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Self-­‐Healing,	
  Malleable	
  and	
  Creep	
  Limiting	
  Materials	
  using	
  both	
  
Supramolecular	
  and	
  Reversible	
  Covalent	
  Linkages	
  
Borui	
  Zhang,a	
  Zachary	
  A.	
  Digby,a	
  Jacob	
  A.	
  Flum,a	
  Elizabeth	
  M.	
  Foster,a	
  Jessica	
  L.	
  Sparks,b	
  and	
  
Dominik	
  Konkolewicza*

A	
  self-­‐healing	
  material	
  containing	
  two	
  reversible	
  cross-­‐linkers	
  was	
  
made.	
  Relatively	
  rapidly	
  exchanging	
  hydrogen-­‐bonded	
  and	
  slowly	
  
exchanging	
   Diels-­‐Alder	
   based	
   cross-­‐linkers	
   were	
   incorporated.	
  
Two	
  time	
  scales	
  allowed	
  partial	
  healing	
  at	
  room	
  temperature,	
  and	
  
near	
  complete	
  healing	
  upon	
  heating.	
  Slow	
  linkers	
  limited	
  creep	
  at	
  
room	
  temperature	
  but	
  allowed	
  reshaping	
  upon	
  heating.	
  

Self-­‐healing	
   materials	
   can	
   intrinsically	
   repair	
   damages	
   and	
  
fractures.1-­‐5	
  Self-­‐healing	
  polymeric	
  materials	
  generally	
   fall	
   into	
  one	
  
of	
   two	
   categories:	
   1)	
  materials	
   that	
   contain	
   capsules	
  or	
   capillaries	
  
that	
   lead	
   to	
   chemical	
   reactions	
   upon	
   rupture	
   of	
   the	
  
microchamber,6,	
  7	
  or	
  2)	
  materials	
  that	
  contain	
  reversible	
  cross-­‐links	
  
that	
  can	
  exchange.1,	
  8	
  Materials	
  that	
  contain	
  dynamic	
  linkages	
  have	
  
advantages	
   including	
   simple	
  preparation	
   and	
   the	
   ability	
   to	
   sustain	
  
multiple	
   fracture	
   healing	
   cycles.1	
   Various	
   dynamic	
   linkages	
   have	
  
been	
  used	
  for	
  self-­‐healing	
  materials.	
  These	
  include	
  materials	
  based	
  
on	
   supramolecular	
   interactions9	
   such	
   as	
   hydrogen-­‐bond	
  pairs,10,	
   11	
  	
  
host-­‐guest	
   interactions,12	
   metal	
   coordination,13,	
   14	
   π-­‐stacking,15,	
   16	
  
and	
  materials	
  based	
  on	
  dynamic	
  covalent	
  cross-­‐links	
  such	
  as	
  Diels-­‐
Alder	
   adducts,17-­‐19	
   disulfide	
   linkages,20,	
   21	
   radical	
   reshuffling	
  
reactions,22-­‐24	
  boronic	
  esters,25-­‐27	
  etc.	
  	
  
Despite	
   the	
   potential	
   for	
   these	
   materials	
   to	
   be	
   used	
   in	
   various	
  
applications,	
   the	
   dynamic	
   nature	
   of	
   the	
   linker	
   introduces	
   the	
  
potential	
  for	
  the	
  material	
  to	
  creep	
  or	
  deform	
  over	
  time	
  under	
  load.1	
  
Often,	
  materials	
   that	
   heal	
   quickly	
   through	
   fast	
   exchange	
   of	
   cross-­‐
linkers	
  also	
  tend	
  to	
  creep	
  rapidly.	
  This	
  leads	
  to	
  a	
  trade-­‐off	
  between	
  
minimizing	
   the	
   healing	
   time	
   and	
   limiting	
   creep.	
   A	
   combination	
   of	
  
dynamic	
   and	
   static	
   cross-­‐linkers	
   has	
   been	
   used	
   to	
   overcome	
   this	
  
limitation.28-­‐30	
   In	
   this	
   paper,	
   single-­‐network	
   materials	
   are	
   cross-­‐
linked	
   with	
   two	
   dynamic	
   linkers	
   with	
   very	
   different	
   timescales	
   of	
  
exchange.	
  Very	
  few	
  examples	
  of	
  doubly	
  dynamic	
  systems	
  have	
  been	
  
reported	
   in	
   the	
   literature.31-­‐33	
   In	
   this	
  contribution,	
  one	
  cross-­‐linker	
  
has	
   relatively	
   dynamic	
   hydrogen	
   bonds	
   from	
   the	
   2-­‐ureido-­‐4[1H]-­‐
pyrimidinone	
  (UPy)	
  moiety,34,	
   35	
  and	
  the	
  other	
  has	
  the	
  significantly	
  
less	
  dynamic	
  covalent	
  furan-­‐maleimide	
  (FMI)	
  Diels-­‐Alder	
  adducts.17	
  	
