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Summary	
  

Two	
  macrocycles	
  containing	
  six	
  decylalkoxy	
  or	
  decylalkoxy	
  cyanobiphenyl	
  chains	
  symmetrically	
  distributed	
  around	
  a	
  18-­‐

diaza-­‐crown	
  ether	
  core	
  have	
  been	
  prepared.	
  The	
  one	
  with	
  decylalkoxy	
  cyanobiphenyl	
  chains,	
  and	
  their	
  adducts	
  with	
  KI,	
  

K2[PtCl4],	
  K[AuCl4],	
  ½	
  K[AuCl4],	
  K4[Fe(CN)6]	
  or	
  LiI	
  	
  for	
  the	
  second	
  macrocycle,	
  are	
  enantiotropic	
  liquid	
  crystals	
  that	
  display	
  a	
  

nematic	
  mesophase	
  with	
  melting	
  points	
   in	
   the	
   range	
  16.7-­‐29.5	
   oC	
  and	
  clearing	
  points	
   in	
   the	
   range	
  86.4	
   to	
  98.7	
   oC.	
  The	
  

dielectric	
  permittivity	
  of	
  the	
  complexes	
  has	
  been	
  determined	
  by	
  impedance	
  spectroscopy	
  in	
  the	
  solid,	
   in	
  the	
  mesophase	
  

and	
  in	
  the	
  isotropic	
  liquid	
  state,	
  under	
  variable	
  temperature	
  between	
  160	
  K	
  and	
  390	
  K.	
  The	
  equivalent	
  ionic	
  conductivity	
  of	
  

these	
  mesogens	
  in	
  their	
  natural	
  non-­‐aligned	
  mesophases	
  and	
  as	
  isotropic	
  liquids	
  are	
  in	
  the	
  range	
  4.01	
  x	
  10-­‐7	
  to	
  9.67	
  x	
  10-­‐10	
  

Scm-­‐1	
  at	
  350K,	
  and	
  in	
  the	
  range	
  2.02	
  x	
  10-­‐6	
  to	
  1.64	
  x	
  10-­‐8	
  Scm-­‐1	
  at	
  390K.	
  The	
  maximum	
  conductivity	
  values	
  are	
  obtained	
  for	
  

the	
  LiI	
  derivative	
  (4.01	
  x	
  10-­‐7	
  Scm-­‐1	
  at	
  350K	
  and	
  2.02	
  x	
  10-­‐6	
  Scm-­‐1	
  at	
  390K)	
  with	
  an	
  activation	
  energy	
  of	
  0.74	
  eV.	
  Interestingly,	
  

the	
   conductivity	
   in	
   the	
  mesophase	
   for	
   the	
   compound	
  with	
  ½	
   K[AuCl4]	
   (diaza-­‐crown-­‐ether:AuK	
   =	
   2:1)	
   is	
   about	
   20	
   times	
  

higher	
  than	
  for	
  K[AuCl4]	
  (diaza-­‐crown-­‐ether:AuK	
  =	
  2:1),	
  which	
  supports	
  that	
  the	
  presence	
  of	
  vacant	
  diaza-­‐crown-­‐ether	
  sites	
  

in	
  the	
  mesogen	
  improves	
  the	
  conductivity	
  for	
  K+.	
  A	
  model	
  of	
  ionic	
  conductivity	
  by	
  K+	
  or	
  Li+	
  charge	
  carriers	
  explaining	
  the	
  

experimental	
  results	
  as	
  well	
  as	
  the	
  effect	
  of	
  the	
  counteranions	
  is	
  proposed.	
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Introduction	
  

Ionic	
   liquids	
   (ILs)	
   are	
   usually	
   defined	
   as	
   salts	
   with	
   melting	
  
points	
  below	
  100	
  oC.	
  They	
  can	
  display	
  properties	
  such	
  as	
  good	
  
thermal	
  stability,	
   low	
  vapour	
  pressure,	
  wide	
   liquid	
  range,	
  and	
  
ionic	
  conductivity.1	
  ILs	
  find	
  use	
  in	
  many	
  fields,	
  from	
  solvents	
  in	
  
green	
   chemistry	
   to	
   energy	
   storage	
   and	
   conversion	
   in	
  
batteries.2	
   Ionic	
   liquid	
   crystals	
   (ILCs)	
   are	
   materials	
   that	
  
combine	
   the	
   properties	
   of	
   ILs	
   with	
   those	
   of	
   liquid	
   crystals	
  
(LCs):	
  some	
  order,	
  anisotropy,	
  easy	
  processing,	
  spontaneously	
  
self-­‐assembling,	
   and	
   self-­‐healing	
   abilities.3	
   ILCs	
   have	
   been	
  
studied	
   as	
   anisotropic	
   ion-­‐conductive	
   materials	
   due	
   to	
   their	
  
anisotropic	
  structural	
  organisation	
  and	
  the	
  presence	
  of	
  ions	
  as	
  
charge	
   carriers.	
   The	
   long	
   alkyl	
   chains	
   typical	
   of	
   mesogenic	
  
molecules	
   can	
   act	
   as	
   insulating	
   layers	
   in	
   ion	
   conductive	
  
materials.	
   Nonetheless	
   ILCs	
   are	
   promising	
   materials	
   for	
  
molecular	
   electronics,	
   batteries,	
   fuel	
   cells,	
   and	
   capacitors.4	
  
Other	
   applications	
   have	
   been	
   proposed	
   in	
   the	
   fields	
   of	
  

electrochromic	
   or	
   photoluminescent	
   materials,	
   and	
   as	
  
organised	
  media	
  for	
  gas	
  adsorption	
  and	
  chemical	
  reactions.5	
  
Solubilizing	
  the	
   low	
  cost	
  potassium-­‐ion	
  in	
  non-­‐aqueous	
  media	
  
is	
   a	
   requirement	
   for	
   the	
   development	
   of	
   sustainable	
   energy	
  
storage	
  technology.6	
  Pedersen	
  reported	
   in	
  1967	
  crown	
  ethers	
  
as	
  macrocyclic	
  ligands	
  in	
  which	
  the	
  cavity	
  size	
  and	
  the	
  number	
  
of	
  donor	
  atoms	
  can	
  be	
  tuned	
  to	
  accommodate	
  different	
  metal	
  
cations	
   and	
   solubilise	
   them	
   in	
   non-­‐polar	
   organic	
   solvents.7	
  
There	
  are	
  many	
  studies	
  on	
  thermotropic	
  LCs	
  containing	
  crown	
  
ethers	
   that	
   coordinate	
  alkali	
  metal	
   ions.8	
   Forming	
   the	
   cation-­‐
crown	
   adduct	
   changes,	
   sometimes	
   very	
   notably,	
   the	
   LC	
  
behaviour	
   of	
   the	
   original	
   material.	
   For	
   instance,	
   the	
  
introduction	
  of	
   alkali	
   salts	
   can	
   generate	
  mesomorphism	
   from	
  
non-­‐mesomorphic	
   compounds	
   or	
   induce	
   the	
   formation	
   of	
  
more	
   ordered	
   phases.	
   In	
   other	
   cases,	
   only	
   the	
   mesophase	
  
range	
   changes,	
   or	
   it	
   is	
   lost.9,10	
   The	
   counteranion	
   can	
   be	
   very	
  
relevant,	
   and	
   soft	
   anions	
   have	
   been	
   reported	
   to	
   stabilise	
  
significantly	
  the	
  mesophases.11

Cation-­‐induced	
   aggregation/disaggregation	
   processes	
   in	
   RhI	
  
metal	
   complexes	
   with	
   ligands	
   bearing	
   crown	
   ethers	
   have	
  
allowed	
   for	
   the	
   modulation	
   or	
   induction	
   of	
   RhI·∙·∙·∙RhI	
  
interactions,	
   with	
   spectral	
   responses	
   that	
   could	
   be	
   used	
   for	
  
colorimetric	
  and	
  luminescent	
  cation	
  sensing.12	
  
In	
   this	
  paper,	
  we	
   report	
   the	
  synthesis	
  and	
  characterization	
  of	
  
neutral	
   symmetric	
   macrocycles	
   formed	
   by	
   a	
   18-­‐diaza-­‐crown	
  
ether	
  core	
  and	
  two	
  aryl	
  groups,	
  affording	
  altogether	
  six	
  alkoxy	
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lateral	
   substituents,	
   and	
   their	
   use	
   as	
   ligands	
   able	
   to	
   trap	
  
potassium	
   cations	
   producing	
   ionic	
   macrocycles	
   with	
   ILC	
  
behaviour.	
   These	
   hybrid	
   materials	
   are	
   soluble	
   in	
   organic	
  
solvents,	
  and	
  show	
  ionic	
  conductivity	
   in	
  the	
  solid	
  state,	
   in	
  the	
  
mesophase,	
   and	
   in	
   the	
   isotropic	
   liquid.	
   Using	
   similar	
   diaza-­‐
crown	
   ether	
   cores,	
   organic-­‐metal	
   cluster	
   hybrids	
   with	
   liquid	
  
crystalline	
   behaviour,	
   named	
   clustomesogens,	
   have	
   been	
  
recently	
  published.13,14	
  

Results	
  and	
  discussion	
  

Synthesis	
  and	
  structural	
  characterization	
  

Literature	
  methods	
  were	
  used	
  to	
  prepare	
  the	
  neutral	
  macrocycles	
  1	
  
and	
   2	
   (Figure	
   1),14a,15	
   containing	
   six	
   decylalkoxy	
   (R1)	
   or	
   p-­‐
cyanobiphenyl	
  decylalkoxy	
  (R2)	
  chains.	
  Macrocycles	
  1	
  and	
  2	
  are	
  air–
stable	
   orange	
   or,	
   respectively,	
   yellow	
   solids	
   at	
   room	
   temperature	
  
and	
   were	
   characterised	
   by	
   elemental	
   analysis,	
   IR	
   and	
   NMR	
  
spectroscopy.	
  The	
  1H	
  NMR	
  spectra	
  display	
  the	
  signals	
  corresponding	
  
to	
  aromatic	
  protons	
  (a	
  singlet	
  at	
  6.57	
  ppm)	
  and,	
  for	
  2,	
  the	
  biphenyl	
  
protons	
   (two	
   AA’BB’	
   spin	
   system)	
   partially	
   overlapped	
   as	
   three	
  
complex	
  signals	
  centred	
  in	
  the	
  range	
  7.6–7.0	
  ppm.16	
  The	
  resonances	
  
due	
   to	
   the	
   diaza-­‐crown	
   ether	
   methylenes	
   appear	
   as	
   multiplets	
  
centred	
   around	
   3.80	
   (N-­‐CH2)	
   and	
   3.60	
   (O-­‐CH2)	
   ppm.	
  Mass	
   spectra	
  
(MALDI-­‐TOF)	
  show	
  the	
  parent	
  peak	
  for	
  each	
  macrocycle.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  1.	
  Macrocycles	
  1	
  and	
  2.	
  	
