	
  values	
  and	
  then	
  sharply	
  decrease	
  into	
  

negative	
  values	
  and	
  the	
  final	
  concentration	
  shows	
  an	
  increase	
  once	
  more.	
  On	
  the	
  other	
  

hand,	
  the	
  fit	
  lines	
  decrease	
  steadily,	
  never	
  increasing	
  or	
  displaying	
  positive	
  values	
  of	
  VE.	
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Figure	
  33.	
  Excess	
  molar	
  volume	
  (VE)	
  vs	
  molality	
  (m)	
  for	
  [C6mim][NTf2]	
  in	
  
CH2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
10oC	
  (+),	
  15oC	
  (-­‐);	
  20oC	
  (–);	
  25oC	
  (◊);	
  30oC	
  (□);	
  35oC	
  (Δ).	
  The	
  solid	
  black	
  lines	
  
represent	
  the	
  fit	
  equations	
  calculated	
  using	
  equation	
  6.	
  All	
  VE	
  are	
  negative	
  
and	
  appear	
  to	
  be	
  generally	
  decreasing	
  in	
  magnitude	
  and	
  then	
  begin	
  to	
  taper	
  
slowly	
  with	
  the	
  last	
  concentration.	
  
	
  

	
  

	
  
	
  
Figure	
  34.	
  Excess	
  molar	
  volume	
  (VE)	
  vs	
  molality	
  (m)	
  for	
  [C4mim][NTf2]	
  in	
  
CH2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
10oC	
  (+),	
  15oC	
  (-­‐);	
  20oC	
  (–);	
  25oC	
  (◊);	
  30oC	
  (□);	
  35oC	
  (Δ).	
  The	
  solid	
  black	
  lines	
  
represent	
  the	
  fit	
  equations	
  calculated	
  using	
  equation	
  6.	
  All	
  VE	
  are	
  negative	
  
and	
  appear	
  to	
  be	
  decreasing	
  in	
  magnitude	
  with	
  increasing	
  concentration.	
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Figure	
  35.	
  Excess	
  molar	
  volume	
  (VE)	
  vs	
  molality	
  (m)	
  for	
  [C2mim][NTf2]	
  in	
  
CH2Cl2.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
10oC	
  (+),	
  15oC	
  (-­‐);	
  20oC	
  (–);	
  25oC	
  (◊);	
  30oC	
  (□);	
  35oC	
  (Δ).	
  The	
  solid	
  black	
  lines	
  
represent	
  the	
  fit	
  equations	
  calculated	
  using	
  equation	
  6.	
  All	
  VE	
  are	
  negative,	
  
except	
  at	
  0.142m	
  and	
  appear	
  to	
  be	
  generally	
  decreasing	
  in	
  magnitude.	
  
	
  
	
  

	
  

	
  
Figure	
  36.	
  Excess	
  molar	
  volume	
  (VE)	
  vs	
  molality	
  (m)	
  for	
  [C6mim][NTf2]	
  in	
  
C6H5Cl.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
15oC	
  (+),	
  20oC	
  (-­‐);	
  25oC	
  (–);	
  30oC	
  (◊);	
  35oC	
  (□);	
  45oC	
  (Δ).	
  The	
  solid	
  black	
  lines	
  
represent	
  the	
  fit	
  equations	
  calculated	
  using	
  equation	
  6.	
  All	
  VE	
  are	
  negative	
  
and	
  appear	
  to	
  be	
  generally	
  decreasing	
  in	
  magnitude	
  and	
  then	
  rise	
  again	
  with	
  
the	
  last	
  concentration.	
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Figure	
  37.	
  Excess	
  molar	
  volume	
  (VE)	
  vs	
  molality	
  (m)	
  for	
  [C6mim][NTf2]	
  in	
  
THF.	
  The	
  following	
  symbols	
  are	
  used	
  to	
  represent	
  various	
  temperatures:	
  
15oC	
  (+),	
  20oC	
  (-­‐);	
  25oC	
  (–);	
  30oC	
  (◊);	
  35oC	
  (□);	
  45oC	
  (Δ).	
  The	
  solid	
  black	
  lines	
  
represent	
  the	
  fit	
  equations	
  calculated	
  using	
  equation	
  6.	
  VE	
  are	
  positive	
  and	
  
negative	
  and	
  appear	
  to	
  first	
  increase,	
  decrease,	
  and	
  then	
  increase	
  once	
  again	
  
with	
  the	
  last	
  concentration.	
  	
  

	
  

3.7.	
  Activation	
  Energy	
  

	
   Another	
  point	
  of	
  interest	
  in	
  this	
  research	
  was	
  the	
  Arrhenius	
  activation	
  energy,	
  or	
  EA.	
  

Since	
  the	
  data	
  collected	
  is	
  temperature	
  dependent,	
  we	
  were	
  able	
  to	
  investigate	
  these	
  

energies	
  for	
  the	
  cation	
  diffusion	
  measurements,	
  D+,	
  as	
  well	
  as	
  the	
  fluidity,	
  !
!
,	
  which	
  was	
  

calculated	
  using	
  the	
  modified	
  viscosity	
  measurements	
  (mentioned	
  in	
  viscosity	
  results	
  

section).	
  It	
  was	
  assumed	
  that	
  at	
  all	
  other	
  temperatures,	
  D+	
  and	
  D-­‐	
  are	
  equal,	
  as	
  was	
  the	
  case	
  

in	
  Scharf’s	
  work	
  as	
  well	
  (mentioned	
  in	
  diffusion	
  results	
  section).	
  	
  The	
  EA	
  was	
  calculated	
  

through	
  equation	
  11,	
  or	
  the	
  Arrhenius	
  equation,	
  where	
  X(T)	
  is	
  the	
  temperature	
  dependent	
  

property	
  (D+	
  or	
  !
!
),	
  A	
  is	
  the	
  pre-­‐exponential	
  factor,	
  and	
  R	
  is	
  the	
  gas	
  constant.	
  	
  

	
   	
   	
   	
   	
   ! ! = !!
!!!
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  (Eq.	
  11)	
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By	
  taking	
  the	
  natural	
  log	
  of	
  equation	
  11,	
  the	
  EA	
  is	
  found	
  through	
  the	
  slope	
  of	
  a	
  plot	
  of	
  ln(X)	
  

against	
  !
!
	
  for	
  each	
  solution	
  concentration.	
  The	
  EA	
  found	
  from	
  these	
  regressions	
  was	
  then	
  

plotted	
  against	
  the	
  xIL,	
  as	
  well	
  as	
  mass	
  fraction	
  (cIL),	
  of	
  the	
  corresponding	
  solution	
  in	
  order	
  

to	
  obtain	
  a	
  universal	
  equation	
  for	
  the	
  EA,	
  which	
  can	
  be	
  observed	
  in	
  Figures	
  38-­‐42.	
  Tables	
  

33-­‐37	
  list	
  the	
  values	
  for	
  the	
  activation	
  energies,	
  as	
  well	
  as	
  various	
  units	
  of	
  concentration	
  of	
  

each	
  sample.	
  	