  

	
  
Scheme	
  1.	
  Synthesis	
  and	
  proposed	
  healing	
  mechanism	
  of	
  the	
  PHEA-­‐
FMIDA-­‐UPyA	
   material.	
   Initially	
   the	
   hydrogen	
   bonded	
   UPyA	
   units	
  
join	
   to	
   partially	
   heal	
   the	
   material.	
   With	
   thermal	
   stimulus	
   the	
  
covalently	
  linked	
  FMIDA	
  units	
  join	
  across	
  the	
  interface.	
  

UPy	
  linkages	
  have	
  been	
  shown	
  to	
  exchange	
  efficiently	
  in	
  minutes	
  at	
  
room	
   temperature,10	
   while	
   the	
   FMI	
   linkage	
   typically	
   requires	
  
heating	
   to	
   >80	
   °C	
   to	
   have	
   an	
   appreciable	
   rate	
   of	
   exchange.36	
   By	
  
combining	
  both	
  UPy	
  and	
  FMI	
  linkages	
  in	
  the	
  same	
  material,	
  partial	
  
healing	
   can	
   be	
   achieved	
   through	
   the	
   UPy	
   linkage	
   at	
   room	
  
temperature,	
  with	
  close	
  to	
  full	
  recovery	
  achieved	
  after	
  heating	
  the	
  
material.	
   Although	
   hydrogen	
   bonds	
   and	
   Diels-­‐Alder	
   adducts	
   have	
  
been	
   recently	
   combined	
   in	
   a	
   single	
   material,	
   the	
   self-­‐healing	
  
character	
   of	
   this	
   material	
   was	
   not	
   evaluated	
   extensively.33	
   The	
  
strong	
  covalent	
  bonds	
  in	
  FMI	
  limit	
  the	
  extent	
  of	
  creep,	
  due	
  to	
  slow	
  
exchange	
  of	
  these	
  covalent	
  bonds	
  at	
  room	
  temperature.	
  
Self-­‐healing	
  network	
  materials	
  were	
  synthesized	
  using	
  conventional	
  
free	
   radical	
   polymerization.	
   The	
   UPy	
   and	
   FMI	
   linkages	
   were	
  
introduced	
   into	
   the	
   network	
   through	
   acrylate	
   functionalized	
   UPy	
  
(UPyA)	
  and	
  diacrylate	
  functionalized	
  FMI	
  (FMIDA).	
  These	
  monomers	
  
were	
  synthesized	
  using	
  procedures	
  adapted	
  from	
  the	
  literature.37-­‐39	
  
Scheme	
  1	
  describes	
  the	
  proposed	
  healing	
  process.	
  The	
  bulk	
  of	
   the	
  
materials	
  (>90%	
  by	
  weight)	
  is	
  poly(2-­‐hydroxyethyl	
  acrylate)	
  (PHEA).	
  
PHEA	
   was	
   chosen	
   due	
   to	
   its	
   low	
   glass	
   transition	
   temperature	
   of	
  
approx.	
   -­‐15	
   °C	
   (Tg),

40	
   and	
   the	
   relatively	
   high	
   boiling	
   point	
   of	
   its	
  
monomer.	
   The	
   relatively	
   high	
   boiling	
   point	
   of	
   the	
   HEA	
   monomer	
  
was	
   important	
   to	
   avoid	
   monomer	
   loss	
   during	
   thermally	
   initiated	
  
polymerization	
  that	
  would	
  occur	
  with	
  low	
  boiling	
  monomers.	
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Figure	
   1.	
   a)	
   Left	
   shows	
   the	
   PHEA-­‐FMIDA-­‐UPyA	
   material	
   directly	
  
after	
  being	
  cut	
  with	
  a	
  razor.	
  Right	
  shows	
  the	
  same	
  material	
  with	
  the	
  
scratch	
   being	
  much	
   less	
   prominent	
   after	
   7h	
   of	
   room	
   temperature	
  
healing.	
   b)	
   Comparison	
   between	
   the	
   uncut	
   and	
   the	
   PHEA-­‐FMIDA-­‐
UPyA	
  materials	
  that	
  were	
  cut	
  and	
  healed	
  under	
  cold	
  conditions	
  for	
  
7h	
  (room	
  temperature)	
  and	
  cut	
  and	
  heated	
  at	
  90	
  °C	
  for	
  7h.	
  

