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ABSTRACT	
  

	
  Metal-­‐organic	
  framework	
  crystal-­‐glass	
  composites	
  (MOF-­‐CGCs)	
  are	
  materials	
  in	
  which	
  a	
  crystalline	
  MOF	
  is	
  dispersed	
  within	
  a	
  
MOF	
  glass.	
  In	
  this	
  work,	
  we	
  explore	
  the	
  room	
  temperature	
  stabilization	
  of	
  the	
  open-­‐pore	
  form	
  of	
  MIL-­‐53(Al),	
  usually	
  observed	
  at	
  
high-­‐temperature,	
  which	
  occurs	
  upon	
  encapsulation	
  within	
  a	
  ZIF-­‐62(Zn)	
  MOF	
  glass	
  matrix.	
  A	
  series	
  of	
  MOF-­‐CGCs	
  containing	
  
different	
   loadings	
   of	
  MIL-­‐53(Al)	
  were	
   synthesized	
   and	
   characterized	
   using	
   X-­‐ray	
   diffraction	
   and	
   nuclear	
  magnetic	
   resonance	
  
spectroscopy.	
   An	
   upper	
   limit	
   of	
   MIL-­‐53(Al)	
   that	
   can	
   be	
   stabilized	
   in	
   the	
   composite	
   was	
   determined	
   for	
   the	
   first	
   time.	
   The	
  
nanostructure	
   of	
   the	
   composites	
   was	
   probed	
   using	
   pair	
   distribution	
   function	
   analysis	
   and	
   scanning	
   transmission	
   electron	
  
microscopy.	
  Notably,	
  the	
  distribution	
  and	
  integrity	
  of	
  the	
  crystalline	
  component	
  in	
  a	
  sample	
  series	
  was	
  determined,	
  and	
  these	
  
findings	
  related	
  to	
  the	
  MOF-­‐CGC	
  gas	
  adsorption	
  capacity	
  in	
  order	
  to	
  identify	
  the	
  optimal	
  loading	
  necessary	
  for	
  maximum	
  CO2	
  
sorption	
  capacity.	
  	
  

INTRODUCTION	
  
	
  
Metal-­‐organic	
   frameworks	
   (MOFs)	
   are	
   hybrid,	
   framework	
  
materials	
   containing	
   metal	
   nodes	
   that	
   are	
   linked	
   in	
   an	
  
extended	
   fashion	
   by	
   organic	
   molecules.1	
   MOFs	
   are	
   highly	
  
regarded	
  for	
  their	
  record	
  breaking	
  surface	
  areas	
  and	
  tunable	
  
pore	
   sizes2,3	
   and	
   investigated	
   for	
   a	
   plethora	
   of	
   applications	
  
including	
   gas	
   storage	
   and	
   separation,	
   catalysis,	
   water	
  
harvesting,	
   and	
   sensing.1,4–7	
   The	
   exploitation	
   of	
   the	
   full	
  
chemical	
   promise	
   of	
   MOFs	
   in	
   practice	
   may	
   however	
   be	
  
impeded	
   by	
   their	
   physical	
   form.	
   Typically,	
   MOFs	
   are	
  
synthesized	
   as	
   microcrystalline	
   powders	
   of	
   nm-­‐mm	
   sized	
  
particles	
   that	
   are	
   ill-­‐suited	
   to	
   industrial	
   settings	
   without	
  
prior	
   processing.8	
   This	
   has	
   driven	
   attempts	
   to	
   synthesize	
  
bulk	
  materials	
   (monoliths)	
   using	
   techniques	
   such	
   as	
   sol-­‐gel	
  
synthesis9–11	
   or	
   post-­‐synthetic	
   compaction	
   and	
   pelletization	
  
via,	
   for	
   example,	
   spark-­‐plasma	
   sintering.12,13	
   Most	
   MOF	
  
monolith	
  research	
  has	
  however	
  used	
  a	
  secondary	
  material	
  to	
  
aggregate	
  the	
  MOF	
  crystallites	
  such	
  as	
   in	
  MOF-­‐in-­‐silica	
  and	
  
mixed-­‐matrix	
  membrane	
  systems.14,15	
  	
  

Zeolitic	
  imidazolate	
  frameworks	
  (ZIFs)	
  are	
  a	
  sub-­‐family	
  of	
  