  Generally,	
  these	
  regressions	
  are	
  linear	
  when	
  plotted	
  against	
  mole	
  fraction,	
  

but	
  there	
  are	
  two	
  exceptions	
  where	
  the	
  trend	
  is	
  quadratic,	
  seen	
  in	
  the	
  binary	
  systems	
  

[C2mim][NTf2]	
  in	
  CD2Cl2	
  and	
  [C6mim][NTf2]	
  in	
  C6D5Cl,	
  Figures	
  40	
  and	
  42	
  respectively.	
  The	
  

EA	
  calculated	
  from	
  the	
  D+	
  typically	
  displayed	
  much	
  more	
  scatter,	
  such	
  as	
  with	
  

[C4mim][NTf2]	
  and	
  [C2mim][NTf2]	
  in	
  CD2Cl2,	
  seen	
  in	
  Figures	
  39	
  and	
  40.	
  Overall,	
  it	
  appears	
  

that	
  the	
  EA	
  tends	
  to	
  increase	
  in	
  magnitude	
  with	
  increasing	
  solution	
  concentration	
  and	
  

appears	
  to	
  slightly	
  differ	
  for	
  the	
  D+	
  and	
  fluidity,	
  having	
  a	
  difference	
  between	
  0	
  –	
  5	
  kJ	
  mol-­‐1.	
  

Also,	
  the	
  EA	
  calculated	
  from	
  D+	
  is	
  always	
  greater	
  than	
  the	
  EA	
  calculated	
  from	
  !!.	
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Figure	
  38.	
  Activation	
  energy	
  (EA)	
  vs	
  mole	
  fraction	
  (xIL)	
  of	
  [C6mim][NTf2]	
  in	
  
CD2Cl2.	
  EA	
  calculated	
  from	
  !!	
  (◊);	
  EA	
  calculated	
  from	
  D

+	
  (□).	
  
	
  

	
  

	
  
Figure	
  39.	
  Activation	
  energy	
  (EA)	
  vs	
  mole	
  fraction	
  (xIL)	
  of	
  [C4mim][NTf2]	
  in	
  
CD2Cl2.	
  EA	
  calculated	
  from	
  !!	
  (◊);	
  EA	
  calculated	
  from	
  D

+	
  (□)	
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Figure	
  40.	
  Activation	
  energy	
  (EA)	
  vs	
  mole	
  fraction	
  (xIL)	
  of	
  [C2mim][NTf2]	
  in	
  
CD2Cl2.	
  EA	
  calculated	
  from	
  !!	
  (◊);	
  EA	
  calculated	
  from	
  D

+	
  (□).	
  
	
  
	
  

	
  

Figure	
  41.	
  Activation	
  energy	
  (EA)	
  vs	
  mole	
  fraction	
  (xIL)	
  of	
  [C6mim][NTf2]	
  in	
  
C6D5Cl.	
  EA	
  calculated	
  from	
  !!	
  (◊);	
  EA	
  calculated	
  from	
  D

+	
  (□).	
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Figure	
  42.	
  Activation	
  energy	
  (EA)	
  vs	
  mole	
  fraction	
  (xIL)	
  of	
  [C6mim][NTf2]	
  in	
  
THF-­‐d8.	
  EA	
  calculated	
  from	
  !!	
  (◊);	
  EA	
  calculated	
  from	
  D

+	
  (□).	
  
	
  

	
  

Table	
  33.	
  Activation	
  energies	
  for	
  self-­‐diffusion	
  of	
  cation	
  (D+)	
  and	
  fluidity	
  (!
!
)	
  for	
  

[C6mim][NTf2]	
  in	
  CD2Cl2	
  and	
  CH2Cl2	
  respectively.	
  Concentration	
  given	
  in	
  molality	
  (m),	
  mole	
  
fraction	
  (xIL),	
  and	
  mass	
  fraction	
  (cIL).	
  

m/mol·kg-­‐1	
   xIL	
   cIL	
   Ea(D+)	
   Ea(!
!
)	
  

0.022	
   0.002	
   0.010	
   9.19	
   5.83	
  
0.045	
   0.004	
   0.020	
   9.08	
   5.94	
  
0.103	
   0.009	
   0.044	
   9.41	
   6.20	
  
0.161	
   0.013	
   0.067	
   9.65	
   6.45	
  
0.208	
   0.017	
   0.085	
   9.54	
   6.66	
  
0.350	
   0.029	
   0.135	
   10.14	
   7.25	
  
0.405	
   0.033	
   0.153	
   10.68	
   7.47	
  
1.124	
   0.087	
   0.335	
   13.84	
   9.85	
  

	
  

	
  

	
  

	
  

	
  

6	
  

8	
  

10	
  

12	
  

14	
  

16	
  

18	
  

0.00	
   0.05	
   0.10	
   0.15	
   0.20	
   0.25	
   0.30	
  

E A
,	
  k
J∙m

ol
-­‐1
	
  

xIL	
  



	
  

80	
  

Table	
  34.	
  Activation	
  energies	
  for	
  self-­‐diffusion	
  of	
  cation	
  (D+)	
  and	
  fluidity	
  (!
!
)	
  for	
  

[C4mim][NTf2]	
  in	
  CD2Cl2	
  and	
  CH2Cl2	
  respectively.	
  Concentration	
  given	
  in	
  molality	
  (m),	
  mole	
  
fraction	
  (xIL),	
  and	
  mass	
  fraction	
  (cIL).	
  

m/mol·kg-­‐1	
   xIL	
   cIL	
   Ea(D+)	
   Ea(!
!
)	
  

0.013	
   0.001	
   0.005	
   9.07	
   5.70	
  
0.024	
   0.002	
   0.010	
   8.77	
   5.76	
  
0.037	
   0.003	
   0.015	
   9.55	
   5.84	
  
0.053	
   0.004	
   0.022	
   9.19	
   5.93	
  
0.062	
   0.005	
   0.025	
   8.56	
   5.98	
  
0.075	
   0.006	
   0.030	
   8.96	
   6.05	
  
0.145	
   0.012	
   0.057	
   9.41	
   6.43	
  
0.296	
   0.025	
   0.110	
   9.40	
   7.12	
  

	
  

Table	
  35.	
  Activation	
  energies	
  for	
  self-­‐diffusion	
  of	
  cation	
  (D+)	
  and	
  fluidity	
  (!
!
)	
  for	
  

[C2mim][NTf2]	
  in	
  CD2Cl2	
  and	
  CH2Cl2	
  respectively.	
  Concentration	
  given	
  in	
  molality	
  (m),	
  mole	
  
fraction	
  (xIL),	
  and	
  mass	
  fraction	
  (cIL).	
  

m/mol·kg-­‐1	
   xIL	
   cIL	
   Ea(D+)	
   Ea(!
!
)	
  