PHEA	
  based	
  self-­‐healing	
  materials	
  containing	
  both	
  FMIDA	
  and	
  UPyA	
  
linkages	
  (PHEA-­‐FMIDA-­‐UPyA)	
  were	
  synthesized	
  with	
  5	
  wt%	
  UPyA	
  to	
  
HEA,	
  and	
  2.1	
  wt%	
  to	
  HEA.	
  This	
  maintains	
  the	
  same	
  average	
  distance	
  
between	
   FMIDA	
   and	
   UPyA	
   linkers	
   and	
   gives	
   a	
   molar	
   ratio	
   of	
  
[HEA]:[UPyA]:[FMIDA]=130:2:1.	
   Azobis(isobutyronitrile)	
   (AIBN)	
   was	
  
used	
   as	
   the	
   radical	
   initiator	
   for	
   the	
   polymerization	
   at	
   65	
   °C.	
   The	
  
monomer	
   conversion	
   was	
   found	
   to	
   be	
   greater	
   than	
   90%	
   by	
  
gravimetry.	
   Figure	
   S1	
   a)	
   gives	
   an	
   infrared	
   (IR)	
   spectrum	
   of	
   the	
  
material	
  after	
  it	
  has	
  been	
  prepared	
  and	
  dried	
  in	
  a	
  vacuum	
  oven.	
  The	
  
IR	
  spectrum	
  shows	
  no	
  peak	
  at	
  1640	
  cm-­‐1	
  (Figure	
  S1	
  b)),	
  as	
  well	
  as	
  no	
  
peak	
   at	
   940	
   cm-­‐1.	
   The	
   peaks	
   at	
   1640	
   cm-­‐1	
   and	
   940	
   cm-­‐1	
   are	
  
characteristic	
  vibrations	
  of	
  HEA	
  vinyl	
  groups.40	
  Similarly,	
  Figure	
  S1	
  c)	
  
shows	
   no	
   peak	
   around	
   1500	
   cm-­‐1,	
   which	
   corresponds	
   to	
   the	
   C-­‐N	
  
stretch	
   in	
   DMF.	
   Other	
   characteristic	
   peaks	
   of	
   DMF	
   including	
   the	
  
peaks	
   at	
   660,	
   870,	
   1100	
   cm-­‐1,41	
   are	
   also	
   absent	
   from	
   the	
   IR	
  
spectrum	
  in	
  Figure	
  S1(a).	
  Other	
  peaks	
  of	
  DMF	
  overlap	
  with	
  peaks	
  in	
  
HEA	
   such	
   as	
   the	
   C=O	
   stretch	
   at	
   ~1700	
   cm-­‐1,	
   etc.40,	
   41	
   It	
   is	
   worth	
  
noting	
  that	
  the	
  dried	
  PHEA-­‐FMIDA-­‐UPyA	
  material	
  is	
  easily	
  handled,	
  
however,	
   it	
   is	
  sticky	
  during	
  the	
  drying	
  process.	
  Further,	
  differential	
  
scanning	
   calorimetry	
   (DSC)	
   was	
   used	
   to	
   determine	
   the	
   Tg	
   of	
   the	
  
PHEA-­‐FMIDA-­‐UPyA	
   cross-­‐linked	
   polymer.	
   As	
   shown	
   in	
   Figure	
   S2	
   a	
  
glass	
   transition	
   temperature	
  of	
  approximately	
  4	
   °C	
  was	
  measured.	
  
This	
   is	
   approximately	
   20	
   °C	
   higher	
   than	
   the	
   uncrosslinked	
  
material.40	
  This	
  difference	
  is	
  due	
  to	
  the	
  presence	
  of	
  both	
  UPyA	
  and	
  
FMIDA	
  cross-­‐linkers.	
  