MOFs	
   and	
   have	
   proven	
   particularly	
   suitable	
   candidates	
   for	
  
the	
   synthesis	
   of	
   MOF	
  monoliths.	
   ZIFs	
   are	
   defined	
   by	
   their	
  
incorporation	
   of	
   imidazolate	
   or	
   imidazolate-­‐based	
   linkers,	
  
and	
   are	
   notable	
   amongst	
   MOFs	
   for	
   their	
   high	
   thermal	
  
stabilities	
   (ca.	
   300–500°C).16–18	
   The	
   incorporation	
   of	
   these	
  
bidentate	
   linkers	
   leads	
   ZIFs	
   to	
   adopt	
   many	
   topologies	
  
identical	
  to	
  those	
  of	
  zeolites	
  because	
  the	
  metal-­‐imidazolate-­‐
metal	
   dihedral	
   angle	
   is	
   similar	
   to	
   that	
   of	
   silicon-­‐oxygen-­‐
silicon	
  (~145°).16	
  Several	
  ZIFs	
  have	
  been	
  observed	
  to	
  undergo	
  

melting,	
   forming	
   extremely	
   viscous	
   MOF	
   liquids	
   at	
   high	
  
temperatures,	
   which	
   can	
   be	
   quenched	
   to	
   form	
   glasses.19	
  	
  
Structurally,	
   the	
   glass	
   displays	
   the	
   same	
   short-­‐range	
   order	
  
and	
   stoichiometry	
   of	
   the	
   crystalline	
  material,	
   i.e.	
   the	
  metal	
  
nodes	
   retain	
   a	
   tetrahedral	
   coordination	
  with	
   a	
   connectivity	
  
that	
   can	
   be	
   modelled	
   as	
   a	
   continuous	
   random	
   network	
  
(CRN).20	
  

The	
   glassy	
   state	
   of	
   MOFs	
   has	
   been	
   used	
   to	
   create	
   MOF	
  
crystal-­‐glass	
  composites	
  (MOF-­‐CGCs),	
  in	
  which	
  a	
  crystalline	
  
phase	
   is	
   incorporated	
   into	
   a	
   MOF-­‐glass	
   matrix.21	
   The	
   first	
  
example	
   of	
   such	
   a	
   material	
   was	
   synthesized	
   by	
   forming	
   a	
  
physical	
   mixture	
   of	
   crystalline	
   MIL-­‐53(Al)	
   [Al(OH)(bdc)]	
  
(bdc,	
   1,4-­‐benzenedicarboxylate,	
   C8H4O4

2-­‐)—hereafter	
  
referred	
   to	
   as	
   MIL-­‐53—and	
   ZIF-­‐62(Zn)	
   [Zn(Im)1.75(bIm)0.25]	
  
(Im,	
  imidazolate,	
  C3N2H3

-­‐;	
  bIm,	
  benzimidazolate,	
  C7H5N2
-­‐)—

hereafter	
   referred	
   to	
   as	
   ZIF-­‐62.21	
   This	
   mixture	
   was	
   heated	
  
above	
  the	
  melting	
  temperature	
  of	
  ZIF-­‐62,	
  and	
  cooled	
  to	
  room	
  
temperature	
  to	
  form	
  the	
  MOF-­‐CGC	
  (MIL-­‐53)0.25(agZIF-­‐62)0.75,	
  
(i.e.	
   a	
  MOF-­‐CGC	
   composed	
   of	
   25	
  wt.%	
  MIL-­‐53	
   in	
   agZIF-­‐62,	
  
where	
  ag	
  denotes	
  the	
  glassy	
  form).	
  