  

	
  
The	
  18-­‐crown	
  ether	
  cavity	
  in	
  the	
  macrocycles	
  fits	
  well	
  the	
  size	
  
of	
  K+,	
  and	
  reaction	
  of	
  these	
  macrocycles	
  with	
  potassium	
  salts,	
  
leads	
   to	
   the	
   corresponding	
   host-­‐guest	
   complexes.	
   Potassium	
  
salts	
   with	
   different	
   counteranions	
   were	
   made	
   (Scheme	
   1)	
   in	
  
order	
   to	
   study	
   possible	
   changes	
   in	
   liquid	
   crystal,	
   permittivity	
  
and	
  ionic	
  conductivity	
  behaviour.	
  Macrocycle	
  1	
  was	
  combined	
  
with	
  KI,	
  a	
  salt	
  typically	
  used	
   in	
  electrolytes,	
  and	
  with	
  K2[PtCl4]	
  
but	
  the	
  lack	
  of	
  liquid	
  crystal	
  behaviour	
  of	
  the	
  two	
  compounds	
  
moved	
   us	
   to	
   concentrate	
   on	
   macrocycle	
   2,	
   which	
   produced	
  
liquid	
   crystals	
   in	
   all	
   cases	
   studied.	
   Thus,	
   the	
   presence	
   of	
   the	
  
cyanobiphenyl	
   groups	
   is	
   crucial	
   for	
   the	
   mesomorphic	
  
behaviour.	
   Salts	
   KI,	
   K2[PtCl4],	
   K[AuCl4],	
   and	
   K4[Fe(CN)6]	
   were	
  
used	
   to	
   compare	
   different	
   cation/anion	
   stoichiometries	
   1:1,	
  
2:1	
   and	
   4:1.	
   Additionally,	
   a	
   50%	
   defect	
   of	
   K[AuCl4]	
   in	
   2d	
  
allowed	
   us	
   to	
   measure	
   the	
   effect	
   of	
   the	
   presence	
   of	
   non	
  
coordinated	
  crown	
  ethers	
  on	
  the	
  ionic	
  conductivity.	
  Finally,	
  1:1	
  
LiI	
  was	
  also	
  used	
  in	
  2f	
  to	
  compare	
  with	
  KI	
  and	
  see	
  the	
  effect	
  of	
  
the	
  cation.	
  	
  
	
  

	
  

Scheme	
  1.	
  i)	
  KI	
  (2a),	
  K2	
  [PtCl4]	
  (2b),	
  K[AuCl4](2c),	
  ½	
  K[AuCl4]	
  (2d),	
  K4[Fe(CN)6]	
  (2e)	
  
or	
  LiI	
  (2f).	
  

	
  
Compounds	
   2a-­‐f	
   are	
   air–stable	
   solids	
   at	
   room	
   temperature	
  
and	
  were	
  characterised	
  (as	
  well	
  as	
  1a-­‐b)	
  by	
  elemental	
  analysis,	
  
IR,	
   and	
   1H	
  NMR	
   spectroscopy.	
   The	
   IR	
   and	
   1H	
  NMR	
   spectra	
  of	
  
the	
  complexes	
  are	
  nearly	
  identical	
  to	
  their	
  parent	
  macrocycle.	
  
Mass	
   spectra	
   show	
   the	
  parent	
  peak	
   for	
  each	
  cationic	
  adduct,	
  
although	
  mixed	
  with	
  peaks	
  for	
  the	
  protonated	
  macrocycle	
  and	
  
for	
  the	
  corresponding	
  sodium	
  adduct.	
  The	
  latter	
  are	
  due	
  to	
  the	
  
substrate	
   used	
   to	
   run	
   the	
   MALDI-­‐TOFF	
   experiments,	
   as	
  
reported	
  for	
  similar	
  compounds	
  with	
  the	
  same	
  technique.11c	
  
	
  

Thermal	
  and	
  mesomorphic	
  behaviour	
  of	
  the	
  compounds	
  

Macrocycle	
  1	
   and	
   its	
  1a	
  and	
  1b	
   adducts	
   are	
  waxy	
   solids	
   that	
  
melt	
   to	
   an	
   isotropic	
   liquid	
   at	
   around	
   50	
   oC.	
   However,	
  
macrocycle	
   2	
   and	
   its	
   adducts	
   (compounds	
   2a-­‐2f)	
   show	
  
enantiotropic	
  liquid	
  crystal	
  properties	
  followed,	
  on	
  cooling,	
  by	
  
a	
   glass	
   transition,	
  which	
   is	
  maintained	
   in	
   the	
   second	
  heating.	
  
The	
   mesomorphic	
   properties	
   of	
   2-­‐2f	
   were	
   studied	
   by	
  
differential	
   scanning	
   calorimetry	
   (DSC)	
   and	
   polarised	
   optical	
  
microscopy	
   (POM).	
   The	
   formation	
   of	
   nematic	
   mesophases	
  
upon	
  heating	
  and	
  cooling	
  (Figure	
  2)	
   is	
   in	
  coincidence	
  with	
  the	
  
results	
  reported	
  for	
  the	
  same	
  macrocycles	
  but	
  with	
  n	
  =	
  3	
  or	
  9,	
  
instead	
  of	
  10.13	
  

	
  

Figure	
   2.	
   Polarising	
   optical	
   microscopy	
   photographs	
   recorded	
   on	
   cooling	
   from	
  
the	
  isotropic	
  phase	
  for	
  compound	
  2	
  at	
  90oC	
  (left),	
  and	
  for	
  2a	
  at	
  67	
  °C	
  (right).	
  	
  

The	
  phase	
  transition	
  temperatures	
  of	
  2-­‐2f	
  and	
  their	
  associated	
  
enthalpy	
   data	
   are	
   summarised	
   in	
   Table	
   1.	
   They	
   melt	
   in	
   the	
  
range	
  16.7–29.5	
  oC	
  to	
  a	
  nematic	
   (N)	
  phase,	
  and	
  their	
  clearing	
  
temperatures	
   are	
   in	
   the	
   range	
   86.4–98.7	
   oC.	
   Therefore,	
   they	
  
are	
   thermotropic	
   liquid	
   crystals	
   at	
   temperatures	
   close	
   to	
  
ambient,	
  and	
  in	
  broad	
  temperature	
  ranges	
  (around	
  70	
  oC).	
  The	
  
melting	
   and	
   clearing	
  points	
   are	
  quite	
   similar	
   for	
   compound	
  2	
  
and	
  its	
  potassium	
  adducts	
  (less	
  than	
  5	
  oC	
  difference),	
  while	
  for	
  
the	
  lithium	
  adduct	
  they	
  are	
  around	
  10	
  oC	
  lower	
  than	
  for	
  2.	
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Table	
  1.	
  Optical,	
  thermal,	
  and	
  thermodynamic	
  data	
  of	
  2	
  and	
  its	
  2a-­‐2f	
  adducts.	
  	
  

Comp.	
   Transitionsa	
  
Tb	
  [°C]	
   ΔCp

b	
  
(kJ/g.	
  oC)	
  

ΔHcb	
  	
  
(kJ/mol)	
  

2	
  

	
  

g→N	
  

N→I	
  

30.0	
  

(89.0)	
  98.8	
  

-­‐0.43	
   -­‐	
  

9.82	
  

2a	
  

	
  

g→N	
  

N→I	
  

27.2	
  

(84.4)	
  94.8	
  

-­‐0.35	
   -­‐	
  

11.11	
  

2b	
  
g→N	
  

N→I	
  

25.1	
  

(83.6)	
  93.0	
  

-­‐0.41	
  

	
  

-­‐	
  

22.86	
  

2c	
  

	
  

g→N	
  

N→I	
  

29.4	
  

(95.6)	
  98.6	
  

-­‐0.51	
  

	
  

-­‐	
  

10.83	
  

2d	
  

	
  

g→N	
  

N→I	
  

26.5	
  

(87.4)	
  94.9	
  

-­‐0.23	
  

	
  

-­‐	
  

11.84	
  

2e	
  

	
  

g→N	
  

N→I	
  

27.7	
  

(84.2)	
  95.5	
  

-­‐0.45	
  

	
  

-­‐	
  

45.66	
  

2f	
  

	
  

g→N	
  

N→I	
  

16.7	
  

(ovl.)	
  86.4	
  

-­‐0.39	
  

	
  

-­‐	
  

9.68	
  
a	
   g	
   =	
   glass,	
  N	
  =	
  nematic	
  mesophase,	
   I	
   =	
   isotropic	
   liquid.	
   b	
  Data	
   taken	
   from	
   the	
  
second	
   heating	
   (onset	
   temperatures;	
  maximum	
   temperature	
   in	
   parenthesis	
   of	
  
the	
   transition	
   previous	
   to	
   clearing).	
   Heating	
   and	
   cooling	
   at	
   2	
   °C/min.	
   Ovl.	
   =	
  
overlapped.	
  See	
  text	
  for	
  the	
  value	
  in	
  parenthesis.	
  

All	
   the	
   compounds,	
   including	
   the	
   purely	
   organic	
   molecule	
   2,	
  
show	
  a	
  complexity	
  in	
  the	
  N→I	
  transition,	
  which	
  seems	
  to	
  occur	
  
in	
   two	
   steps	
   usually	
   separated	
   by	
   about	
   10	
   oC.	
   The	
   first	
  
transition	
  is	
   insinuated	
  only	
  subtly	
   in	
  POM	
  by	
  the	
  appearance	
  
of	
   some	
   ribs	
   in	
   the	
   texture.	
   However,	
   the	
   DSC	
   traces	
   reveal	
  
clearly	
   their	
   existence,	
   as	
   a	
   relatively	
   low	
   energy	
   transition	
  
preceding	
   the	
   real	
   clearing	
  point.	
   It	
   is	
  better	
  observed	
  on	
  2nd	
  
heating	
  and	
  cooling	
   (Figure	
  3)	
  and	
   is	
  more	
  or	
   less	
  overlapped	
  
with	
  the	
  clearing	
  peak,	
  depending	
  on	
  the	
  case.	
  	
  

	
  
Figure	
  3.	
  DSC	
  curve	
  for	
  compound	
  2d.	
  

The	
  initial	
  transition	
  is	
   indicated	
  in	
  Table	
  1	
  by	
  its	
  approximate	
  
transition	
  temperature	
  (maximum	
  of	
  the	
  peak)	
  in	
  parenthesis,	
  
preceding	
   the	
   clearing	
   temperature	
   (onset	
   point).	
   The	
  
calorimetric	
  data	
  cannot	
  be	
  assigned	
  separately	
  and	
  are	
  given	
  
for	
   the	
   sum	
  of	
   the	
   two	
   steps.	
   The	
   two	
   phenomena	
   detected	
  
calorimetrically	
  overlap	
  over	
  an	
  interval	
  of	
  about	
  20	
  oC,	
  which	
  
occurs	
  even	
  al	
  low	
  heating	
  ramps	
  of	
  2	
  oC/min.	
  	
  

Compounds	
   2a	
   and	
   2f	
   were	
   selected	
   for	
   powder	
   XRD	
  
experiments	
   at	
   variable	
   temperature,	
   in	
   order	
   to	
   assess	
   the	
  
molecular	
  arrangement	
   in	
  the	
  mesophase,	
  proposed	
  by	
  POM.	
  
XRD	
   experiments	
   between	
   25	
   °C	
   and	
   120	
   °C	
   show	
   patterns	
  
containing	
  broad	
  and	
  diffuse	
  scattering	
  halos,	
  consistent	
  with	
  
the	
   proposed	
   nematic	
   nature	
   of	
   all	
   the	
   samples	
   (see	
   Figures	
  
S14–S17	
   in	
   ESI).	
   In	
   the	
   best	
   cases	
   the	
   two-­‐step	
   clearing	
  
transition	
   can	
   be	
   guessed	
   from	
   the	
   appearance	
   of	
   some	
  
apparent	
   multi-­‐structure	
   in	
   the	
   skyline	
   of	
   the	
   otherwise	
  
monotonic	
  curve.	
  