To	
   investigate	
   the	
  potential	
   of	
   the	
  PHEA-­‐FMIDA-­‐UPyA	
   cross-­‐linked	
  
polymers	
  to	
  act	
  as	
  self-­‐healing	
  materials,	
  a	
  sample	
  was	
  cut	
  into	
  two	
  
pieces,	
  as	
  displayed	
  in	
  the	
  left	
  panel	
  of	
  Figure	
  1	
  a).	
  These	
  two	
  pieces	
  

were	
   subsequently	
   placed	
   in	
   contact,	
   and	
   the	
   two	
   pieces	
   were	
  
joined	
   together	
   by	
   pushing	
   the	
   two	
   halves	
   with	
   fingers	
   for	
  
approximately	
  5	
  seconds.	
  As	
  shown	
  in	
  right	
  panel	
  of	
  Figure	
  1	
  a),	
  the	
  
cut	
  material	
  has	
  self-­‐healing	
  character	
  due	
  to	
  the	
  almost	
  complete	
  
disappearance	
  of	
  the	
  scratch	
  after	
  7h	
  at	
  room	
  temperature.	
  
Tensile-­‐testing	
   was	
   performed	
   to	
   assess	
   the	
   potential	
   of	
   these	
  
hybrid	
   UPy/FMI	
   containing	
   networks	
   to	
   act	
   as	
   self-­‐healing	
  
materials.	
  Figure	
  1b)	
  compares	
   the	
  stress-­‐strain	
  curve	
   for	
  a	
   typical	
  
uncut	
  material,	
  a	
  material	
  that	
  was	
  cut	
  and	
  allowed	
  to	
  heal	
  at	
  room	
  
temperature	
   for	
   7	
   h,	
   and	
   a	
  material	
   that	
   was	
   cut	
   and	
   allowed	
   to	
  
heal	
  at	
  90	
  °C	
  for	
  7h.	
  Figure	
  1b)	
  indicates	
  that	
  the	
  material	
  healed	
  at	
  
room	
  temperature	
  for	
  7h	
  regained	
  approximately	
  50%	
  of	
  the	
  strain	
  
at	
  break	
  and	
  50%	
  of	
  the	
  peak	
  stress.	
  Figure	
  1	
  b)	
  also	
  shows	
  that	
  the	
  
material	
   that	
  was	
   heated	
   at	
   90	
   °C	
   for	
   7h	
   regained	
   ca.	
   90%	
  of	
   the	
  
strain	
  at	
  break	
  and	
  85%	
  of	
  the	
  peak	
  stress.	
  	
  
These	
  results	
  can	
  be	
  explained	
  as	
  follows:	
  at	
  room	
  temperature	
  (22	
  
°C),	
   the	
  hydrogen	
  bonds	
   in	
   the	
  UPy	
  units,	
  as	
  well	
  as	
  any	
  hydrogen	
  
bonds	
  between	
  HEA,	
  are	
  able	
  to	
  exchange.	
  This	
  allows	
  healing	
  up	
  to	
  
approximately	
   50%	
  of	
   the	
   stress	
   and	
   strain	
   of	
   the	
   uncut	
  material.	
  
However,	
   at	
   room	
   temperature	
   the	
   Diels-­‐Alder	
   equilibrium	
   is	
  
shifted	
   very	
   far	
   to	
   the	
   adduct	
   form	
   implying	
   very	
   little	
   exchange	
  
between	
   the	
   covalent	
   units.	
   In	
   contrast,	
   at	
   90	
   °C	
   a	
   non-­‐trivial	
  
fraction	
  of	
  the	
  Diels-­‐Alder	
  adducts	
  are	
  disassembled,	
  as	
  well	
  as	
  the	
  
dynamic	
   hydrogen	
   bonds,	
   allowing	
   exchange	
   in	
   both	
   the	
  UPy	
   and	
  
FMI	
  networks.	
  This	
  exchange	
  in	
  both	
   linkers	
  allows	
  the	
  material	
  to	
  
recover	
   the	
  majority	
   of	
   its	
   initial	
  mechanical	
   properties.	
   Figure	
   S3	
  
shows	
   the	
   stress-­‐strain	
   curves	
   for	
   5	
   uncut	
   materials,	
   including	
  
materials	
   that	
   were	
   heated	
   for	
   7	
   h	
   and	
   materials	
   that	
   were	
   not	
  
heated.	
   This	
   quantifies	
   the	
   variability	
   in	
   the	
   uncut	
   material.	
   The	
  
PHEA-­‐FMIDA-­‐UPyA	
  materials	
  have	
  a	
  relatively	
  low	
  modulus	
  of	
  	
  ~100	
  
kPa,	
  which	
  is	
  attributed	
  to	
  the	
  relatively	
  low	
  crosslink	
  density.	
  	