0.006	
   0.000	
   0.002	
   8.37	
   5.72	
  
0.012	
   0.001	
   0.005	
   9.09	
   5.76	
  
0.026	
   0.002	
   0.010	
   9.13	
   5.84	
  
0.048	
   0.004	
   0.019	
   9.32	
   5.97	
  
0.088	
   0.007	
   0.033	
   8.98	
   6.19	
  
0.181	
   0.015	
   0.066	
   9.51	
   6.62	
  
0.404	
   0.033	
   0.137	
   9.23	
   7.38	
  
0.769	
   0.061	
   0.232	
   10.51	
   8.00	
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Table	
  36.	
  Activation	
  energies	
  for	
  self-­‐diffusion	
  of	
  cation	
  (D+)	
  and	
  fluidity	
  (!
!
)	
  for	
  

[C6mim][NTf2]	
  in	
  C6D5Cl	
  and	
  C6H5Cl	
  respectively.	
  Concentration	
  given	
  in	
  molality	
  (m),	
  mole	
  
fraction	
  (xIL),	
  and	
  mass	
  fraction	
  (cIL).	
  

m/mol·kg-­‐1	
   xIL	
   cIL	
   Ea(D+)	
   Ea(!
!
)	
  

0.013	
   0.001	
   0.006	
   11.59	
   7.81	
  
0.022	
   0.002	
   0.010	
   11.95	
   7.88	
  
0.049	
   0.005	
   0.021	
   12.75	
   8.07	
  
0.093	
   0.010	
   0.040	
   12.61	
   8.37	
  
0.270	
   0.029	
   0.108	
   12.92	
   9.35	
  
0.508	
   0.054	
   0.185	
   13.30	
   10.30	
  
0.983	
   0.100	
   0.305	
   13.63	
   11.52	
  
1.994	
   0.183	
   0.472	
   14.38	
   12.90	
  

	
  

Table	
  37.	
  Activation	
  energies	
  for	
  self-­‐diffusion	
  of	
  cation	
  (D+)	
  and	
  fluidity	
  (!
!
)	
  for	
  

[C6mim][NTf2]	
  in	
  THF-­‐d8	
  and	
  THF	
  respectively.	
  Concentration	
  given	
  in	
  molality	
  (m),	
  mole	
  
fraction	
  (xIL),	
  and	
  mass	
  fraction	
  (cIL).	
  

m/mol·kg-­‐1	
   xIL	
   cIL	
   Ea(D+)	
   Ea(!
!
)	
  

0.039	
   0.003	
   0.017	
   9.63	
   7.26	
  
0.074	
   0.006	
   0.032	
   9.59	
   7.32	
  
0.159	
   0.013	
   0.066	
   9.27	
   7.46	
  
0.206	
   0.016	
   0.084	
   9.19	
   7.55	
  
0.589	
   0.045	
   0.209	
   10.41	
   8.30	
  
1.368	
   0.099	
   0.380	
   11.77	
   9.86	
  
4.351	
   0.259	
   0.661	
   16.27	
   14.08	
  

	
  

4.	
  DISCUSSION	
  

	
  

4.1.	
  Error	
  Analysis	
  

	
   After	
  obtaining	
  the	
  self-­‐diffusion	
  data,	
  the	
  error	
  was	
  calculated	
  by	
  finding	
  the	
  

standard	
  deviation	
  amongst	
  the	
  self-­‐diffusion	
  coefficients	
  for	
  each	
  proton	
  within	
  a	
  given	
  

sample	
  at	
  each	
  temperature.	
  To	
  the	
  best	
  of	
  our	
  knowledge,	
  there	
  aren’t	
  any	
  studies	
  to	
  

compare	
  our	
  results	
  to	
  for	
  accuracy	
  comparison.	
  Overall,	
  the	
  deviations	
  were	
  relatively	
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small,	
  being	
  at	
  most	
  ±0.3	
  m2·s-­‐1,	
  which	
  are	
  included	
  in	
  Tables	
  17-­‐21	
  Given	
  the	
  small	
  degree	
  

of	
  deviation	
  and	
  the	
  overall	
  appearance	
  of	
  the	
  self-­‐diffusion	
  data	
  in	
  Figures	
  14-­‐18,	
  the	
  self-­‐

diffusion	
  data	
  appears	
  to	
  be	
  reliable.	
  	
  

	
   The	
  density	
  data	
  for	
  the	
  pure	
  solvents	
  was	
  compared	
  to	
  the	
  literature28-­‐30	
  in	
  order	
  

to	
  evaluate	
  if	
  our	
  measurements	
  are	
  accurate.	
  Overall,	
  the	
  pure	
  solvents	
  are	
  all	
  nearly	
  

identical	
  to	
  the	
  literature,	
  with	
  percent	
  differences	
  ranging	
  between	
  0.0009	
  –	
  0.02%	
  g∙cm-­‐3.	
  

This	
  confirms	
  that	
  our	
  density	
  measurements	
  are	
  accurate	
  and	
  consequently	
  do	
  not	
  

contribute	
  to	
  systematic	
  error	
  in	
  the	
  viscosity	
  (see	
  equation	
  9).	
  In	
  addition,	
  to	
  further	
  

inspect	
  the	
  quality	
  of	
  the	
  density	
  and	
  viscosity	
  measurements,	
  the	
  standard	
  deviation	
  was	
  

calculated	
  for	
  each	
  density	
  and	
  viscosity	
  measurement	
  since	
  six	
  replicate	
  trials	
  were	
  

performed.	
  These	
  deviations	
  are	
  summarized	
  in	
  Tables	
  2-­‐16	
  along	
  with	
  the	
  measurement	
  

values.	
  	
  

	
   For	
  the	
  hydrodynamic	
  radii,	
  the	
  uncertainty	
  was	
  calculated	
  through	
  the	
  propagation	
  

of	
  errors	
  according	
  to	
  equation	
  1,	
  which	
  only	
  involves	
  multiplication	
  and	
  division.	
  The	
  

uncertainties	
  from	
  the	
  error	
  propagation	
  are	
  recorded	
  in	
  Tables	
  28-­‐32	
  with	
  the	
  

hydrodynamic	
  radii	
  values.	
  The	
  largest	
  errors	
  are	
  within	
  the	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  

binary	
  system.	
  When	
  calculating	
  the	
  error,	
  it	
  was	
  noticed	
  that	
  the	
  fit	
  of	
  the	
  viscosity	
  

regression	
  has	
  extremely	
  high	
  error	
  at	
  high	
  concentrations.	
  This	
  error	
  seems	
  to	
  be	
  almost	
  

entirely	
  due	
  to	
  the	
  3.900m	
  sample.	
  The	
  errors	
  of	
  the	
  viscosity	
  measurements	
  were	
  

determined	
  by	
  squaring	
  the	
  difference	
  between	
  the	
  actual	
  measurement	
  and	
  the	
  result	
  

from	
  the	
  regression	
  of	
  the	
  series.	
  For	
  the	
  3.900m	
  viscosity	
  sample,	
  the	
  deviation	
  squared	
  

was	
  as	
  high	
  as	
  2.87,	
  which	
  subsequently	
  impacted	
  the	
  error	
  propagation,	
  seen	
  in	
  Table	
  32.	
  