Overall,	
  the	
  liquid	
  crystal	
  behaviour	
  seems	
  to	
  be	
  dominated	
  by	
  
the	
  biphenylnitrile	
  moieties	
  with	
  only	
  modest	
  influence	
  of	
  the	
  
metal	
   salts,	
   considering	
   that:	
   i)	
   1	
   and	
   1a,	
   lacking	
   these	
  
moieties,	
   are	
   not	
   mesogenic;	
   ii)	
   the	
   organic	
   substrate	
   2	
   and	
  
the	
  derivatives	
  with	
  K+	
  or	
  Li+	
  salts	
  show	
  very	
  similar	
  DSC	
  traces,	
  
including	
  the	
  two	
  step	
  clearing,	
   indicating	
  some	
  phenomenon	
  
that	
  is	
  generated	
  by	
  the	
  organic	
  molecule;	
  and	
  iii)	
  the	
  interval	
  
of	
   melting	
   and	
   clearing	
   points	
   for	
   the	
   whole	
   range	
   of	
  
compounds	
  is	
  relatively	
  narrow.	
  	
  
From	
   the	
   data,	
   lamellar	
   structures	
   defining	
   layers	
   are	
  
excluded.	
   Although	
   there	
   is	
   no	
   clear	
   evidence	
   to	
   decide	
  
whether	
   there	
   is	
  occasional	
  alignment	
  of	
  neighbouring	
  diazo-­‐
crown	
   moieties	
   with	
   some	
   ordering	
   defining	
   sort	
   range	
  
tunnels,	
   it	
   is	
   statistically	
   obvious	
   that	
   some	
   temporary	
  
coincidences	
   cannot	
   be	
   excluded	
   in	
   a	
   fluid	
   material.	
   On	
   the	
  
other	
  hand,	
  it	
  is	
  well	
  accepted	
  that	
  K+	
  has	
  the	
  correct	
  radius	
  to	
  
be	
   able	
   to	
   pass	
   through	
   the	
   hole	
   of	
   18-­‐crown-­‐6	
   (it	
   is	
  
coordinated	
  in	
  an	
  almost	
  planar	
  structure),17	
  what	
  we	
  assume	
  
also	
   as	
   possible	
   for	
   the	
   equivalent	
   diaza-­‐crown	
   ether	
   2.	
   All	
  
these	
  parameters	
  define	
   fuzzy	
   sceneries	
  of	
  possibilities	
   for	
  K+	
  
mobility	
  in	
  2a-­‐2f.	
  
	
  
Conductivity	
  measurements	
  	
  
The	
  dielectric	
  properties	
  of	
  compounds	
  2a-­‐2f	
  were	
  studied	
  by	
  
impedance	
  spectroscopy	
  in	
  the	
  solid,	
  18	
   in	
  the	
  mesophase	
  and	
  
in	
   the	
   isotropic	
   liquid	
   state,	
   under	
   variable	
   temperature	
  
between	
  160	
  K	
  and	
  390	
  K.	
  The	
  maximum	
  of	
  390	
  K	
  was	
  chosen	
  
slightly	
   over	
   the	
   clearing	
   point	
   where	
   the	
   mesophase/liquid	
  
phase	
  transition	
  of	
  the	
  ILCs	
  occurs.	
  The	
  minimum	
  of	
  160	
  K	
  was	
  
chosen	
  well	
  below	
  the	
  onset	
  of	
  any	
  measurable	
  conductivity.	
  
Figures	
  4a,b	
  show	
  the	
  data	
  for	
  compounds	
  2a	
   (KI)	
  and	
  2f	
   (LiI)	
  
in	
  the	
  notation	
  of	
  Z''	
  vs	
  Z'.	
  The	
  curves	
  show	
  a	
  fully	
  developed	
  
semicircle,	
  which	
   corresponds	
   to	
   the	
   charge	
   transport	
  within	
  
the	
  material.	
  At	
  the	
  right	
  side	
  of	
  the	
  fully	
  developed	
  semicircle,	
  
a	
   fairly	
   straight	
   line	
   (“pike”)	
   is	
   visible.	
   This	
   spectral	
   feature	
   is	
  
related	
   to	
   ionic	
   charge	
   carriers,	
   which	
   are	
   blocked	
   at	
   the	
  
interface	
   (IF)	
   between	
   the	
   sample	
   and	
   the	
   electrodes.	
   The	
  
ionic	
   charge	
   carriers	
   cannot	
   cross	
   the	
   interface	
   region	
   and	
  
move	
   into	
  the	
  metallic	
  electrodes;	
  only	
  electrons	
  could	
  do,	
   in	
  
case	
   there	
  was	
  electronic	
   conductivity,	
  which	
   is	
  not	
   the	
  case.	
  
Thus,	
   this	
   blocking	
   effect	
   is	
   a	
   hallmark	
   feature	
   of	
   the	
  
conductivity	
  observed	
  being	
  ionic.	
  It	
  appears	
  in	
  the	
  mesophase	
  
(350	
  K)	
   and	
   in	
   the	
   liquid	
   state	
   (390	
  K)	
  of	
  both	
   representative	
  
compounds	
   (2a	
   and	
   2f).	
   The	
   semicircles	
   in	
   each	
   spectrum,	
  
related	
   to	
   the	
   ionic	
   conductivity	
   within	
   the	
   material	
   are	
  
characterised	
   by	
   their	
   diameter,	
   which	
   corresponds	
   to	
   the	
  
resistance	
  of	
   the	
   ionic	
   charge	
   transport.	
   It	
   is	
  evident	
   that	
   the	
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ILC	
   2f,	
   based	
   on	
   lithium	
   iodide,	
   shows	
   a	
   considerably	
   lower	
  
resistance	
  (smaller	
  semicircle	
  diameter)	
  than	
  the	
  KI	
  compound	
  
2a.	
   Since	
   both	
   compounds	
   are	
   otherwise	
   identical	
   and	
   their	
  
long	
   range	
   order	
   is	
   equivalent,	
   this	
   difference	
   suggests	
  
considerably	
  higher	
  mobility	
  of	
   the	
  Li+	
   ion,	
   smaller	
   than	
   to	
  K+	
  
(cation	
  diameters:	
  Li+	
  =	
  1.46	
  Å,	
  K+	
  =	
  3.04	
  Å).9g	
  In	
  other	
  systems	
  
this	
  might	
  be	
  due	
  simply	
  to	
  steric	
  reasons:	
  smaller	
  size	
  leads	
  to	
  
lower	
   resistance.19	
   Sometimes	
   the	
   contrary	
   is	
   found,	
   in	
   some	
  
solvents	
   where	
   the	
   charge	
   carrier	
   density	
   and	
   mobility	
   are	
  
expected	
  to	
  be	
  higher	
  for	
  weaker	
  Lewis	
  acids	
  as	
  charge	
  carriers	
  
because	
  they	
  interact	
  more	
  weakly	
  with	
  the	
  solvent	
  molecules,	
  

as	
  is	
  the	
  case	
  potassium	
  versus	
  lithium	
  ions.20	
  In	
  our	
  system	
  it	
  
is	
   reasonable	
   to	
   assume	
   that	
   the	
  mobility	
   of	
   the	
   cation	
  must	
  
depend	
  on	
   the	
   retention	
  of	
   the	
  cation	
  by	
   the	
  18-­‐diaza-­‐crown	
  
ether,	
  which	
  depends	
  not	
  only	
  on	
  the	
  acidity	
  of	
  the	
  cation,	
  but	
  
mostly	
  on	
  a	
  good	
  size	
  match	
  between	
  the	
  18-­‐crown	
  ether	
  and	
  
the	
   cation	
   diameters	
   A	
   good	
   match	
   means	
   that	
   all	
   the	
  
heteroatoms	
   in	
   the	
   crown	
   can	
   interact	
   with	
   the	
   cation,	
  
providing	
   a	
   higher	
   binding	
   energy.	
   The	
   18-­‐diaza-­‐crown	
   ether	
  
fits	
   well	
   cation	
   diameters	
   in	
   the	
   diameter	
   range	
   2.6–3.2	
   Å,	
  
which	
  includes	
  K+	
  but	
  not	
  Li+,	
  so	
  Li+	
  is	
  less	
  retained	
  than	
  K+.	
  

	
  

	
  

Figure	
  4.	
  Dielectric	
  data	
  for	
  compounds	
  2a	
  and	
  2f	
  in	
  the	
  notations	
  of	
  Z''	
  vs	
  Z'	
  (a	
  &	
  b)	
  and	
  �'	
  vs	
  f	
  (c	
  &	
  d)	
  at	
  selected	
  temperatures	
  as	
  indicated.	
  The	
  figure	
  c	
  &	
  d	
  insets	
  
display	
   magnifications	
   of	
   the	
   high	
   f	
   data	
   (I:	
   isotropic	
   liquid;	
   N:	
   nematic	
   phase;	
   g:	
   glass).	
   Open	
   symbols	
   represent	
   measured	
   data,	
   solid	
   squares	
   and	
   solid	
   lines	
  
correspond	
  to	
  the	
  fitted	
  curves	
  using	
  the	
  equivalent	
  circuit	
  shown	
  in	
  a	
  &	
  b	
  insets.	
  

The	
   fact	
   that	
   2a	
   and	
   2f,	
   having	
   the	
   same	
   I-­‐	
   counteranion	
  
and	
  only	
  differing	
  in	
  the	
  interaction	
  of	
  the	
  M+	
  =	
  Li+,	
  K+	
  with	
  
the	
   diazacrown	
   moiety,	
   exhibit	
   large	
   differences	
   in	
  
conductivity	
   (see	
   later	
   the	
   conductivity	
   plot	
   in	
   Figure	
   5),	
  
suggests	
   that	
   a	
   very	
   significant	
   contribution	
   from	
   the	
   I-­‐	
  
counteranion	
   to	
   the	
   ionic	
   conductivity	
   is	
   unlikely.	
  
Moreover,	
   the	
   large	
   anisotropic	
   anions	
   such	
   as	
   [PtCl4]

2-­‐	
   or	
  
[AuCl4]

1-­‐	
   do	
   not	
   look	
   prone	
   to	
   move	
   easily	
   in	
   a	
   nematic	
  
medium	
   defined	
   essentially	
   by	
   aliphatic	
   and	
   aromatic	
  
zones.	
   These	
   considerations	
   point	
   to	
   Li+	
   and	
   K+	
   as	
   the	
  
charge	
  carriers	
  in	
  the	
  ionic	
  conduction	
  mechanism	
  detected	
  
in	
  the	
  mesophase.	
  Figures	
  4a,b	
  also	
  show,	
  for	
  both	
  cations,	
  

distinct	
   decreases	
   in	
   semicircle	
   diameter	
   when	
   the	
  
temperature	
  is	
  increased	
  from	
  350	
  K	
  (mesophase)	
  to	
  390	
  K	
  
(isotropic	
   liquid	
   phase).	
   This	
   is	
   the	
   expected	
   result	
   in	
   a	
  
thermally	
   activated	
   charge	
   transport	
   mechanism	
   such	
   as	
  
ionic	
  conductivity.	
  