  
Figure	
   S4	
   shows	
   a	
   high	
   recovery	
   and	
   a	
   low	
   recovery	
   sample	
   that	
  
was	
  healed	
  for	
  7h	
  at	
  room	
  temperature,	
  and	
  Figure	
  S5	
  shows	
  a	
  high	
  
recovery	
  and	
  a	
   low	
  recovery	
  sample	
  that	
  was	
  healed	
   for	
  7	
  h	
  at	
  90	
  
°C.	
   These	
   comparisons	
   give	
   a	
   picture	
   of	
   the	
   sample	
   and	
   healing	
  
variability	
  which	
  is	
  typically	
  in	
  the	
  range	
  of	
  ~20-­‐30%.	
  The	
  variability	
  
may	
  be	
  attributed	
  to	
  the	
  random	
  scission	
  of	
  bonds	
  upon	
  cutting	
  the	
  
sample,	
   with	
   some	
   sections	
   requiring	
   more	
   network	
  
rearrangement,	
  and	
  longer	
  healing	
  times,	
  than	
  others.	
  However,	
  for	
  
the	
  remainder	
  of	
  this	
  communication	
  the	
  best	
  performing	
  materials	
  
will	
  be	
  considered	
  to	
  highlight	
  the	
  potential	
  of	
  these	
  networks.	
  
Interestingly,	
  the	
  uncut	
  and	
  heated	
  materials	
  show	
  an	
  initial	
  regime	
  
of	
   negative	
   curvature	
   in	
   the	
   stress	
   strain	
   curve,	
   extending	
  	
  
approximately	
  to	
  a	
  strain	
  of	
  ~1.5.	
  This	
   is	
   interpreted	
  as	
  a	
  region	
  of	
  
polymer	
   chain	
   stretching	
   and	
   breaking	
   of	
   the	
   hydrogen-­‐bonded	
  
network.	
   Beyond	
   a	
   strain	
   of	
   1.5	
   a	
   regime	
   of	
   positive	
   curvature	
   is	
  
seen.	
   Interestingly,	
   the	
   material	
   that	
   was	
   healed	
   at	
   room	
  
temperature	
   breaks	
   close	
   to	
   the	
   inflection	
   point	
   or	
   transition	
  
between	
  these	
  two	
  regimes.	
  This	
  is	
  consistent	
  with	
  the	
  idea	
  that	
  at	
  
room	
  temperature	
  only	
  the	
  hydrogen-­‐bonds	
  exchange.	
  In	
  contrast,	
  
by	
  heating	
  the	
  material,	
  both	
  hydrogen-­‐bonds	
  and	
  Diels-­‐Alder	
  units	
  
are	
  able	
  to	
  exchange,	
  allowing	
  a	
  greater	
  stress	
  and	
  strain	
  at	
  break.	
  
To	
   further	
   analyze	
   the	
   potential	
   of	
   these	
   PHEA-­‐FMIDA-­‐UPyA	
  
materials,	
  two	
  forms	
  of	
  damage	
  were	
  applied	
  to	
  the	
  material.	
  One	
  
was	
   the	
   complete	
   cut	
   as	
   shown	
   in	
   Figure	
   1a	
   and	
   the	
   other	
  was	
   a	
  
notch	
   through	
  50%	
  of	
   the	
  material’s	
   thickness.	
   Figure	
  S6	
   indicates	
  
the	
   nature	
   of	
   the	
   damage	
   does	
   not	
   change	
   the	
   performance	
   as	
   a	
  
self-­‐healing	
  material.	
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Figure	
   2.	
   a)	
   Stress-­‐relaxation	
   and	
   creep	
   data	
   for	
   a	
   PHEA-­‐FMIDA-­‐
UPyA	
  based	
  self-­‐healing	
  material	
  monitored	
  over	
  4	
  hours.	
  b)	
  Kinetic	
  
plot	
   of	
   measured	
   length	
   after	
   extension	
   (L)	
   compared	
   to	
   length	
  
before	
   extension	
   (L0)	
   L/L0	
   as	
   a	
   function	
   of	
   time	
   after	
   the	
   PHEA-­‐
FMIDA-­‐UPyA	
   material	
   was	
   released	
   from	
   7	
   days	
   at	
   100%	
   strain	
  