This	
  particular	
  sample	
  may	
  need	
  to	
  be	
  repeated	
  to	
  reduce	
  the	
  error.	
  However,	
  despite	
  the	
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error	
  being	
  higher	
  at	
  the	
  larger	
  concentration,	
  it	
  still	
  does	
  not	
  contribute	
  that	
  much	
  in	
  the	
  

error	
  propagation,	
  the	
  highest	
  error	
  being	
  ±	
  0.8Å.	
  The	
  fact	
  that	
  the	
  overall	
  uncertainty	
  isn’t	
  

significantly	
  large	
  supports	
  the	
  claim	
  that	
  the	
  data	
  measurements	
  likely	
  do	
  not	
  contribute	
  

significantly	
  to	
  unexpected	
  trends	
  in	
  the	
  hydrodynamic	
  radii	
  calculations.	
  

	
  

	
   As	
  mentioned	
  previously	
  in	
  the	
  introduction,	
  we	
  were	
  motivated	
  to	
  conduct	
  this	
  

study	
  by	
  Nathan	
  Scharf’s	
  findings.	
  In	
  his	
  research	
  it	
  was	
  observed	
  that	
  a	
  maximum	
  forms	
  in	
  

the	
  hydrodynamic	
  radii	
  of	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  in	
  CDCl3	
  at	
  a	
  seemingly	
  low	
  

concentration	
  of	
  about	
  0.1m.	
  This	
  unexpected	
  behavior	
  drove	
  us	
  to	
  investigate	
  other	
  binary	
  

systems	
  using	
  multiple	
  solvents	
  of	
  low	
  polarity.	
  We	
  did	
  this	
  in	
  order	
  to	
  see	
  if	
  there	
  is	
  a	
  

universal	
  trend	
  and	
  if	
  it	
  would	
  occur	
  at	
  similar	
  concentrations	
  in	
  other	
  binary	
  IL-­‐molecular	
  

solvent	
  systems.	
  

	
   All	
  of	
  the	
  raw	
  measurements	
  leading	
  up	
  to	
  the	
  analysis	
  seemed	
  to	
  fit	
  the	
  same	
  

trends	
  as	
  Scharf’s.	
  The	
  density	
  and	
  viscosity	
  measurements	
  all	
  made	
  sense	
  and	
  had	
  

relatively	
  low	
  uncertainties	
  (see	
  Tables	
  2-­‐16).	
  The	
  self-­‐diffusion	
  measurements	
  also	
  

seemed	
  to	
  be	
  reasonable,	
  although	
  with	
  higher	
  uncertainties,	
  as	
  also	
  evident	
  in	
  the	
  

activation	
  energy	
  graphs	
  (see	
  Tables	
  17-­‐21	
  and	
  Figures	
  38-­‐42).	
  There	
  were	
  some	
  

questionable	
  observations	
  however,	
  first	
  being	
  an	
  apparent	
  “disconnect”	
  in	
  the	
  raw	
  self-­‐

diffusion	
  data	
  for	
  certain	
  binary	
  systems.	
  This	
  led	
  us	
  to	
  question	
  the	
  labeled	
  

concentrations,	
  as	
  mentioned	
  in	
  the	
  Experimental	
  section	
  under	
  Concentration	
  Calibration	
  

of	
  NMR	
  Samples.	
  Overall	
  the	
  calibration	
  curve	
  corrected	
  the	
  disconnect	
  in	
  the	
  binary	
  

systems	
  containing	
  the	
  IL	
  [C6mim][NTf2].	
  However,	
  there	
  still	
  appears	
  to	
  be	
  a	
  “disconnect”	
  

in	
  the	
  [C4mim][NTf2]	
  diffusion	
  data	
  seen	
  in	
  Figure	
  15.	
  	
  Since	
  we	
  do	
  not	
  have	
  a	
  sample	
  series	
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of	
  confirmed	
  concentrations	
  to	
  use	
  for	
  a	
  calibration	
  of	
  this	
  IL,	
  the	
  binary	
  system	
  remained	
  

as	
  is,	
  but	
  may	
  be	
  warranted	
  of	
  similar	
  scrutiny	
  as	
  for	
  the	
  [C6mim][NTf2]	
  binary	
  systems.	
  	
  

	
   In	
  Scharf’s	
  experiments	
  he	
  explored	
  the	
  anion	
  self-­‐diffusion	
  measurements	
  more	
  

extensively	
  than	
  we	
  have	
  in	
  this	
  study.	
  However,	
  since	
  we	
  had	
  done	
  some	
  preliminary	
  radii	
  

calculations,	
  we	
  assumed	
  that	
  the	
  results	
  would	
  be	
  similar,	
  meaning	
  that	
  the	
  anion	
  and	
  

cation	
  have	
  similar,	
  if	
  not	
  nearly	
  identical,	
  self-­‐diffusion	
  coefficients.	
  To	
  save	
  on	
  time	
  we	
  

decided	
  to	
  investigate	
  one	
  temperature,	
  35oC,	
  which	
  every	
  binary	
  system	
  had	
  been	
  

measured	
  at	
  for	
  the	
  DOSY	
  experiments.	
  Overall	
  the	
  anion	
  self-­‐diffusion	
  coefficients	
  were	
  

very	
  similar	
  to	
  the	
  cation	
  coefficients,	
  with	
  percent	
  differences	
  ranging	
  between	
  -­‐7	
  -­‐	
  6%.	
  

However,	
  if	
  we	
  exclude	
  the	
  [C6mim][NTf2]	
  THF	
  system,	
  the	
  differences	
  were	
  between	
  -­‐1	
  -­‐	
  

2%.	
  This	
  led	
  us	
  to	
  believe	
  that	
  the	
  anion	
  and	
  cation	
  would	
  have	
  similar	
  coefficients	
  at	
  all	
  

temperatures	
  and	
  was	
  in	
  agreement	
  with	
  Scharf’s	
  conclusions	
  in	
  this	
  matter.	
  	