Clearer	
   signs	
   of	
   ionic	
   conductivity	
   are	
   observed	
   in	
   the	
  
respective	
   plots	
   of	
   dielectric	
   permittivity	
   (�')	
   versus	
  
frequency	
   (f)	
   for	
   compounds	
   2a	
   and	
   2f	
   (Figure	
   4c,d).	
   At	
  
temperatures	
   where	
   compounds	
   2a	
   and	
   2f	
   are	
   in	
   the	
  
mesophase	
  or	
  in	
  the	
  isotropic	
  liquid	
  phase,	
  a	
  large	
  increase	
  
of	
   �'	
   at	
   the	
   low	
   f	
   end	
   is	
   observed.	
   This	
   is	
   another	
   typical	
  
feature	
  of	
  ionic	
  conductivity,	
  where	
  the	
  high	
  permittivity	
  �'	
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is	
  again	
  associated	
  to	
  blocking	
  of	
  the	
  charge	
  carriers	
  at	
  the	
  
sample/electrode	
  interface.	
  
The	
  data	
  obtained	
  from	
  all	
  other	
  samples	
  (2b	
  –	
  2e)	
  show,	
  in	
  
the	
  Z''	
  vs	
  Z'	
  and	
   in	
  the	
  �'	
  vs.	
   f	
  plots,	
  equivalent	
  features	
  of	
  
ionic	
   conduction	
   in	
   the	
  mesophase	
   and	
   in	
   the	
   liquid.	
   It	
   is	
  
interesting	
  to	
  note	
  that	
  the	
  distinct	
  “pike”	
  feature	
  in	
  the	
  �'	
  
vs	
   f	
   plots	
   is	
   absent	
   in	
   the	
   glass	
   phase,	
   particularly	
   for	
  
compound	
   2a.	
   This	
   is	
   again	
   in	
   agreement	
   with	
   an	
   ionic	
  
conduction	
   mechanism	
   that	
   appears	
   only	
   in	
   the	
   fluid	
  
phases	
   (mesophase	
   and	
   isotropic	
   liquid),	
   and	
   may	
   be	
  
facilitated	
   by	
   the	
   higher	
   flexibility	
   of	
   the	
   molecular	
  
positions	
  and,	
  possibly,	
  by	
  cooperative	
  motions.21	
  In	
  Figure	
  
4c,d	
   insets,	
  a	
  magnification	
  of	
   the	
  high	
   f	
  data	
   is	
   shown.	
   In	
  
the	
  case	
  of	
  compound	
  2a	
   (Figure	
  4c)	
  a	
  clear	
  correlation	
  of	
  
the	
  �'	
   plateau	
  value	
  at	
  high	
   f	
  with	
   the	
  phase	
   transitions	
   is	
  
observed.	
   At	
   290	
   K	
   and	
   all	
   lower	
   temperatures,	
   the	
   data	
  
points	
   fall	
   approximately	
   on	
   the	
   same	
   �'	
   plateau	
   value.	
  
However,	
  a	
   clear	
   increase	
   is	
  detected	
  at	
  310	
  K,	
  where	
   the	
  
compound	
   is	
   transiting	
   into	
   the	
   mesophase	
   (see	
   later).	
  
Within	
   the	
  mesophase	
   range,	
   the	
   increase	
   in	
  �'	
   continues	
  
up	
  to	
  the	
  isotropic	
  liquid	
  phase.	
  In	
  this	
  context,	
  it	
  should	
  be	
  
noted	
   that	
   the	
   high	
   f	
   plateau	
   in	
   �'	
   vs.	
   f	
   data	
   can	
   be	
  
associated	
   to	
   the	
   intrinsic	
   dielectric	
   permittivity	
   of	
   the	
  
compound.	
  The	
  g	
  →	
  N	
  phase	
  transitions	
  from	
  the	
  glass	
  (g)	
  
to	
   the	
   nematic	
   (N)	
   mesophase	
   and	
   the	
   N	
   →	
   I	
   to	
   the	
  
isotropic	
  liquid	
  phase	
  are	
  indicated	
  in	
  the	
  inset	
  of	
  Figure	
  4c	
  
by	
  dashed	
  bold	
  lines.	
  This	
  correlation	
  is	
  slightly	
  less	
  clear	
  in	
  
2f	
   as	
   indicated	
   in	
   the	
   inset	
   of	
   Figure	
   4d,	
   which	
   may	
   be	
  
partially	
   due	
   to	
   the	
   fact	
   that	
   the	
   curves	
   not	
   always	
   reach	
  
the	
   f-­‐independent	
   plateau	
   value	
   up	
   to	
   the	
   experimental	
  
high-­‐f	
   limit.	
  The	
  nominal	
  values	
  of	
  the	
  intrinsic	
  permittivity	
  
in	
   compounds	
   2a	
   and	
   2f	
   are	
   around	
   101,	
   which	
   are	
  
relatively	
  low	
  values.	
  However,	
  it	
  should	
  be	
  considered	
  that	
  
�'	
   was	
   calculated	
   from	
   the	
   capacitance	
   and	
   only	
   an	
  
estimation	
  of	
  the	
  geometric	
  factor	
  g	
  of	
  the	
  samples.	
  
All	
   the	
   dielectric	
   data	
   were	
   fitted	
   to	
   adequate	
   equivalent	
  
circuit	
  models	
  consisting	
  of	
  a	
  series	
  connection	
  of	
  two	
  non-­‐
ideal	
   resistor–capacitor	
   (RC)	
   elements,	
   as	
   indicated	
   in	
   the	
  
insets	
  of	
  Figures	
  4a,b.	
  The	
  capacitors	
  have	
  been	
  replaced	
  by	
  
constant-­‐phase	
   elements	
   (CPE)	
   leading	
   to	
   R-­‐CPE	
   elements	
  
(which	
   can	
   be	
   termed	
   RQ	
   elements	
   as	
   well).18	
   For	
  
compound	
  2a	
  at	
  all	
  temperatures,	
  and	
  for	
  compound	
  2f	
   in	
  
the	
  isotropic	
   liquid	
  phase,	
  two	
  series	
  R-­‐CPE	
  elements	
  were	
  
employed,	
   whereas	
   for	
   2f	
   in	
   the	
   glass	
   and	
   N	
   mesophase	
  
one	
  R-­‐CPE	
  element	
  was	
  sufficient.	
  The	
  use	
  of	
  two	
  series	
  R-­‐
CPE	
  elements	
   can	
  be	
   justified	
  by	
  a	
  bimodal	
  distribution	
  of	
  
the	
  dielectric	
   relaxation	
   times	
   t,	
  which	
   is	
  evident	
   from	
  the	
  
appearance	
   of	
   two	
   plateaus	
   in	
   the	
   �'	
   vs	
   f	
   plots	
   at	
  
intermediate	
   and	
   high	
   f,	
   as	
   shown	
   in	
   Figure	
   4a,b.	
   The	
   fits	
  
were	
  performed	
  over	
  the	
  full	
  f	
  range	
  in	
  the	
  glass	
  phase	
  for	
  
both	
  compounds,	
  but	
  only	
  at	
  intermediate	
  and	
  high	
  f	
  in	
  the	
  
mesophase	
   and	
   in	
   the	
   liquid	
   state.	
   This	
   is	
   because	
   the	
  
“pike”	
   feature	
   associated	
   with	
   the	
   sample/electrode	
  
interface	
   (IF)	
   cannot	
   be	
   accounted	
   for	
   by	
   standard	
   R-­‐CPE	
  
elements	
   and	
   a	
   valid	
   fit	
   including	
   the	
   IF	
   contribution	
   is	
  
therefore	
  not	
  possible.	
  Good	
  agreement	
  between	
  data	
  and	
  
fitted	
   curves	
   is	
   indicated	
   in	
   Figure	
   4a-­‐d	
   in	
   the	
   f	
   ranges	
  

where	
   a	
   valid	
   fit	
   could	
   be	
   obtained.	
   In	
   the	
   case	
   of	
   two	
  
series	
  R-­‐CPE	
  elements	
  in	
  the	
  circuit	
  model,	
  the	
  resistance	
  of	
  
the	
  main	
  contribution	
  from	
  the	
  ILCs	
  was	
  taken	
  as	
  R1	
  +	
  R2,	
  
and	
  converted	
  into	
  the	
  resistivity	
  (ρ)	
  format	
  considering	
  the	
  
approximate	
   sample	
   dimensions	
   in	
   terms	
   of	
   the	
  
geometrical	
  factor	
  g.	
  
	
  
Figure	
  5	
  plots	
   the	
  σ	
  vs	
  T	
   curves	
   for	
  all	
   samples	
  2a–2f.	
   The	
  
temperature	
   ranges	
   are	
   highlighted	
   indicating	
   the	
   phase	
  
transition	
   zones	
   from	
   glass	
   phase	
   to	
   the	
   nematic	
  
mesophase	
   (g	
  →	
   N)	
   or	
   from	
   the	
  mesophase	
   to	
   the	
   liquid	
  
phase	
   (N	
   →	
   I)	
   occur.	
   As	
   commented	
   above,	
   these	
   zones	
  
span	
   about	
   30	
   K.	
   The	
   phase	
   transition	
   temperatures	
  
deduced	
   from	
   conductivity	
  measurements	
  may	
   be	
   slightly	
  
shifted	
  with	
   respect	
   to	
   the	
   DSC	
   data	
   (Table	
   1)	
   due	
   to	
   the	
  
different	
   heating	
   ramps	
   (°C/min)	
   and	
   the	
   different	
  
experimental	
   techniques	
   used,	
   where	
   phase	
   transitions	
  
may	
   naturally	
   show	
   up	
   at	
   moderately	
   different	
  
temperatures.	
  

	
  

Figure	
  5.	
  Plots	
  of	
  conductivity	
  σ	
   (S·∙cm-­‐1)	
  vs	
   temperature	
  T	
   (K).	
  The	
  σ	
  values	
  
were	
   extracted	
   from	
   the	
   equivalent	
   circuit	
   fits.	
   Temperature	
   regions	
   of	
  
phase	
   transitions	
   are	
   indicated:	
   glass	
   to	
   nematic	
   mesophase	
   (g	
  →	
   N)	
   and	
  
nematic	
  mesophase	
  to	
  isotropic	
  liquid	
  (N	
  →	
  I).	
  