MIL-­‐53	
   crystallizes	
   in	
   a	
   “wine	
   rack”	
   structure	
   (Pnma,	
   a	
   =	
  
17.129(2)	
  Å,	
  b	
   =	
   6.628(1)	
  Å,	
   c	
   =	
   12.182(1)	
  Å,	
   α	
   =	
   β	
   =	
   γ	
   =	
   90°)	
  	
  
with	
   large	
   internal	
   pores	
   held	
   open	
   by	
   excess	
   solvent	
   and	
  
unreacted	
   ligand	
   in	
   the	
  as-­‐synthesized	
   state	
   (“MIL-­‐53-­‐as”).22	
  
The	
   removal	
   or	
   replacement	
   of	
   these	
   guest	
   molecules	
   can	
  
cause	
   the	
   pore	
   structure	
   to	
   undergo	
   significant	
   volume	
  
contraction	
   or	
   expansion,	
   leading	
   to	
   phase	
   transformations	
  
at	
  different	
  temperatures	
  (Fig.	
  1a).	
  When	
  the	
  pore	
  occupying	
  
species	
   are	
   expelled,	
   typically	
   by	
   heating,	
   an	
   open-­‐pore	
  
structure	
  (Imma,	
  a	
  =	
  6.608(1)	
  Å,	
  b	
  =	
  16.675(3)	
  Å,	
  c	
  =	
  12.813(2)	
  
Å,	
   α	
   =	
   β	
   =	
   γ	
   =	
   90°)	
   is	
   formed	
   with	
   a	
   greater	
   internal	
   void	
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volume	
   that	
   we	
   refer	
   to	
   as	
   “MIL-­‐53-­‐lp”	
   (large	
   pore).	
   The	
  
spontaneous	
   uptake	
   of	
   water	
   into	
   the	
   large-­‐pore	
   phase,	
  
typically	
   upon	
   cooling,	
   causes	
   the	
   pores	
   to	
   contract	
   to	
  
produce	
   a	
   narrow-­‐pore	
   structure	
   (Cc,	
   a	
   =	
   19.513(2)	
   Å,	
   b	
   =	
  
7.612(1)	
  Å,	
  c	
  =	
  6.576(1)	
  Å,	
  α	
  =	
  γ	
  =	
  90°,	
  β	
  =	
  104.24(1)°)	
  that	
  we	
  
refer	
   to	
   as	
   “MIL-­‐53-­‐np”	
   (narrow	
   pore).22	
   Reversible	
  
transitions	
  between	
  MIL-­‐53-­‐np	
  and	
  MIL-­‐53-­‐lp	
   are	
  known	
  as	
  
“breathing”.	
  

It	
   was	
   recently	
   observed	
   that	
   when	
   incorporated	
   into	
   a	
  
MOF-­‐CGC,	
   the	
   MIL-­‐53-­‐lp	
   structure	
   was	
   stabilized	
   at	
   room	
  
temperature	
  (Fig.	
  1b)	
  and	
  because	
  of	
  the	
  greater	
  pore	
  space	
  
compared	
   to	
   MIL-­‐53-­‐np,	
   the	
   (MIL-­‐53)0.25(agZIF-­‐62)0.75	
   CGC	
  
displayed	
   a	
   CO2	
   uptake	
   greater	
   than	
   a	
   combination	
   of	
   its	
  
parent	
  materials.21	
  Motivated	
  by	
  this	
  potential	
  for	
  composite	
  
formation	
   to	
   enhance	
   gas	
   sorption	
   and	
   to	
   achieve	
   designed	
  
stabilization	
   of	
   an	
   open	
   pore	
   structure,	
   we	
   study	
   here	
   the	
  
maximum	
   loading	
   capacity	
   of	
   MIL-­‐53	
   within	
   a	
   (MIL-­‐
53)x(agZIF-­‐62)1-­‐x	
   series.	
   Various	
   characterization	
   techniques	
  
are	
   used	
   to	
   probe	
   the	
   chemical	
   composition	
   and	
   structural	
  
integrity	
   of	
   the	
   MOF-­‐CGC	
   components	
   across	
   the	
   (MIL-­‐
53)x(agZIF-­‐62)1-­‐x	
  series,	
  and	
  we	
  pay	
  particular	
  attention	
  to	
  the	
  
MIL-­‐53	
  phases	
  present.	
  