  

	
   The	
  hydrodynamic	
  radii	
  were	
  then	
  calculated	
  using	
  several	
  iterations	
  of	
  equations	
  1	
  

and	
  2.	
  There	
  was	
  more	
  scatter	
  than	
  had	
  been	
  anticipated	
  with	
  the	
  amount	
  of	
  calibrations	
  

and	
  error	
  checks	
  that	
  went	
  into	
  the	
  viscosity	
  and	
  self-­‐diffusion	
  measurements.	
  However,	
  

the	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  binary	
  system	
  perfectly	
  fit	
  our	
  anticipated	
  results.	
  The	
  

hydrodynamic	
  radii	
  show	
  little	
  to	
  no	
  scatter	
  and	
  formed	
  a	
  very	
  clear	
  maximum	
  at	
  every	
  

temperature,	
  all	
  at	
  about	
  0.1m,	
  the	
  same	
  as	
  Scharf’s	
  (Figure	
  31).	
  The	
  [C4mim][NTf2]in	
  

CD2Cl2	
  system	
  also	
  seemed	
  to	
  have	
  a	
  maximum	
  occurring	
  between	
  0.1	
  –	
  0.2m,	
  although	
  

more	
  scatter	
  is	
  present	
  (Figure	
  29).	
  The	
  scatter	
  could	
  be	
  due	
  to	
  the	
  uncertainty	
  in	
  the	
  

concentrations	
  in	
  the	
  samples	
  used	
  for	
  the	
  raw	
  self-­‐diffusion	
  measurements	
  mentioned	
  

before.	
  Even	
  the	
  [C2mim][NTf2]	
  in	
  CD2Cl2	
  seems	
  to	
  suggest	
  a	
  maximum	
  between	
  0.05	
  –	
  

0.2m,	
  although	
  there	
  is	
  significantly	
  more	
  scatter	
  (Figure	
  30)	
  which	
  makes	
  it	
  more	
  difficult	
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to	
  discern.	
  Overall	
  though	
  these	
  three	
  systems	
  appear	
  to	
  confirm	
  our	
  hypothesis	
  that	
  the	
  

occurrence	
  of	
  a	
  maximum	
  in	
  the	
  hydrodynamic	
  radii	
  will	
  occur	
  in	
  these	
  IL	
  and	
  solvent	
  

pairings	
  at	
  low	
  concentrations	
  of	
  IL.	
  	
  

	
   The	
  other	
  two	
  binary	
  systems,	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  and	
  [C6mim][NTf2]	
  in	
  THF-­‐

d8,	
  are	
  very	
  different	
  than	
  what	
  had	
  been	
  anticipated.	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  shows	
  too	
  

many	
  sharp	
  increases	
  and	
  decreases	
  in	
  radii	
  size	
  to	
  confirm	
  anything	
  about	
  the	
  formation	
  

of	
  a	
  maximum	
  (Figure	
  28).	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  also	
  shows	
  much	
  scatter	
  for	
  the	
  radii,	
  

but	
  almost	
  seems	
  to	
  continuously	
  decrease	
  in	
  size	
  with	
  no	
  suggestion	
  of	
  a	
  maximum	
  

(Figure	
  32).	
  There	
  were	
  no	
  obvious	
  reasons	
  as	
  to	
  why	
  these	
  two	
  binary	
  systems	
  in	
  

particular	
  would	
  not	
  follow	
  the	
  same	
  trend	
  of	
  forming	
  a	
  maximum	
  in	
  the	
  radii.	
  	
  

We	
  then	
  examined	
  the	
  chemical	
  shift	
  data	
  to	
  see	
  if	
  there	
  were	
  some	
  trends	
  similar	
  to	
  

what	
  Scharf	
  had	
  observed	
  in	
  his	
  work.	
  In	
  Scharf’s	
  work,	
  he	
  observed	
  that	
  the	
  H4	
  and	
  H5	
  

proton	
  chemical	
  shifts	
  moved	
  to	
  higher	
  values	
  with	
  increasing	
  concentration.	
  However,	
  the	
  

chemical	
  shifts	
  then	
  began	
  to	
  move	
  to	
  lower	
  values	
  once	
  more,	
  forming	
  a	
  maximum	
  around	
  

0.1m.	
  This	
  was	
  highly	
  reflective	
  of	
  the	
  behavior	
  in	
  the	
  hydrodynamic	
  radii.	
  By	
  examining	
  

the	
  proton	
  chemical	
  shifts	
  we	
  hoped	
  to	
  observe	
  trends	
  reflective	
  of	
  the	
  hydrodynamic	
  radii	
  

results.	
  As	
  described	
  in	
  the	
  Results	
  section	
  under	
  Chemical	
  Shift,	
  there	
  were	
  some	
  very	
  

similar	
  results.	
  Consider	
  the	
  radii	
  for	
  the	
  binary	
  system	
  containing	
  chlorobenzene	
  in	
  Figure	
  

31.	
  We	
  observe	
  a	
  very	
  clear	
  and	
  sharp	
  maximum	
  occurring	
  around	
  0.1m.	
  Many	
  of	
  the	
  

chemical	
  shifts	
  for	
  each	
  proton	
  appear	
  to	
  sharply	
  increase	
  downfield	
  until	
  ~0.1m.	
  The	
  

trend	
  then	
  becomes	
  broader	
  and	
  less	
  dramatic.	
  Figure	
  43	
  shows	
  an	
  example	
  of	
  these	
  

observations	
  for	
  the	
  H4	
  proton	
  in	
  the	
  chlorobenzene	
  binary	
  system.	
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Figure	
  43.	
  Chemical	
  Shift	
  vs	
  molality	
  (m)	
  for	
  the	
  H4	
  proton	
  in	
  [C6mim][NTf2]	
  
in	
  C6D5Cl.	
  
	
  

It	
  is	
  more	
  interesting,	
  however,	
  to	
  discuss	
  the	
  trends	
  in	
  the	
  two	
  questionable	
  binary	
  

systems,	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  and	
  [C6mim][NTf2]	
  in	
  THF-­‐d8.	
  In	
  the	
  [C6mim][NTf2]	
  in	
  

CD2Cl2	
  system,	
  there	
  was	
  some	
  scatter,	
  although	
  in	
  almost	
  every	
  case	
  the	
  scatter	
  was	
  from	
  

two	
  samples	
  in	
  particular,	
  concentrations	
  0.161m	
  and	
  0.350m.	
  In	
  Figure	
  44	
  we	
  can	
  see	
  an	
  

example	
  of	
  the	
  chemical	
  shift	
  plots	
  for	
  the	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  system.	
  The	
  two	
  data	
  

points	
  at	
  0.161m	
  and	
  0.350m	
  that	
  seem	
  to	
  be	
  outliers	
  in	
  the	
  chemical	
  shift	
  are	
  also	
  outliers	
  

in	
  the	
  hydrodynamic	
  radii	
  plot	
  in	
  Figure	
  28.	
  This	
  could	
  suggest	
  that	
  we	
  still	
  have	
  not	
  

corrected	
  these	
  concentrations	
  despite	
  our	
  attempts	
  through	
  the	
  integration	
  calibration	
  

curves.	
  Or	
  it	
  could	
  simply	
  suggest	
  that	
  this	
  binary	
  system	
  does	
  not	
  experience	
  the	
  trends	
  

that	
  we	
  thought	
  it	
  would,	
  assuming	
  results	
  similar	
  to	
  Scharf’s.	
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Figure	
  44.	
  Chemical	
  Shift	
  vs	
  molality	
  for	
  the	
  H4	
  proton	
  in	
  [C6mim][NTf2]	
  in	
  
CD2Cl2.	
  