While	
   the	
   phase	
   transition	
   temperatures	
   occur	
   within	
   a	
  
short	
   range	
   for	
   all	
   compounds	
   2a–2f,	
   Figure	
   5	
   shows	
  
several	
   transitional	
   features	
   to	
   different	
   extents	
   for	
   the	
  
different	
   compounds	
   near	
   the	
   phase	
   transitions.	
   In	
   all	
  
cases,	
   an	
   increase	
   in	
   conductivity	
   is	
   found	
   as	
   the	
  
temperature	
   increases,	
   and	
   also	
  with	
   increasing	
   structural	
  
mobility.	
   At	
   g	
   →	
   N	
   transition	
   most	
   compounds	
   show	
   a	
  
perceptible	
   increase	
   in	
   conductivity,	
   which	
   may	
   be	
  
associated	
   to	
   the	
  onset	
  of	
   ionic	
   conductivity	
  and	
   favoured	
  
by	
   structural	
   flexibility	
   and	
   cooperative	
   motions	
   as	
  
mentioned	
  above.21	
  	
  	
  
All	
   the	
   compounds	
   evolve	
   towards	
   more	
   similar	
  
conductivities	
   at	
   higher	
   temperature	
   or	
   in	
   the	
   isotropic	
  
liquid,	
   but	
   their	
   conductivities	
   are	
   quite	
   different	
   at	
   the	
  
initial	
  mesophase	
  stage.	
  This	
  is	
  not	
  in	
  contradiction	
  with	
  our	
  
earlier	
  conclusion	
  that	
  the	
  counteranions	
  hardly	
  participate	
  
as	
   charge	
   carriers	
   in	
   the	
   ionic	
   conduction,	
   because	
  
influence	
  of	
  the	
  immobile	
  anion	
  on	
  the	
  mobility	
  of	
  the	
  K+	
  or	
  
Li+	
   charge	
   carriers	
   is	
   to	
   be	
   expected.	
   In	
   fact,	
   the	
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counteranions	
  (which,	
  when	
  located	
  in	
  LCs	
  are	
  usually	
  close	
  
to	
   the	
   cations	
   to	
   stabilize	
   the	
   material	
   by	
   electrostatic	
  
interactions)	
   have	
   two	
   possible	
   influences	
   producing	
  
different	
   mobility	
   of	
   the	
   K+	
   or	
   Li+	
   charge	
   carriers.	
   One	
   is	
  
obviously	
   their	
   electrostatic	
   charge	
   (-­‐1,	
   -­‐2,	
   -­‐4)	
   and	
   their	
  
position	
   in	
   the	
   mesophase	
   relative	
   to	
   the	
   cation	
   in	
   the	
  
crown;	
   the	
   other	
   is	
   the	
   different	
   diazacrown/anion	
   ratios,	
  
changing	
   from	
   1:1	
   in	
   I-­‐	
   and	
   [AuCl4]

-­‐	
   to	
   2:1	
   in	
   [PtCl4]
2-­‐	
   and	
  

50%	
   [AuCl4]
-­‐,	
   and	
   finally	
   4:1	
   in	
   [Fe(CN)6]

4-­‐.	
   These	
   changes	
  
mean	
   that	
   the	
   cation	
   mobility	
   is	
   occurring	
   in	
   a	
   basically	
  
hydrophobic	
   medium,	
   apparently	
   homogeneous	
   that,	
  
however,	
   contains	
   in	
   the	
   proximity	
   of	
   the	
   cation-­‐crown	
  
position	
   electrostatic	
   fields	
   created	
   by	
   the	
   anions,	
   which	
  
have	
   different	
   charges	
   and	
   different	
   geometrical	
  
distributions	
  from	
  one	
  compound	
  to	
  another	
  (Figure	
  6).	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  6.	
  Two	
  ways	
  for	
  K+	
  to	
  move	
  from	
  one	
  crown	
  to	
  a	
  close	
  one:	
  A)	
  When	
  
the	
  crowns	
  are	
  not	
  aligned,	
  the	
  cation	
  moves	
  along	
  the	
  nematic	
  orientation	
  
to	
  find	
  another	
  crown.	
  Low	
  energy	
  paths	
  for	
  this	
  are	
  found	
  with	
  the	
  help	
  of	
  
elctrostatic	
  interactions	
  with	
  the	
  anions.	
  B)	
  When	
  occasional	
  momentaneous	
  
alignement	
  is	
  found,	
  it	
  facilitates	
  the	
  mobility.	
  	
  

Interestingly,	
   as	
  mentioned	
  above,	
  most	
   compounds	
   show	
  
a	
   dip	
   in	
   the	
   conductivity	
  when	
   entering	
   into	
   the	
   isotropic	
  
liquid	
   state	
   at	
   the	
  N	
  →	
   I	
   transition,	
   a	
   feature	
   that	
   is	
  most	
  
prominently	
   shown	
   in	
   Figure	
   5	
   by	
   compounds	
  2a	
   and	
  2d.	
  
This	
  points	
  out	
   towards	
  an	
   ionic	
  conduction	
  mechanism	
   in	
  
the	
  mesophase	
  that	
  could	
  use	
  short-­‐range	
  temporary	
  diaza-­‐
crown	
  channels	
  formed	
  by	
  stacking	
  of	
  a	
  few	
  units	
  of	
  diaza-­‐
crown	
   moieties.	
   Some	
   percentage	
   of	
   alignments	
   can	
  
statistically	
   exist	
   in	
   a	
   predominantly	
   non-­‐lamellar	
   N	
  
mesophase,	
  might	
  be	
  more	
  easily	
  achieved	
  for	
  short	
  times	
  
when	
   the	
   mesophase	
   becomes	
   more	
   fluid,	
   and	
   would	
  
disappear	
   when	
   the	
   mesophase	
   collapses	
   at	
   the	
   N	
   →	
   I	
  
transition.	
   It	
   is	
   worth	
   reminding	
   here	
   the	
   low	
   enthalpy	
  
transition	
   observed	
   in	
   the	
  DSC	
   studies,	
   at	
   the	
   start	
   of	
   the	
  
clearing	
   transition	
   (similar	
   temperatures	
   as	
   the	
   dip	
   in	
  
conductivity),	
   which	
   could	
   correspond	
   to	
   the	
   structural	
  

change	
   of	
   alignment/non-­‐alignment	
   of	
   some	
   crowns	
   into	
  
short	
   channels.	
   Since	
   this	
   should	
   correspond	
   to	
   a	
   small	
  
percentage	
  of	
  the	
  molecules	
   in	
  a	
  non-­‐lamellar	
  mesophase,	
  
its	
  enthalpy	
  contribution	
  must	
  be	
  small	
  and	
  it	
  precedes	
  the	
  
real	
   clearing.	
   This	
   finding	
   can	
   be	
   considered	
   further	
  
evidence	
  that	
  the	
  ionic	
  conduction	
  in	
  the	
  mesophase	
  relies	
  
on	
   the	
   movement	
   of	
   the	
   M+	
   =	
   K+,	
   Li+	
   cations	
   initially	
  
coordinated	
   by	
   the	
   aza-­‐crown	
   heteroatoms	
   at	
   the	
  
corresponding	
  molecular	
  positions.	
  	
  
A	
   further	
   remarkable	
   feature	
   observed	
   in	
   Figure	
   5	
   is	
   the	
  
higher	
   conductivity	
   in	
   the	
  mesophase	
   of	
   compound	
  2d	
   as	
  
compared	
  to	
  2c,	
  by	
  a	
   factor	
  of	
  about	
  20.	
  Both	
  compounds	
  
possess	
  a	
  K+	
  cation	
   in	
   the	
  18-­‐diaza-­‐crown	
  ether	
  and	
  AuCl4

-­‐	
  
counteranions	
  in	
  the	
  mesophase,	
  but	
  the	
  diazacrown/anion	
  
changes	
   from	
  1:1	
   in	
  2c	
   to	
   2:1	
   in	
  2d.	
   Since	
   this	
   is	
   the	
   only	
  
difference	
   between	
   the	
   two	
   compositions	
   and	
   conduction	
  
is	
  likely	
  dominated	
  by	
  the	
  K+	
  cation	
  as	
  mentioned	
  above,	
  it	
  
is	
  obvious	
  that	
  the	
  existence	
  of	
  18-­‐diazacrown	
  ether	
  vacant	
  
sites	
   acting	
   in	
   2d	
   highly	
   facilitates	
   the	
   ionic	
   charge	
  
transport.	
   This	
   effect	
   is	
   well	
   known	
   in	
   solid-­‐state	
  
electrolytes,	
  where	
  the	
  presence	
  of	
  defects	
  or	
  vacant	
  sites,	
  
increase	
   the	
   mobility	
   of	
   ions.22	
   Therefore,	
   in	
   18-­‐crown	
  
ether	
   and	
   similar	
   materials	
   the	
   presence	
   of	
   vacant	
   sites	
  
besides	
  K+	
  occupied	
  sites	
  may	
  be	
  a	
  convenient	
  strategy	
  for	
  
increased	
  ionic	
  conductivity,	
  as	
  observed	
  in	
  2d.	
  Curiously,	
  in	
  
the	
  isotropic	
  liquid	
  phase	
  the	
  two	
  σ	
  vs.	
  T	
  curves	
  for	
  2d	
  and	
  
2c	
   cross	
   each	
   other,	
   possibly	
   due	
   to	
   the	
   higher	
   charge	
  
carriers	
  concentration	
  in	
  2c	
  when	
  the	
  AuCl4

-­‐	
  counter	
  anions	
  
join	
   as	
   charge	
   carriers.23	
   In	
   other	
   words,	
   this	
   behaviour	
  
points	
   towards	
   a	
   cross-­‐over	
   from	
   ionic	
   conductivity	
   in	
   the	
  
mesophase,	
  dominated	
  by	
  the	
  cations	
  at	
  the	
  molecular	
  M	
  =	
  
K,	
   Li	
   positions,	
   to	
   large	
   contribution	
   by	
   additional	
   species,	
  
possibly	
   the	
   counteranions,	
   in	
   the	
   isotropic	
   liquid.	
   Finally,	
  
the	
  use	
  of	
  a	
  misfit	
  small	
  cation	
  (Li+)	
  facilitates	
  tremendously	
  
its	
  mobility.	
  
Selected	
   ionic	
   conductivity	
   and	
   activation	
   energy	
   data	
   are	
  
summarised	
   in	
   Table	
   2	
   together	
   with	
   the	
   activation	
  
energies	
  extracted	
  from	
  the	
  respective	
  Arrhenius	
  plots	
  (ln	
  σ	
  
vs	
  1/T).	
  In	
  order	
  to	
  compare	
  these	
  data	
  with	
  the	
  literature,	
  
it	
   should	
   be	
   noted	
   that	
   there	
   are	
   almost	
   no	
   examples	
   of	
  
ionic	
   conductivity	
   on	
   liquid	
   crystals	
   with	
   potassium	
   salts.	
  
Mesogenic	
   complexes	
   based	
   on	
   poly(ethyleneoxide)	
   with	
  
KCF3SO3	
   display	
   ionic	
   conductivities	
   around	
   10

-­‐3	
   S·∙cm-­‐1	
   in	
  
the	
   range	
   100-­‐150	
   °C,	
   much	
   higher	
   than	
   found	
   in	
   our	
  
system.24	
  On	
  the	
  other	
  hand,	
  several	
  works	
  in	
  the	
  literature	
  
deal	
   with	
   lithium	
   ionic	
   conductivity	
   in	
   LCs.	
   Our	
   values	
   of	
  
4.01	
  10-­‐7	
  (350K)	
  and	
  2.02	
  10-­‐6	
  S·∙cm-­‐1	
  (390K)	
  are	
  larger	
  than	
  
those	
  reported	
  in	
  carbonate-­‐derived	
  columnar	
  liquid	
  crystal	
  
(10-­‐8	
   S·∙cm-­‐1),25	
   but	
   smaller	
   than	
   in	
   carbonate-­‐derived	
   SmA	
  
mesophases	
   (10-­‐6-­‐10-­‐4	
   S·∙cm-­‐1)26	
   or	
   in	
   zwitterionic	
   liquid	
  
crystals	
  (10-­‐5-­‐10-­‐4	
  S·∙cm-­‐1).27	
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Table	
  2:	
  Ionic	
  conductivities	
  and	
  activation	
  energies	
  in	
  the	
  mesophase	
  (350	
  K),	
  and	
  
ionic	
  conductivities	
  as	
  isotropic	
  liquid	
  (390	
  K)	
  for	
  compounds	
  2a-­‐2f.	
  

Compound	
   σ	
  at	
  350K/S·∙cm-­‐1	
  
σ	
  at	
  390	
  K/	
  

S·∙cm-­‐1	
  
EA	
  (mesophase)	
  
(eV-­‐Kcal/mol)	
  

2a	
   4.37	
  10-­‐8	
   3.09	
  10-­‐7	
   1.16-­‐26.7	
  

2b	
   9.67	
  10-­‐10	
   1.64	
  10-­‐8	
  *	
   1.02-­‐23.5	
  

2c	
   4.87	
  10-­‐9	
   7.76	
  10-­‐7	
   1.70-­‐39.1	
  

2d	
   1.18	
  10-­‐7	
   7.62	
  10-­‐7	
   0.95-­‐21.8	
  

2e	
   5.81	
  10-­‐9	
   4.19	
  10-­‐8	
   0.63-­‐14.5	
  

2f	
   4.01	
  10-­‐7	
   2.02	
  10-­‐6	
   0.74-­‐17.0	
  

*	
  The	
  maximum	
  value	
  of	
  ionic	
  conductivity	
  was	
  measured	
  at	
  380	
  K.	
  