(inset	
  shows	
  the	
  L/L0	
  16	
  h	
  after	
  being	
  released	
  from	
  100%	
  extension	
  
that	
   was	
   maintained	
   for	
   1,	
   3	
   and	
   7	
   days).	
   c)	
   Photograph	
   of	
   the	
  
shape	
   of	
   the	
   PHEA-­‐FMIDA-­‐UPyA	
   material	
   directly	
   after	
   synthesis	
  
(left),	
   after	
  being	
  heated	
   for	
  7h	
  at	
   90	
   °C	
   (middle),	
   and	
  after	
  being	
  
placed	
  in	
  a	
  room	
  temperature	
  water	
  bath	
  for	
  1h	
  (right).	
  

Figure	
  S7	
  a)	
  shows	
  stress-­‐strain	
  curves	
  for	
  materials	
  that	
  have	
  been	
  
healed	
  for	
  different	
  times	
  at	
  room	
  temperature,	
  while	
  Figures	
  S7	
  b)	
  
show	
   the	
   kinetics	
   of	
   healing	
   under	
   cold	
   conditions	
   (room	
  
temperature).	
   Similarly,	
   Figure	
  S8	
  a)	
   shows	
  stress-­‐strain	
  curves	
   for	
  

materials	
   that	
   have	
   been	
   healed	
   for	
   different	
   times	
   under	
   heated	
  
(90	
   °C)	
   conditions,	
   and	
   	
   Figure	
   S8	
  b)	
   shows	
   the	
   kinetics	
  of	
  healing	
  
under	
   heated	
   conditions	
   (90	
   °C).	
   These	
   were	
   fitted	
   to	
   an	
  
exponential	
  function	
  of	
  the	
  following	
  form	
  for	
  the	
  stress	
  and	
  strain	
  
respectively:	
  

! t =!!
"b!  Exp["t / ! 0 ] 	
   	
   	
   	
   	
   	
   	
   	
   (1)	
  

!t =!! "b!  Exp["t / ! 0 ] 	
  	
   	
   	
   	
   	
   	
   	
   	
   (2)	
  

τ0	
   is	
   the	
   time	
   constant	
   for	
   healing	
   and	
   is	
   kept	
   the	
   same	
   for	
   both	
  
stress	
   and	
   strain	
   data	
   at	
   a	
   given	
   temperature,	
  σ∞	
   and	
   ε∞	
   are	
   the	
  

stress	
   and	
   strain	
   after	
   an	
   infinite	
   healing	
   time,	
   and	
   bσ	
   and	
   bε	
   are	
  

fitted	
  constants.	
  The	
  parameters	
  τ0	
  =	
  0.22	
  h,	
  σ∞	
  =	
  116	
  kPa,	
  bσ	
  =	
  63	
  

kPa,	
   	
  ε∞	
  =	
  1.58,	
  bε	
  =	
  1.16	
  were	
  obtained	
  for	
  the	
  room	
  temperature	
  
healed	
   system.	
   Similarly,	
   for	
   the	
   heated	
   system	
   the	
   parameters	
  

were	
  τ0	
  =	
  3.2	
  h,	
  σ∞	
  =	
  260	
  kPa,	
  bσ	
  =	
  184	
  kPa,	
  	
  ε∞	
  =	
  3.51,	
  bε	
  =	
  2.49.	
  
These	
  data	
  are	
  consistent	
  with	
   the	
   relatively	
   rapid	
  but	
   incomplete	
  
healing	
  at	
  room	
  temperature,	
  caused	
  by	
  exchange	
  of	
  the	
  hydrogen-­‐
bonded	
   UPy	
   units.10	
   The	
   healing	
   half-­‐life	
   is	
   expected	
   to	
   be	
   a	
  
combination	
  of	
  both	
  the	
  timescale	
  of	
  exchange	
  between	
  UPy	
  units	
  
and	
   the	
   timescale	
   of	
   exchange	
   between	
   clusters	
   that	
   have	
   been	
  
reported	
  in	
  supramolecular	
  self-­‐healing	
  systems.9	
  Similarly,	
  the	
  high	
  
temperature	
   system	
   is	
   consistent	
   with	
   almost	
   complete	
   healing,	
  
since	
  the	
  !