	
  

On	
  the	
  other	
  hand,	
  the	
  proton	
  chemical	
  shifts	
  for	
  the	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  

system	
  show	
  very	
  striking	
  trends,	
  all	
  clear	
  and	
  with	
  limited	
  scatter.	
  Similar	
  to	
  the	
  trends	
  in	
  

the	
  chlorobenzene	
  binary	
  system,	
  the	
  chemical	
  shifts	
  in	
  the	
  THF	
  binary	
  system	
  appear	
  to	
  

show	
  a	
  sharper	
  increase	
  or	
  decrease	
  in	
  value	
  at	
  concentrations	
  below	
  ~0.2m,	
  but	
  then	
  

show	
  broader	
  trends	
  after	
  this	
  turning	
  point.	
  In	
  Figure	
  45	
  we	
  show	
  the	
  H6	
  proton	
  as	
  an	
  

example	
  of	
  these	
  trends.	
  Other	
  times	
  the	
  trend	
  seems	
  to	
  be	
  more	
  global,	
  as	
  in	
  Figure	
  46	
  

showing	
  the	
  H4	
  proton	
  chemical	
  shifts.	
  This	
  is	
  the	
  one	
  binary	
  system	
  whose	
  proton	
  

chemical	
  shifts	
  are	
  not	
  reflective	
  of	
  the	
  trends	
  in	
  the	
  hydrodynamic	
  radii	
  and	
  show	
  the	
  

clearest	
  disconnect	
  between	
  hydrodynamic	
  radii	
  and	
  proton	
  chemical	
  shift.	
  It	
  seems	
  to	
  

suggest	
  that	
  a	
  repetition	
  of	
  the	
  experiments	
  is	
  necessary	
  before	
  coming	
  to	
  a	
  conclusion	
  

about	
  the	
  trends	
  in	
  radii	
  size	
  for	
  the	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  binary	
  system.	
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Figure	
  45.	
  Chemical	
  Shift	
  vs	
  molality	
  for	
  the	
  H6	
  proton	
  in	
  [C6mim][NTf2]	
  in	
  
THF-­‐d8	
  

	
  

	
  

Figure	
  46.	
  Chemical	
  Shift	
  vs	
  molality	
  for	
  the	
  H4	
  proton	
  in	
  [C6mim][NTf2]	
  in	
  
THF-­‐d8	
  
	
  

We	
  also	
  evaluated	
  the	
  VE	
  for	
  each	
  binary	
  system	
  for	
  qualitative	
  information	
  on	
  

solute-­‐solvent	
  interactions.	
  	
  In	
  general,	
  a	
  negative	
  VE	
  indicates	
  that	
  when	
  the	
  IL	
  and	
  solvent	
  

are	
  combined,	
  there	
  are	
  attractive	
  forces	
  between	
  the	
  molecules,	
  causing	
  the	
  overall	
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solution	
  volume	
  to	
  contract,	
  or	
  be	
  smaller	
  than	
  the	
  mathematical	
  addition	
  of	
  the	
  volumes	
  of	
  

its	
  individual	
  components.	
  On	
  the	
  other	
  hand,	
  a	
  positive	
  VE	
  indicates	
  repulsive	
  forces	
  

between	
  the	
  molecules,	
  causing	
  a	
  larger	
  volume	
  than	
  the	
  mathematical	
  addition	
  of	
  its	
  

individual	
  components.	
  In	
  almost	
  all	
  of	
  the	
  binary	
  systems,	
  excluding	
  [C6mim][NTf2]	
  in	
  

THF,	
  the	
  VE	
  is	
  negative,	
  indicating	
  that	
  with	
  increasing	
  concentration	
  of	
  IL,	
  the	
  solution	
  

experiences	
  increased	
  levels	
  of	
  attractive	
  intermolecular	
  forces.	
  	
  

In	
  addition,	
  there	
  appears	
  to	
  be	
  some	
  temperature	
  dependence	
  amongst	
  the	
  

VE	
  data.	
  As	
  temperature	
  increases,	
  the	
  VE	
  increases	
  in	
  magnitude.	
  In	
  Scharf’s	
  paper	
  he	
  

commented	
  that	
  an	
  increase	
  in	
  temperature	
  may	
  make	
  it	
  easier	
  for	
  the	
  solvent	
  structure	
  to	
  

be	
  broken	
  apart,	
  allowing	
  the	
  solution	
  to	
  compact	
  more,	
  contributing	
  to	
  the	
  more	
  negative	
  

VE.9	
  There	
  is	
  one	
  exception	
  to	
  this	
  observed	
  trend	
  in	
  the	
  data.	
  In	
  Figure	
  34	
  with	
  

[C4mim][NTf2]	
  in	
  CH2Cl2,	
  at	
  35oC	
  we	
  see	
  that	
  the	
  VE	
  data	
  the	
  35oC	
  data	
  does	
  not	
  always	
  have	
  

the	
  largest	
  magnitude.	
  Occasionally,	
  the	
  30oC	
  data	
  has	
  a	
  larger	
  magnitude	
  within	
  the	
  

concentration	
  range.	
  If	
  the	
  density	
  measurements	
  were	
  repeated	
  for	
  this	
  particular	
  

temperature	
  for	
  [C4mim][NTf2]	
  in	
  CH2Cl2	
  at	
  35oC,	
  this	
  disparity	
  may	
  be	
  resolved.	
  	
  

Some	
  of	
  the	
  VE	
  data	
  does	
  not	
  closely	
  follow	
  the	
  fit	
  lines	
  however,	
  as	
  in	
  the	
  binary	
  

system	
  [C2mim][NTf2]	
  in	
  CH2Cl2	
  seen	
  in	
  Figure	
  35	
  for	
  example.	
  This	
  is	
  largely	
  due	
  to	
  the	
  

fact	
  that	
  the	
  uncertainty	
  of	
  VE	
  is	
  often	
  very	
  large,	
  sometimes	
  as	
  large	
  as	
  the	
  VE	
  values	
  

themselves.19	
  In	
  addition,	
  we	
  are	
  working	
  at	
  very	
  small	
  concentrations,	
  typically	
  no	
  more	
  

than	
  1.0m,	
  which	
  is	
  roughly	
  the	
  same	
  as	
  0.1	
  xIL.	
  This	
  concentration	
  range	
  has	
  the	
  largest	
  

uncertainty	
  as	
  VE	
  approaches	
  0	
  since	
  the	
  concentration	
  also	
  approaches	
  0.	
  Working	
  with	
  

concentrations	
  this	
  small	
  can	
  lead	
  to	
  higher	
  uncertainties,	
  especially	
  in	
  the	
  case	
  of	
  VE.	
  The	
  