The	
   activation	
   energies	
   in	
   the	
   mesophase,	
   EA,	
   are	
   in	
   the	
  
range	
   of	
   0.63–1.70	
   eV,	
   which	
   can	
   be	
   considered	
   typical	
  
values	
   for	
   ionically	
   conducting	
   materials.21,28	
   More	
   than	
  
that,	
  they	
  are	
  in	
  the	
  order	
  of	
  magnitude	
  (roughly	
  20-­‐45	
  kcal	
  
mol-­‐1)	
  of	
  bonding	
  interactions	
  of	
  K+	
  or	
  Li+	
  to	
  18-­‐crown-­‐ether	
  
proposed	
   in	
   the	
   scarce	
   experimental29	
   and	
   theoretical30	
  
values	
  reported	
  in	
  the	
  literature.	
  In	
  spite	
  of	
  the	
  difficulty	
  to	
  
make	
   correct	
   estimations	
   of	
   the	
   participation	
   of	
   solvation	
  
energies	
   in	
   the	
   literature	
   studies	
  on	
   the	
   solvent,	
   or	
  of	
   the	
  
anion	
   coulombic	
   field	
   interactions	
   modifying	
   the	
   cation	
  
mobility	
   in	
   our	
   mesophases,	
   we	
   consider	
   that	
   this	
  
coincidence	
  of	
  the	
  range	
  ΔH	
  values	
  with	
  that	
  of	
  crown-­‐K+	
  or	
  
crown	
  Li+	
  bonding	
   interactions	
   is	
  an	
  acceptable	
   support	
  of	
  
K+,	
   Li+	
   as	
   the	
   charge	
   carriers	
   in	
   our	
   compounds	
   in	
   the	
  
mesophase,	
  and	
   fits	
  well	
   the	
   image	
  of	
   this	
  mobility	
  as	
   the	
  
cation	
  jumping	
  between	
  crown	
  moieties	
  that	
  are	
  close	
  by.	
  	
  
	
  

Conclusions	
  
A	
   nematic	
   liquid	
   crystal	
   based	
   on	
   a	
   18-­‐diaza-­‐crown	
   ether	
  
macrocycle	
   symmetrically	
   equipped	
   with	
   six	
   decylalkoxy	
  
cyanobiphenyl	
   chains	
   has	
   been	
   synthesised	
   that	
   is	
   able	
   to	
  
coordinate	
   K+	
   with	
   different	
   counteranions.	
   This	
   affords	
  
ionic	
   macrocycles	
   with	
   mesogenic	
   behaviour	
   (N	
  
mesophase)	
   and	
   little	
   thermal	
   variation	
   compared	
   to	
   the	
  
parent	
   neutral	
   macrocycle.	
   The	
   permittivity	
   and	
  
conductivity	
  studies	
  on	
  these	
  potassium	
  ionic	
  liquid	
  crystals	
  
support	
  ionic	
  conductivity	
  in	
  the	
  mesophase,	
  with	
  K+	
  as	
  the	
  
charge	
   carrier.	
   In	
   a	
   basically	
   unfriendly	
   environment	
   of	
  
aliphatic	
  and	
  aromatic	
  zones	
  we	
  conceive	
  the	
  mobility	
  of	
  K+	
  
in	
  the	
  mesophase	
  as	
  a	
  sequence	
  of	
   jumps	
  from	
  one	
  crown	
  
to	
  another	
  close	
  to	
   it,	
   involving	
  bond	
  breaking	
  and	
  making	
  
to	
   the	
   successive	
   crowns.	
   Some	
   DSC	
   observations	
   are	
  
compatible	
   with	
   the	
   possible	
   formation	
   of	
   instantaneous	
  
short-­‐range	
   alignment	
   of	
   crowns	
   into	
   channels	
   in	
   the	
  
otherwise	
  non-­‐lamellar	
  N	
  phase.	
  	
  

In	
   this	
   model,	
   the	
   improvement	
   in	
   conductivity	
   using	
   Li+	
  
instead	
   of	
   K+	
   (the	
   corresponding	
   LiI	
   adduct	
   is	
   about	
   10	
  
times	
   more	
   conducting	
   than	
   KI)	
   is	
   due	
   to	
   the	
   smaller	
  
activation	
   energy	
   required	
   to	
   break	
   the	
   M+-­‐crown	
  
interactions.	
   In	
   the	
   same	
   model,	
   unoccupied	
   crown	
  
positions	
   into	
   the	
   mixture	
   should	
   facilitate	
   the	
   carrier	
  
mobility	
   and	
   our	
   measurements	
   confirm	
   that	
   the	
  
conductivity	
   becomes	
   20	
   times	
   higher	
   when	
   the	
   metallo-­‐
crown	
  ILC	
  material	
   is	
  doped	
  with	
  the	
  organic	
  empty-­‐crown	
  
molecules.	
  	
  
	
  
Experimental	
  Section	
  
IR	
   spectra	
   were	
   recorded	
   on	
   a	
   Frontier	
   Perkin–Elmer	
  
spectrophotometer	
   (4000–200	
   cm–1)	
   coupled	
   to	
   a	
   Pike	
  
GladiATR-­‐210	
  accessory.	
  1H	
  NMR	
  spectra	
  were	
  recorded	
  on	
  
Bruker	
   AV-­‐400	
   (400.13	
   MHz)	
   or	
   Varian	
   500	
   (499.73	
   Hz)	
  
instruments	
   in	
   CDCl3	
   solutions	
   (if	
   no	
   other	
   solvent	
   is	
  
stated);	
   chemical	
   shifts	
   are	
   quoted	
   relative	
   to	
   SiMe4	
  
(external,	
   1H).	
   1H	
   NMR	
   labels	
   are	
   in	
   Figure	
   1.	
   Elemental	
  
analyses	
   were	
   performed	
   with	
   a	
   Perkin–Elmer	
   2400	
  
microanalyzer.	
  MALDI-­‐TOF	
  mass	
   spectrometry	
  was	
   carried	
  
out	
   in	
   Bruker	
   Autoflex	
   instrument.	
   Polarised	
   Optical	
  
Microscopy	
   (POM)	
   was	
   performed	
   with	
   a	
   Leica	
   DMRB	
  
microscope	
   equipped	
   with	
   a	
   hot	
   stage	
  Mettler	
   Toledo	
   FP	
  
90.	
  Differential	
  Scanning	
  Calorimetry	
  was	
  performed	
  with	
  a	
  
Perkin	
   Elmer	
   DSC-­‐7	
   instrument	
   calibrated	
   with	
   Indium	
   as	
  
reference	
   (mp:	
   156.6	
   °C,	
   ΔH	
   =	
   28.4	
   J/g)	
   and	
   water,	
   the	
  
thermograms	
   were	
   recorded	
   at	
   2°C/min.	
   The	
   X-­‐ray	
  
diffractograms	
  at	
  variable	
  temperature	
  were	
  recorded	
  on	
  a	
  
PANalytical	
   X’Pert	
   PRO	
   MPD	
   diffractometer	
   with	
   Cu-­‐Kα	
  
(1.54	
   Å)	
   radiation	
   in	
   the	
   θ–θ	
   configuration	
   equipped	
  with	
  
an	
   Anton	
   Paar	
   HTK1200	
   heating	
   stage.	
   3,4,5-­‐
trialkoxybenzoic	
   acid	
   compounds	
   were	
   prepared	
   by	
  
literature	
  methods.13a	
  	
  
	
  
Dielectric	
  measurements	
  
All	
   samples	
   have	
   been	
   investigated	
   by	
   impedance	
  
spectroscopy	
   in	
   the	
   range	
   160–390	
   K	
   during	
   heating	
   and	
  
cooling	
   cycles	
   using	
   a	
   custom-­‐made	
   liquid	
   measurement	
  
cell	
   as	
   reported	
   previously.21	
   The	
   complex	
   impedance	
  was	
  
measured	
   using	
   an	
   alternating	
   voltage	
   signal	
   of	
   100	
   mV	
  
amplitud,	
   in	
   a	
   frequency	
   range	
   of	
   1	
   Hz	
   –	
   10	
   MHz.	
   The	
  
temperature	
  was	
   increased	
  by	
  20	
  K	
   in	
  temperature	
  ranges	
  
where	
  no	
  phase	
  transition	
  would	
  be	
  expected.	
  Approaching	
  
phase	
   transitions	
   the	
   temperature	
   increments	
   would	
   be	
  
adjusted	
  to	
  10	
  K,	
  5	
  K	
  and	
  finally	
  2	
  K.	
  Each	
  temperature	
  was	
  
stabilised	
  for	
  several	
  minutes	
  until	
  an	
  impedance	
  spectrum	
  
was	
  measured	
  in	
  terms	
  of	
  the	
  real	
  part	
  of	
  the	
  impedance	
  Z'	
  
and	
   the	
   imaginary	
   part	
   Z''	
   over	
   the	
   full	
   frequency	
   range.	
  
The	
  temperature	
  steps	
  and	
  the	
  rather	
  careful	
  temperature	
  
stabilization	
   imply	
   that	
   the	
  samples	
  were	
  heated	
  relatively	
  
slowly	
   near	
   the	
   phase	
   transitions,	
   possibly	
   considerably	
  
slower	
   than	
   the	
   heating	
   ramp	
   for	
   the	
   DSC	
   data	
   taken	
  
previously.	
   The	
   complex	
   impedance	
   data	
   (Z*	
   =	
   Z�	
   +	
   iZ��)	
  
were	
   converted	
   into	
   the	
   complex	
   conductivity	
   σ*	
   and	
  
capacitance	
  C*	
  notations,	
  σ*	
  =	
  σ�	
  +	
  iσ��	
  and	
  C*	
  =	
  C�	
  −	
  iC��,	
  
using	
   the	
   standard	
   conversions:	
   Z*	
   =	
   (gσ*)−1	
   and	
   Z*	
   =	
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(iωC*)−1,	
  where	
  g	
  (in	
  cm)	
  is	
  the	
  geometrical	
  factor	
  given	
  by	
  
the	
  electrode	
  area	
  divided	
  by	
  the	
  electrode	
  distance,	
  and	
  ω	
  
is	
  the	
  angular	
  frequency.	
  Due	
  to	
  experimental	
  limitations	
  g	
  
could	
  only	
  be	
  estimated	
  from	
  the	
  weight	
  and	
  density	
  of	
  the	
  
powder	
   measured	
   initially,	
   and	
   the	
   measured	
   cell	
  
dimensions.	
   Equivalent	
   circuit	
   fitting	
   of	
   the	
   dielectric	
   data	
  
was	
   performed	
   by	
   using	
   commercial	
   ZView	
   software.	
   The	
  
conductivity	
   and	
   permittivity	
   values	
   extracted	
   from	
   the	
  
equivalent	
  circuit	
  fits	
  were	
  plotted	
  versus	
  temperature,	
  but	
  
only	
   physically	
   meaningful	
   values	
   with	
   sufficiently	
   low	
  
fitting	
  errors	
  (<	
  5%)	
  were	
  considered.	
  