!
	
  and	
  !

!
	
  values	
  are	
  similar	
  to	
  the	
  maximum	
  stress	
  and	
  

strain	
   at	
   break	
   for	
   the	
   uncut	
   material	
   (Figure	
   S3).	
   However,	
   this	
  
healing	
  occurs	
  at	
  a	
  much	
  slower	
  rate	
  with	
  a	
  half-­‐life	
  of	
  about	
  2.2	
  h	
  
at	
  90	
  °C.	
  
The	
   PHEA-­‐FMIDA-­‐UPyA	
   material	
   performs	
   well	
   as	
   a	
   self-­‐healing	
  
material;	
   however,	
   an	
   important	
   consideration	
   is	
   the	
   tendency	
   to	
  
deform	
  and	
  creep	
  over	
  time	
  under	
  load.	
  Figure	
  2	
  a)	
  shows	
  both	
  the	
  
stress	
  relaxation	
  at	
  constant	
  extension	
  (100%	
  strain)	
  and	
  the	
  creep	
  
deformation	
  at	
  constant	
  stress	
  (100	
  kPa)	
  over	
  a	
  4h	
  time	
  period	
  for	
  
the	
   PHEA-­‐FMIDA-­‐UPyA	
   system.	
   Although	
   stress	
   relaxation	
   and	
  
creep	
  occurs	
  initially,	
  both	
  plateau	
  at	
  approximately	
  2.5	
  h.	
  After	
  this	
  
time	
  the	
  material	
  displays	
  negligible	
  stress	
  relaxation	
  or	
  creep.	
  This	
  
can	
   be	
   explained	
   by	
   the	
   stress	
   relaxation	
   and	
   creep	
   occurring	
  
primarily	
  in	
  the	
  hydrogen-­‐bonded	
  network,	
  which	
  exchanges	
  on	
  the	
  
timescale	
  of	
  minutes	
  at	
  room	
  temperature.	
  The	
  Diels-­‐Alder	
  network	
  
ensures	
   that	
   the	
   material	
   maintains	
   its	
   structure	
   at	
   room	
  
temperature	
  and	
  limits	
  creep	
  and	
  stress	
  relaxation.	
  	
  
It	
   is	
   important	
   to	
   note	
   that	
   the	
   creep	
   and	
   stress-­‐relaxation	
  
experiments	
  on	
  the	
  PHEA-­‐FMIDA-­‐UPyA	
  system	
  showed	
  that	
  there	
  is	
  
some	
   extent	
   of	
   exchange	
   under	
   extension/stress.	
   To	
   determine	
  
whether	
   there	
   is	
   permanent	
   deformation	
   over	
   a	
   longer	
   period	
   of	
  
time,	
   the	
   PHEA-­‐FMIDA-­‐UPyA	
   material	
   was	
   stretched	
   to	
   100%	
  
extension,	
  and	
  fixed	
  at	
  100%	
  extension	
   for	
  7	
  days.	
  After	
   this	
   time,	
  
the	
  material	
  was	
  released	
  from	
  the	
  100%	
  extension	
  and	
  allowed	
  to	
  
relax.	
   The	
   length	
   of	
   the	
   material	
   (L)	
   after	
   being	
   released	
   was	
  
compared	
  to	
  the	
  original	
  length	
  before	
  extension(L0)	
  at	
  several	
  time	
  
points.	
   Figure	
  2	
  b)	
   shows	
   the	
  kinetics	
  of	
   L/L0	
  after	
   the	
   fixed	
   strain	
  
was	
   released.	
   The	
   kinetic	
   data	
   indicates	
   that	
   the	
   recovery	
   was	
  
better	
  than	
  95%	
  after	
  2	
  hours,	
  and	
  recovery	
  was	
  complete	
  after	
  16	
  
h.	
  Similar	
  experiments	
  were	
  performed	
  where	
  the	
  sample	
  was	
  kept	
  
at	
   100%	
   extension	
   for	
   1,	
   3	
   and	
   7	
   days.	
   	
   As	
   shown	
   in	
   the	
   inset	
   to	
  
Figure	
  2	
  b),	
  16	
  h	
  after	
  the	
  strain	
  was	
  released,	
  the	
  materials	
  fixed	
  in	
  
place	
  for	
  1,	
  3	
  and	
  7	
  days	
  all	
  returned	
  to	
  their	
  original	
  lengths.	
  	