errors	
  can	
  be	
  so	
  significant	
  because	
  when	
  calculating	
  the	
  VE	
  we	
  subtract	
  two	
  large	
  numbers	
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and	
  are	
  looking	
  at	
  very	
  minute	
  changes	
  typically.	
  As	
  we	
  approach	
  zero,	
  this	
  causes	
  even	
  

greater	
  uncertainty	
  since	
  the	
  two	
  values	
  being	
  subtracted	
  are	
  very	
  similar.	
  Although	
  we	
  are	
  

using	
  VE	
  to	
  check	
  the	
  quality	
  of	
  the	
  data,	
  due	
  to	
  high	
  levels	
  of	
  uncertainty	
  always	
  present	
  in	
  

any	
  VE	
  calculations,	
  it	
  is	
  difficult	
  to	
  say	
  if	
  this	
  is	
  a	
  red	
  flag	
  for	
  the	
  [C2mim][NTf2]	
  in	
  CH2Cl2	
  

binary	
  system.	
  However,	
  it	
  could	
  be	
  due	
  to	
  the	
  density	
  measurements	
  themselves,	
  since	
  the	
  

calculated	
  uncertainties	
  for	
  each	
  measurement	
  were	
  not	
  all	
  within	
  the	
  allowance	
  of	
  the	
  

instrument,	
  as	
  seen	
  in	
  Table	
  4.	
  Therefore,	
  it	
  is	
  a	
  possibility	
  that	
  the	
  slightly	
  higher	
  errors	
  of	
  

the	
  density	
  measurements	
  are	
  contributing	
  to	
  the	
  lack	
  of	
  proper	
  fit	
  from	
  the	
  regressions	
  as	
  

seen	
  in	
  Figure	
  35.	
  

	
  

4.2.	
  Activation	
  Energy	
  

We	
  looked	
  into	
  the	
  activation	
  energy	
  because	
  of	
  an	
  interesting	
  trend	
  seen	
  in	
  David	
  

Saeva’s	
  measurements	
  for	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  in	
  CD3Cl.	
  Saeva	
  worked	
  with	
  a	
  

larger	
  concentration	
  range	
  at	
  higher	
  concentrations	
  than	
  Scharf.	
  In	
  Saeva’s	
  previously	
  

unpublished	
  work,	
  seen	
  in	
  Figure	
  47,	
  we	
  show	
  the	
  EA	
  values	
  calculated	
  from	
  the	
  cation,	
  

anion,	
  and	
  fluidity	
  from	
  Scharf	
  and	
  David	
  Saeva’s	
  unpublished	
  measurements	
  at	
  larger	
  

concentrations	
  of	
  the	
  binary	
  system	
  [C6mim][NTf2]	
  in	
  CD3Cl.	
  The	
  regression	
  lines	
  appear	
  to	
  

all	
  be	
  parallel	
  and	
  are	
  all	
  relatively	
  similar	
  in	
  value.	
  Upon	
  witnessing	
  these	
  linear	
  trends,	
  it	
  

was	
  realized	
  that	
  this	
  information	
  would	
  be	
  highly	
  beneficial	
  for	
  those	
  seeking	
  to	
  know	
  an	
  

approximate	
  EA	
  at	
  any	
  given	
  concentration	
  for	
  a	
  binary	
  system	
  without	
  needing	
  to	
  perform	
  

as	
  many	
  measurements.	
  Since	
  the	
  trend	
  is	
  linear,	
  it	
  would	
  be	
  possible	
  to	
  find	
  the	
  EA	
  at	
  a	
  few	
  

concentrations,	
  some	
  at	
  low	
  and	
  some	
  at	
  high	
  concentrations	
  of	
  IL	
  and	
  construct	
  a	
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regression	
  for	
  these	
  data	
  points.	
  For	
  this	
  reason	
  we	
  investigated	
  the	
  EA	
  for	
  the	
  binary	
  

systems	
  of	
  this	
  thesis.	
  

	
  

	
  

Figure	
  47.	
  Activation	
  energy	
  (EA)	
  vs	
  mole	
  fraction	
  (xIL)	
  of	
  [C6mim][NTf2]	
  in	
  
CD3Cl.	
  EA	
  calculated	
  from	
  anion	
  diffusion	
  (◊);	
  EA	
  calculated	
  from	
  D+	
  (□);	
  EA	
  
calculated	
  from	
  !

!
	
  (Δ).	
  Measurements	
  and	
  calculations	
  for	
  this	
  system	
  have	
  

not	
  been	
  published	
  previously	
  by	
  Saeva.	
  
	
  

Overall,	
  we	
  do	
  observe	
  similarly	
  linear	
  trends	
  in	
  the	
  other	
  IL	
  and	
  solvent	
  pairings	
  

when	
  the	
  IL	
  is	
  plotted	
  using	
  xIL.	
  However,	
  we	
  also	
  observed	
  some	
  other	
  interesting	
  trends.	
  

In	
  Figure	
  40	
  and	
  41,	
  showing	
  [C2mim][NTf2]	
  in	
  CD2Cl2	
  and	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  

respectively,	
  we	
  make	
  note	
  that	
  although	
  the	
  EA	
  calculated	
  from	
  D+	
  is	
  relatively	
  linear,	
  the	
  

EA	
  calculated	
  from	
  !!	
  fits	
  a	
  quadratic	
  curve	
  far	
  better	
  than	
  a	
  linear	
  trend.	
  There	
  is	
  some	
  

scatter	
  in	
  the	
  EA	
  calculated	
  from	
  D+	
  and	
  the	
  concentrations	
  are	
  all	
  very	
  similar	
  when	
  in	
  

units	
  of	
  mole	
  fraction,	
  so	
  it	
  is	
  difficult	
  to	
  say	
  if	
  these	
  are	
  in	
  fact	
  completely	
  linear,	
  or	
  

possibly	
  a	
  different	
  trend	
  at	
  concentrations	
  approaching	
  to	
  zero.	
  In	
  Scharf’s	
  work	
  it	
  was	
  

noted	
  that	
  the	
  trends	
  were	
  more	
  linear	
  when	
  plotted	
  against	
  mass	
  fraction.	
  However,	
  when	
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plotting	
  the	
  data	
  from	
  this	
  thesis	
  using	
  mass	
  fraction,	
  the	
  linearity	
  did	
  not	
  improve	
  

dramatically.	
  It	
  would	
  be	
  interesting	
  to	
  explore	
  these	
  two	
  systems	
  in	
  a	
  larger	
  concentration	
  

range,	
  perhaps	
  spanning	
  completely	
  from	
  0	
  –	
  1	
  xIL	
  in	
  order	
  to	
  elucidate	
  the	
  trends	
  in	
  EA.	
  	