	
  
Synthesis	
  of	
  compounds	
  	
  
Synthesis	
   of	
   compounds	
   1	
   and	
   2:	
   The	
   compound	
   3,4,5-­‐
tridecyloxybenzoic	
  acid	
  (0.9	
  g,	
  1.52	
  mmol)	
  was	
  dissolved	
  in	
  
15	
  mL	
  of	
  dry	
  DCM	
  under	
  argon	
  atmosphere.	
  After	
  addition	
  
of	
   oxalyl	
   chloride	
   (1.245	
  ml,	
   14	
  mmol)	
   and	
  DMF	
   (catalytic	
  
amount),	
   the	
  mixture	
  was	
   stirred	
   for	
   3h	
  under	
   reflux.	
   The	
  
excess	
  of	
  oxalyl	
   chloride	
  and	
  solvent	
  were	
   removed	
  under	
  
vacuum.	
   The	
  acid	
   chloride	
   intermediate	
  was	
   then	
  dried	
   at	
  
60	
   °C	
  under	
  vacuum	
   for	
  24	
  h	
  before	
  being	
  dissolved	
   in	
  15	
  
mL	
  of	
  dry	
  THF.	
  This	
  solution	
  was	
  dropwise	
  added	
  to	
  a	
  15	
  ml	
  
THF	
   solution	
  maintained	
   at	
   0	
   °C	
   and	
   containing	
   1,4-­‐diaza-­‐
18-­‐crown-­‐6	
   (0.19	
  g,	
  0.72	
  mmol)	
  and	
   triethylamine	
   (0.3	
  ml,	
  
2.13	
  mmol).	
  The	
  reaction	
  mixture	
  was	
  allowed	
  to	
  warm	
  up	
  
to	
  room	
  temperature	
  and	
  kept	
  under	
  stirring	
  for	
  overnight.	
  
The	
   crude	
  obtained	
  after	
  THF	
  evaporation	
  was	
  purified	
  by	
  
column	
  chromatography	
   (silica	
  gel,	
  DCM/MeOH	
  95:5).	
  The	
  
desired	
   product	
   was	
   then	
   dried	
   at	
   45	
   °C	
   under	
   vacuum.	
  
Compound	
  1	
  was	
  obtained	
  as	
  a	
  viscous	
  orange	
  solid.	
  Yield:	
  
0.807	
   g,	
   79%.	
   1H	
   NMR	
   (500	
   MHz,	
   CDCl3):	
   δ	
   6.56	
   (4H,	
   s,	
  
Harom),	
   3.94	
   (12H,	
   t,	
   J	
   =	
   6.5	
   Hz,	
   O-­‐CH2),	
   3.82-­‐3.71	
   (m,	
   8H,	
  
CH2-­‐N),	
  3.69-­‐3.52	
  (m,	
  16H,	
  O-­‐CH2-­‐CH2-­‐O)	
  1.81-­‐1.69	
  (12H,	
  m,	
  
O-­‐CH2-­‐CH2),	
  1.51-­‐1.18	
  (84H,	
  m,	
  CH3-­‐(CH2)7),	
  0.88	
  (18H,	
  t,	
  J	
  =	
  
6.7	
  Hz,	
  CH3);	
  IR	
  (in	
  solid	
  cm

-­‐1):	
  1634	
  (νc=o);	
  MS	
  (MALDI-­‐TOF):	
  
m/z:	
   calc	
   (M	
   =	
   C86H154N2O12),	
   (M	
   +	
   H)+	
   1408,16;	
   found:	
  
1408,3.	
   Anal.	
   calcd	
   for	
   C86H154N2O12:	
   C	
   73.35,	
   H	
   11.02,	
   N	
  
1.99;	
  found	
  C	
  73.43,	
  H	
  11.29,	
  N	
  1.99.	
  
In	
   a	
   similar	
   way,	
   compound	
   2	
   was	
   obtained	
   as	
   a	
   yellow	
  
solid.	
  Yield:	
  1.34	
  g,	
  61%.	
  1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  δ	
  7.70-­‐
7.58	
   (24H,	
   m,	
   H1+H2),	
   7.53-­‐7.47	
   (12H,	
   m,	
   H3),	
   7.01-­‐6.93	
  
(12H,	
  m,	
  H4),	
  6.57	
  (4H,	
  s,	
  -­‐CHar),	
  4.06-­‐3.92	
  (24H,	
  m,	
  O-­‐CH2),	
  
3.82-­‐3.70	
  (8H,	
  m,	
  CH2-­‐N-­‐)	
  3.69-­‐3.52	
  (16H,	
  m,	
  O-­‐CH2-­‐CH2-­‐O),	
  
1.85-­‐1.70	
  (24H,	
  m,	
  O-­‐CH2-­‐CH2),	
  1.51-­‐1.25	
  (72H,	
  m,	
  (-­‐CH2-­‐)6).	
  
IR	
  (in	
  solid	
  cm-­‐1):	
  2223	
  (νC�N),	
  1623	
  (νc=o);	
  MS	
  (MALDI-­‐TOF):	
  
m/z:	
   calc	
   (M	
   =	
   C164H196N8O18),	
   (M	
   +	
   H)+	
   2566,47;	
   found:	
  
2566,5.	
   Anal.	
   calcd	
   for	
   C164H196N8O18:	
   C	
   76.72,	
   H	
   7.69,	
   N	
  
4.36;	
  found	
  C	
  76.44,	
  H	
  7.9,	
  N	
  4.23.	
  
Synthesis	
   of	
   adducts	
   1a-­‐1b:	
   KI	
   (4.7	
   mg,	
   0.028	
   mmol)	
   or	
  
K2[PtCl4]	
  (7.4	
  mg,	
  0.018	
  mmol)	
  in	
  5	
  ml	
  deoxygenated	
  MeOH	
  
were	
  stirred	
  under	
  ultrasound	
  irradiation	
  during	
  15	
  minutes	
  
and	
  then	
  added	
  to	
  a	
  solution	
  of	
  macrocycle	
  1	
  (for	
  1a	
  40	
  mg,	
  
0.028	
  mmol;	
  for	
  1b	
  50	
  mg,	
  0.036	
  mmol	
  in	
  5	
  ml	
  diethyl	
  ether	
  
under	
  N2.	
   The	
  mixture	
  was	
   stirred	
  overnight	
   at	
   35	
   °C.	
   The	
  
solution	
  was	
   filtered	
  over	
   celite	
   and	
  dried	
   in	
   vacuum.	
   The	
  
products	
  were	
  obtained	
  as	
  waxy	
  yellow	
  (1a)	
  or	
  brown	
  (1b).	
  

Yield	
  of	
  1a:	
  40	
  mg,	
  89%.	
  1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
  δ	
  6.57	
  
(4H,	
   s,	
   Harom),	
   3.94	
   (12H,	
   t,	
   J	
   =	
   6.5	
   Hz,	
   O-­‐CH2),	
   3.823-­‐3.73	
  
(8H,	
  m,	
  -­‐CH2-­‐N),	
  3.69-­‐3.51	
  (16H,	
  m,	
  CH2-­‐CH2-­‐O,	
  CH2-­‐O)	
  1.82-­‐
1.69	
   (12H,	
  m,	
   O-­‐CH2-­‐CH2),	
   1.50-­‐1.19	
   (84H,	
  m,	
   CH3-­‐(CH2)7),	
  
0.88	
  (18H,	
  t,	
   J	
  =	
  6.7	
  Hz,	
  CH3);	
   IR	
   (in	
  solid,cm

-­‐1):	
  1634	
  (νc=o);	
  
MS	
   (MALDI-­‐TOF):	
  m/z:	
   calcd.(M	
  =	
  C86H154N2O12	
  macrocycle	
  
1),	
  calcd.(M	
  +	
  H)+:	
  1408,16;	
  found:	
  1408,3;	
  calcd.(M	
  +	
  Na)+	
  
1430,14;	
   found:	
   1430,3;	
   calcd.(M	
   +	
   K)+	
   1446,11;	
   found:	
  
1446,1.	
   Anal.	
   calcd.	
   for	
   C86H154N2IKO12:	
   C	
   65.62,	
  H	
   9.86,	
  N	
  
1.78;	
   found	
   C	
   65.36,	
   H	
   10.07,	
   N	
   2.02.	
   Yield	
   of	
  1b:	
   50	
  mg,	
  
87%:	
  1H	
  NMR	
  (400	
  MHz,	
  CDCl3):	
   	
  δ	
  6.57	
  (4H,	
  s,	
  Harom),	
  3.94	
  
(12H,	
  t,	
  J	
  =	
  6.5	
  Hz,	
  O-­‐CH2),	
  3.82-­‐3.72	
  (8H,	
  m,	
  -­‐CH2-­‐N),	
  3.68-­‐
3.51	
  (16H,	
  m,	
  CH2-­‐CH2-­‐O,	
  CH2-­‐O)	
  1.80-­‐1.68	
  (12H,	
  m,	
  O-­‐CH2-­‐
CH2),	
  1.51-­‐1.18	
  (84H,	
  m,	
  CH3-­‐(CH2)7),	
  0.88	
  (18H,	
  t,	
  J	
  =	
  6.6	
  Hz,	
  
CH3);	
   IR	
   (in	
   solid,cm

-­‐1):	
   1634	
   (νc=o);	
  MS	
   (MALDI-­‐TOF):	
  m/z:	
  
(M	
  =	
   C86H154N2O12	
  macrocycle	
  1),	
   calcd.(M	
  +	
  H)+:	
   1408,16;	
  
found:	
   1408,3;	
   calcd.(M	
   +	
   Na)+	
   1430,14;	
   found:	
   1429,4;	
  
calcd.	
   (M	
   +	
   K)+	
   1446,11;	
   found:	
   1445,4.	
   Anal.	
   calcd.	
   for	
  
C172H308N4Cl4K2O24Pt:	
   C	
   63.93,	
   H	
   9.61,	
   N	
   1.73;	
   found	
   C	
  
63.71,	
  H	
  9.89,	
  N	
  2.00.	
  
Synthesis	
   of	
   adducts	
   2a-­‐2f:	
   MnA	
   (KI	
   4.8	
   mg,	
   0.029	
   mmol,	
  
K2[PtCl4]	
   7.0	
   mg,	
   0.017	
   mmol,	
   K[AuCl4]	
   10.5	
   mg,	
   0.028	
  
mmol,	
   K[AuCl4]	
   5.3	
   mg,	
   0.014	
   mmol,	
   K4[Fe(CN)6]	
   3.0	
   mg,	
  
0.007	
   mmol	
   or	
   LiI	
   3.4	
   mg,	
   0.025	
   mmol)	
   in	
   5	
   ml	
   dry	
  
dichloromethane	
   was	
   stirred	
   under	
   ultrasound	
   irradiation	
  
during	
   15	
   minutes	
   and	
   then	
   added	
   to	
   a	
   solution	
   of	
  
macrocycle	
  2	
   (for	
  2a	
  75	
  mg,	
   0.029	
  mmol;	
   for	
  2b	
   86.6	
  mg,	
  
0.034	
  mmol;	
  for	
  2c-­‐2d-­‐2e	
  72	
  mg,	
  0.028	
  mmol;	
  for	
  2f	
  64	
  mg,	
  
0.025	
   mmol)	
   in	
   3	
   ml	
   dichloromethane	
   under	
   N2.	
   The	
  
mixture	
   was	
   stirred	
   overnight	
   at	
   35	
   °C.	
   The	
   solution	
   was	
  
filtered	
  over	
  celite	
  and	
  dried	
  in	
  vacuum.	
  The	
  products	
  were	
  
obtained	
  as	
  beige	
  (2a),	
  ligth	
  yellow	
  (2b,	
  2e)	
  grey	
  (2c,	
  2d)	
  or	
  
yellow	
  (2f)	
  solids.	
  