  
Finally,	
   the	
   dynamic	
   nature	
   of	
   double-­‐self	
   healing	
   material	
   was	
  
exploited	
   to	
   reshape	
   the	
   material,	
   displaying	
   its	
   malleable	
  
properties.	
  This	
  is	
  similar	
  to	
  the	
  “vitrimer”	
  materials,	
  which	
  operate	
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through	
   a	
   dynamic	
   exchange	
   rather	
   than	
   an	
  
association/dissociation	
   dynamic	
   mechanism.42-­‐44	
   In	
   particular,	
   by	
  
incubating	
   the	
   material	
   at	
   elevated	
   temperature	
   both	
   the	
  
hydrogen-­‐bonded	
   cross-­‐links	
   and	
   the	
   Diels-­‐Alder	
   cross-­‐links	
  
exchange	
   at	
   a	
   non-­‐trivial	
   rate.	
   The	
   material	
   can	
   be	
   reshaped	
   by	
  
twisting	
   the	
   material	
   at	
   room	
   temperature	
   and	
   fixing	
   it	
   in	
   this	
  
configuration	
  while	
  heating	
  it	
  at	
  90	
  °C.	
  Figure	
  2	
  c)	
  shows	
  the	
  shape	
  
of	
   the	
   material	
   both	
   directly	
   after	
   synthesis	
   (left),	
   after	
   being	
  
heated	
  for	
  7h	
  at	
  90	
  °C	
  in	
  a	
  twisted	
  configuration	
  (middle).	
  	
  
Clearly,	
  the	
  original	
  untwisted	
  shape	
  is	
  changed	
  to	
  a	
  heavily	
  twisted	
  
shape	
   after	
   heating	
   in	
   the	
   twisted	
   configuration.	
   Finally,	
   since	
   the	
  
material	
   is	
   >90%	
   PHEA,	
   a	
   material	
   that	
   forms	
   hydrogels,45	
   the	
  
reshaped	
  material	
  was	
   placed	
   in	
   to	
   flask	
   of	
  water	
   for	
   1h	
   at	
   room	
  
temperature	
   to	
   assist	
  with	
  displaying	
   the	
  permanent	
   structure.	
  As	
  
shown	
   in	
   Figure	
   2	
   c)	
   (right)	
   the	
   material	
   retains	
   its	
   new	
   twisted	
  
shape,	
  even	
  after	
  being	
  placed	
  in	
  the	
  water	
  bath	
  for	
  an	
  hour.	
  
Conclusion	
  
In	
   conclusion,	
   a	
   new	
   class	
   of	
   self-­‐healing	
   materials	
   has	
   been	
  
synthesized	
   to	
   contain	
   both	
   highly	
   dynamic	
   but	
   relatively	
   weakly	
  
bound	
   supramolecular	
   cross-­‐links	
   and	
   strong	
   slowly	
   exchanging	
  
covalent	
   cross-­‐links.	
   In	
   this	
   system,	
   hydrogen	
   bonds	
   were	
  
introduced	
   to	
   create	
   the	
   highly	
   dynamic	
   cross-­‐links,	
   and	
   covalent	
  
Diels-­‐Alder	
   linkages	
   were	
   introduced	
   to	
   create	
   the	
   slowly	
  
exchanging	
   linkages.	
   This	
   material	
   shows	
   partial	
   healing	
   at	
   room	
  
temperature	
   and	
   shows	
   almost	
   complete	
   recovery	
   at	
   elevated	
  
temperatures.	
   An	
   important	
   feature	
   of	
   these	
  materials	
   is	
   that	
   the	
  
very	
   slowly	
   exchanging	
   Diels-­‐Alder	
   cross-­‐links	
   lead	
   to	
   a	
   limited	
  
extent	
  of	
  creep,	
  and	
  complete	
  recovery	
  once	
  the	
  stress	
  is	
  released.	
  
However,	
  due	
  to	
  the	
  dynamic	
  nature	
  of	
  the	
  material,	
  it	
  is	
  malleable	
  
at	
  elevated	
  temperatures	
  and	
  its	
  permanent	
  shape	
  can	
  be	
  changed.	
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A combination of supramolecular and dynamic covalent linkages were used to create creep limited self-
healing materials.  
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