  

	
   Without	
  exploring	
  a	
  wider	
  concentration	
  range	
  for	
  these	
  binary	
  systems,	
  we	
  cannot	
  

conclude	
  if	
  there	
  is	
  in	
  fact	
  a	
  universal	
  trend	
  in	
  EA.	
  There	
  does	
  appear	
  to	
  be	
  some	
  suggestion	
  

of	
  it	
  if	
  we	
  observe	
  Figures	
  38,	
  39,	
  and	
  42,	
  all	
  of	
  which	
  display	
  relatively	
  linear	
  trends	
  in	
  EA	
  

calculated	
  from	
  both	
  !
!
	
  and	
  D+	
  measurements.	
  However,	
  the	
  quadratic	
  EA	
  curves	
  seen	
  in	
  

Figures	
  40and	
  41	
  for	
  the	
  EA	
  calculated	
  from	
  !!	
  are	
  in	
  opposition	
  of	
  a	
  universal	
  trend	
  at	
  this	
  

point	
  in	
  time.	
  	
  

	
  

5.	
  CONCLUSION	
  

	
  

	
   In	
  this	
  study	
  we	
  have	
  investigated	
  the	
  aggregation	
  properties	
  of	
  five	
  binary	
  systems	
  

of	
  IL	
  and	
  low	
  polarity	
  solvent.	
  Specifically,	
  the	
  hydrodynamic	
  radii	
  of	
  the	
  binary	
  systems	
  

was	
  calculated	
  and	
  inspected	
  for	
  the	
  unusual	
  occurrence	
  of	
  a	
  maximum	
  at	
  low	
  

concentrations,	
  which	
  was	
  originally	
  observed	
  in	
  Nathan	
  Scharf’s	
  work	
  with	
  chloroform	
  

and	
  [C6mim][NTf2].	
  We	
  originally	
  predicted	
  that	
  all	
  of	
  the	
  binary	
  systems	
  would	
  exhibit	
  a	
  

maximum	
  at	
  low	
  concentrations	
  of	
  IL,	
  but	
  perhaps	
  shifted	
  slightly	
  in	
  xIL	
  value	
  due	
  to	
  the	
  

type	
  of	
  solvent.	
  We	
  independently	
  measured	
  viscosity,	
  density,	
  and	
  self-­‐diffusion	
  

coefficients	
  and	
  found	
  some	
  interesting	
  results.	
  [C4mim][NTf2]	
  in	
  CD2Cl2,	
  [C2mim][NTf2]	
  in	
  

CD2Cl2,	
  and	
  [C6mim][NTf2]	
  in	
  C6D5Cl	
  all	
  formed	
  a	
  maximum	
  around	
  0.1m,	
  just	
  like	
  Scharf’s	
  

binary	
  system.	
  The	
  other	
  two	
  systems,	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  and	
  [C6mim][NTf2]	
  in	
  THF-­‐
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d8,	
  do	
  not	
  exhibit	
  such	
  trends.	
  At	
  first,	
  we	
  assumed	
  some	
  sort	
  of	
  calculation	
  or	
  

measurement	
  uncertainty	
  occurred	
  due	
  to	
  the	
  fact	
  that	
  the	
  data	
  looks	
  like	
  it	
  has	
  a	
  lot	
  of	
  

scatter.	
  Error	
  calculations	
  did	
  not	
  support	
  the	
  idea	
  that	
  there	
  were	
  significant	
  outliers,	
  

however.	
  The	
  excess	
  molar	
  volumes	
  were	
  investigated	
  as	
  well	
  to	
  check	
  quality	
  of	
  the	
  

density	
  data	
  set.	
  Here	
  there	
  is	
  some	
  evidence	
  that	
  the	
  [C6mim][NTf2]	
  in	
  THF-­‐d8	
  binary	
  

system	
  may	
  not	
  have	
  high	
  accuracy.	
  The	
  chemical	
  shifts	
  of	
  the	
  individual	
  protons	
  within	
  a	
  

series	
  were	
  investigated	
  as	
  well	
  since	
  the	
  trends	
  in	
  chemical	
  shift	
  seem	
  to	
  reflect	
  the	
  trends	
  

in	
  the	
  hydrodynamic	
  radii.	
  For	
  [C6mim][NTf2]	
  in	
  THF-­‐d8,	
  there	
  is	
  a	
  clear	
  disconnect	
  

between	
  chemical	
  shift	
  and	
  radii.	
  The	
  chemical	
  shifts	
  show	
  many	
  distinct	
  trends,	
  whereas	
  

the	
  hydrodynamic	
  radii	
  don’t	
  even	
  suggest	
  a	
  maximum	
  and	
  appear	
  to	
  be	
  overall	
  

decreasing.	
  On	
  the	
  other	
  hand,	
  the	
  chemical	
  shifts	
  of	
  [C6mim][NTf2]	
  in	
  CD2Cl2	
  appear	
  to	
  

show	
  the	
  same	
  amount	
  of	
  scatter	
  as	
  the	
  hydrodynamic	
  radii.	
  To	
  confirm	
  any	
  suspicions	
  on	
  

the	
  accuracy	
  of	
  data,	
  repeated	
  trials	
  will	
  need	
  to	
  be	
  performed	
  and	
  compared	
  to	
  the	
  results	
  

of	
  this	
  study.	
  	
  

	
   Lastly,	
  the	
  activation	
  energy	
  of	
  each	
  binary	
  system	
  was	
  also	
  calculated	
  in	
  order	
  to	
  

see	
  if	
  there	
  is	
  a	
  universal	
  trend	
  amongst	
  the	
  activation	
  energies.	
  Most	
  of	
  the	
  systems	
  do	
  

support	
  the	
  idea	
  that	
  the	
  activation	
  energies	
  form	
  a	
  linear	
  trend,	
  meaning	
  that	
  as	
  long	
  as	
  a	
  

few	
  concentrations	
  of	
  a	
  sample	
  are	
  prepared	
  and	
  either	
  the	
  self-­‐diffusion	
  coefficients	
  are	
  

measured	
  or	
  the	
  fluidity,	
  a	
  regression	
  can	
  be	
  prepared	
  and	
  used	
  to	
  have	
  a	
  quick	
  idea	
  of	
  

what	
  the	
  activation	
  energy	
  will	
  be	
  at	
  a	
  different	
  concentration.	
  However,	
  the	
  [C6mim][NTf2]	
  

in	
  C6D5Cl	
  and	
  [C2mim][NTf2]	
  in	
  CD2Cl2	
  systems	
  have	
  trends	
  that	
  appear	
  to	
  be	
  more	
  

quadratic	
  when	
  calculated	
  from	
  fluidity.	
  Only	
  these	
  two	
  systems	
  display	
  such	
  a	
  trend	
  and	
  

may	
  need	
  to	
  be	
  investigated	
  further	
  before	
  confirming	
  a	
  universally	
  linear	
  trend.	
  Overall,	
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there	
  does	
  seem	
  to	
  be	
  suggestion	
  of	
  a	
  universal	
  linear	
  trend	
  in	
  activation	
  energy	
  for	
  these	
  

binary	
  IL-­‐molecular	
  solvent	
  systems.	
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