Yield	
  of	
  2a:	
  73	
  mg,	
  92%.	
  1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  δ	
  7.70-­‐
7.59	
   (24H,	
   m,	
   H1,	
   H2),	
   7.54-­‐7.48	
   (12H,	
   m,	
   H3),	
   7.00-­‐6.94	
  
(12H,	
  m,	
  H4),	
  6.57	
  (4H,	
  s,	
  -­‐CHar),	
  4.06-­‐3.92	
  (24H,	
  m,	
  O-­‐CH2),	
  
3.82-­‐3.71	
   (8H,	
  m,	
   -­‐CH2-­‐N-­‐),	
   3.69-­‐3.52	
   (16H,	
  m,	
  O-­‐CH2-­‐CH2-­‐
O),	
   1.85-­‐1.70	
   (24H,	
   m,	
   O-­‐CH2-­‐CH2-­‐),	
   1.51-­‐1.25	
   (72H,	
   m,	
   (-­‐
CH2-­‐)6).	
   IR	
   (in	
   solid	
   cm

-­‐1):	
   2224	
   (νC�N),	
   1631	
   (νc=o);	
   MS	
  
(MALDI-­‐TOF):	
  m/z:	
   calc	
   (M	
   =	
   C164H196N8O18	
  macrocycle	
   2),	
  
calc	
   (M	
   +	
   H)+	
   2566,47;	
   found:	
   2566,5;	
   calc	
   (M	
   +	
   Na)+:	
  
2588,46;	
   found:	
   2588,5;	
   calc	
   (M	
   +	
   K)+:	
   2604,43;	
   found:	
  
2604,5.	
  Anal.	
   calcd	
   for	
   C164H196N8KIO18:	
   C	
   72.06,	
  H	
   7.23,	
  N	
  
4.10;	
  found	
  C	
  71.87,	
  H	
  7.14,	
  N	
  4.02.	
  
Yield	
  of	
  2b:	
  80	
  mg,	
  85%.	
  1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  δ	
  7.71-­‐
7.58	
   (24H,	
   m,	
   H1,	
   H2),	
   7.54-­‐7.48	
   (12H,	
   m,	
   H3),	
   7.00-­‐6.93	
  
(12H,	
  m,	
  H4),	
  6.57	
  (4H,	
  s,	
  -­‐CHar),	
  4.03-­‐3.91	
  (24H,	
  m,	
  O-­‐CH2),	
  
3.83-­‐3.71	
   (8H,	
   m,	
   -­‐CH2-­‐N-­‐)	
   3.69-­‐3.52	
   (16H,	
   m,	
   O-­‐CH2-­‐CH2-­‐
O),	
   1.84-­‐1.68	
   (24H,	
   m,	
   O-­‐CH2-­‐CH2-­‐),	
   1.51-­‐1.18	
   (36H,	
   m,	
   (-­‐
CH2-­‐)6).	
   IR	
   (in	
   solid	
   cm

-­‐1):	
   2224	
   (νC�N),	
   1628	
   (νc=o);	
   MS	
  
(MALDI-­‐TOF):	
  m/z:	
   calc	
   (M	
   =	
   C164H196N8O18	
  macrocycle	
   2),	
  
calc	
   (M	
   +	
   H)+	
   2566,47;	
   found:	
   2566,5;	
   calc	
   (M	
   +	
   Na)+:	
  
2588,46;	
   found:	
   2588,5;	
   calc	
   (M	
   +	
   K)+:	
   2604,43;	
   found:	
  
2604,5.	
   Anal.	
   calcd	
   for	
   C328H392Cl4K2N16O36Pt	
   :	
   C	
   70.99,	
   H	
  
7.12,	
  N	
  4.04;	
  found	
  C	
  70.83,	
  H	
  7.17,	
  N	
  3.90.	
  
Yield	
  of	
  2c:	
  80	
  mg,	
  98%.	
  1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  δ	
  7.79-­‐
7.58	
   (24H,	
   m,	
   H1,	
   H2),	
   7.57-­‐7.44	
   (12H,	
   m,	
   H3),	
   7.03-­‐6.91	
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(12H,	
  m,	
  H4),	
  6.57	
  (4H,	
  s,	
  -­‐CHar),	
  4.09-­‐3.88	
  (24H,	
  m,	
  O-­‐CH2),	
  
3.82-­‐3.71	
   (8H,	
   m,	
   -­‐CH2-­‐N-­‐)	
   3.67-­‐3.48	
   (16H,	
   m,	
   O-­‐CH2-­‐CH2-­‐
O),	
   1.83-­‐1.69	
   (24H,	
   m,	
   O-­‐CH2-­‐CH2-­‐),	
   1.60-­‐1.22	
   (72H,	
   m,	
   (-­‐
CH2-­‐)6).	
   IR	
   (in	
   solid	
   cm

-­‐1):	
   2223	
   (νC�N),	
   1628	
   (νc=o);	
   MS	
  
(MALDI-­‐TOF):	
  m/z:	
   calc	
   (M	
   =	
   C164H196N8O18	
  macrocycle	
   2),	
  
calc	
   (M	
   +	
   H)+	
   2566,47;	
   found:	
   2566,5;	
   calc	
   (M+Na)+:	
  
2588,46;	
   found:	
   2588.5;	
   calc	
   (M+K)+:	
   2604,43:	
   found	
  
2604,5;	
   calc	
   (AuCl4

-­‐):	
   338.83;	
   found:	
   338.9.	
   Anal.	
   calcd	
  
C164H196AuCl4KN8O18:	
  C	
  66.88,	
  H	
  6.71,	
  N	
  3.80;	
  found	
  C	
  67.11,	
  
H	
  7.00,	
  N	
  3.69.	
  
Yield	
  of	
  2d:	
  71	
  mg,	
  93%.	
  1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  δ	
  7.72-­‐
7.58	
   (24H,	
   m,	
   H1,	
   H2),	
   7.55-­‐7.48	
   (12H,	
   m,	
   H3),	
   7.01-­‐6.92	
  
(12H,	
  m,	
  H4),	
  6.57	
  (4H,	
  s,	
  -­‐CHar),	
  4.05-­‐3.89	
  (24H,	
  m,	
  O-­‐CH2),	
  
3.86-­‐3.72	
   (8H,	
   m,	
   -­‐CH2-­‐N-­‐)	
   3.71-­‐3.49	
   (16H,	
   m,	
   O-­‐CH2-­‐CH2-­‐
O),	
   1.84-­‐1.69	
   (24H,	
   m,	
   O-­‐CH2-­‐CH2-­‐),	
   1.65-­‐1.20	
   (72H,	
   m,	
   (-­‐
CH2-­‐)6).	
   IR	
   (in	
   solid	
   cm

-­‐1):	
   2221	
   (νC�N),	
   1631	
   (νc=o);	
   MS	
  
(MALDI-­‐TOF):	
  m/z:	
   calc	
   (M	
   =	
   C164H196N8O18	
  macrocycle	
   2),	
  
calc	
  (M+H)+	
  2566,47;	
  found:	
  2567,5;	
  calc	
  (M+Na)+:	
  2588,46;	
  
found:	
   2588.5;	
   calc	
   (M+K)+:	
   2604,43;	
   found:	
   2604,5.	
   Anal.	
  
calcd	
   for	
  C164H196Au0.5Cl2K0.5N8O18:	
  C	
  71.46,	
  H	
  7.17,	
  N	
  4.07;	
  
found	
  C	
  71.66,	
  H	
  7.26,	
  N	
  3.98.	
  	
  
Yield	
  of	
  2e:	
  70	
  mg,	
  93%.	
  1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  δ	
  7.77-­‐
7.57	
   (24H,	
   m,	
   H1,	
   H2),	
   7.57-­‐7.46	
   (12H,	
   m,	
   H3),	
   7.06-­‐6.90	
  
(12H,	
  m,	
  H4),	
  6.57	
  (4H,	
  s,	
  -­‐CHar),	
  4.11-­‐3.88	
  (24H,	
  m,	
  O-­‐CH2),	
  
3.86-­‐3.68	
   (8H,	
   m,	
   -­‐CH2-­‐N-­‐)	
   3.68-­‐3.48	
   (16H,	
   m,	
   O-­‐CH2-­‐CH2-­‐
O),	
   1.91-­‐1.68	
   (24H,	
   m,	
   O-­‐CH2-­‐CH2-­‐),	
   1.66-­‐1.17	
   (72H,	
   m,	
   (-­‐
CH2-­‐)6).	
  IR	
  (in	
  solid	
  cm

-­‐1):	
  2224,	
  2060	
  (νC�N),	
  1628	
  (νc=o);	
  MS	
  
(MALDI-­‐TOF):	
  m/z:	
   calc	
   (M	
   =	
   C164H196N8O18	
  macrocycle	
   2),	
  
calc	
   (M	
   +	
   H)+	
   2566,47;	
   found:	
   2566,5;	
   calc	
   (M+Na)+:	
  
2589,46;	
   found:	
   2588,5;	
   calc	
   (M	
   +	
   K)+:	
   2604,43;	
   found:	
  
2604,4.	
  Anal.	
  calcd	
  for	
  C662H784FeK4N38O72:	
  C	
  74.74,	
  H	
  7.43,	
  
N	
  5.00;	
  found	
  C	
  74.52,	
  H	
  7.60,	
  N	
  4.84.	
  
Yield	
  of	
  2f:	
  67	
  mg,	
  97%.	
  1H	
  NMR	
  (500	
  MHz,	
  CDCl3):	
  δ	
  7.72-­‐
7.56	
   (24H,	
   m,	
   H1,	
   H2),	
   7.54-­‐7.45	
   (12H,	
   m,	
   H3),	
   7.02-­‐6.89	
  
(12H,	
  m,	
  H4),	
  6.57	
  (4H,	
  s,	
  -­‐CHar),	
  4.03-­‐3.89	
  (24H,	
  m,	
  O-­‐CH2),	
  
3.88-­‐3.75	
   (8H,	
   m,	
   -­‐CH2-­‐N-­‐)	
   3.73-­‐3.51	
   (16H,	
   m,	
   O-­‐CH2-­‐CH2-­‐
O),	
   1.86-­‐1.69	
   (24H,	
   m,	
   O-­‐CH2-­‐CH2-­‐),	
   1.64-­‐1.23	
   (72H,	
   m,	
   (-­‐
CH2-­‐)6).	
   	
   IR	
   (in	
   solid	
   cm

-­‐1):	
   2223	
   (νC�N),	
   1628	
   (νc=o);	
   MS	
  
(MALDI-­‐TOF):	
  m/z:	
   calc	
   (M	
   =	
   C164H196N8O18	
  macrocycle	
   2),	
  
calc	
   (M	
   +	
   H)+	
   2566,47;	
   found:	
   2566,5;	
   calc	
   (M	
   +	
   Li)+:	
  
2572,48;	
   found:	
   2572,6;	
   calc	
   (M+Na)+:	
   2589,46;	
   found:	
  
2588.6.	
  Anal.	
   calcd	
   for	
  C164H196N8ILiO18:	
  C	
  72.92,	
  H	
  7.31,	
  N	
  
4.15;	
  found	
  C	
  72.63,	
  H	
  7.44,	
  N	
  4.13.	
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