	
  

	
  

Figure	
  1.	
  (a)	
  Diagram	
  of	
  the	
  activation	
  process	
  of	
  MIL-­‐53	
  and	
  
the	
  transition	
  between	
  different	
  states	
  (C	
  –	
  grey,	
  O	
  –	
  red,	
  Al	
  –	
  
pink,	
  H	
  –	
  omitted	
  for	
  clarity,	
  solvent	
  –	
  purple);	
  (b)	
  Schematic	
  
of	
   composite	
   formation	
  using	
  ball	
   and	
   stick	
   figures	
  of	
  MIL-­‐
53,	
   crystalline	
   ZIF-­‐62	
   (N	
   –	
   blue,	
   Zn	
   –	
   red),	
   and	
   stick	
   figure	
  
reverse	
  Monte	
  Carlo	
  (RMC)	
  model	
  using	
  combined	
  X-­‐ray	
  and	
  
neutron	
  total	
  scattering	
  data	
  of	
  agZIF-­‐4	
  [Zn(Im)2]

19;	
  (c)	
  Scan-­‐
ning	
   electron	
  microscopy	
   image	
   (SEM)	
  of	
  MIL-­‐53-­‐as	
   –	
   from	
  
Hou	
   et	
   al.21	
   (d)	
   Scanning	
   electron	
  microscope	
   (SEM)	
   image	
  
of	
  (MIL-­‐53)0.5(agZIF-­‐62)0.5.	
  

	
  
RESULTS	
  AND	
  DISCUSSION	
  

	
  
Synthesis	
  of	
  MOF-­‐CGC	
  Series	
  &	
  Retention	
  of	
  MIL-­‐53-­‐lp	
  

Samples	
   of	
   (MIL-­‐53)x(agZIF-­‐62)1-­‐x,	
  where	
   0.3	
  ⩽	
  x	
  ⩽	
   0.9	
   in	
  
0.1	
   increments,	
  were	
  synthesized	
  by	
  ball	
  milling	
  appropriate	
  
masses	
   of	
   crystalline	
   ZIF-­‐62	
   and	
   MIL-­‐53-­‐as;	
   pressing	
   the	
  
resultant	
   intimately-­‐mixed	
  powder	
   in	
  a	
  13	
  mm	
  diameter	
  dye	
  
at	
  0.74	
  GPa;	
  heating	
  to	
  450°C	
  for	
  15	
  minutes;	
  and	
  quenching	
  

to	
   room	
   temperature	
   (see	
   Methods).	
   The	
   materials	
  
produced	
   were	
   opaque,	
   cream-­‐colored	
   monoliths,	
   which	
  
became	
   brown	
   with	
   increasing	
   concentrations	
   of	
   MIL-­‐53,	
  
ascribed	
  to	
  a	
  small	
  amount	
  of	
  thermal	
  decomposition	
  of	
  the	
  
MIL-­‐53	
  component.	
  Neither	
  parent	
  material	
  can	
  be	
  identified	
  
from	
  SEM	
   images	
   and	
   the	
   relatively	
   smooth	
   surfaces	
   of	
   the	
  
bulk	
   material	
   provide	
   evidence	
   of	
   appreciable	
   flow	
   in	
   the	
  
ZIF-­‐62	
  liquid	
  state	
  (Fig.	
  1c,d	
  &	
  S1-­‐S5).	
  

To	
   verify	
   that	
   the	
   stabilization	
   of	
   MIL-­‐53-­‐lp	
   in	
   (MIL-­‐
53)x(agZIF-­‐62)1-­‐x	
   CGCs	
   is	
   not	
   related	
   to	
   the	
   presence	
   of	
  
occluded	
   ligand	
  within	
  MIL-­‐53-­‐as	
   during	
   CGC	
   formation,	
   a	
  
CGC	
  was	
  prepared	
  using	
  MIL-­‐53-­‐np	
  as	
  the	
  starting	
  material.	
  
The	
   MIL-­‐53-­‐np	
   was	
   obtained	
   by	
   heating	
   a	
   sample	
   of	
   pure	
  
MIL-­‐53-­‐as	
  to	
  330°C	
  for	
  72	
  hours,	
  to	
  produce	
  MIL-­‐53-­‐lp	
  which	
  
was	
   then	
   cooled	
   to	
   room	
   temperature	
   and	
   underwent	
   the	
  
reported	
   phase	
   transition	
   to	
   MIL-­‐53-­‐np	
   (Fig.	
   1,	
   2	
   &	
   S6).	
   A	
  
(MIL-­‐53)0.25(agZIF-­‐62)0.75	
   CGC	
   was	
   then	
   produced	
   (see	
  
Methods)	
   using	
   this	
   MIL-­‐53-­‐np	
   starting	
   material	
   and	
   was	
  
left	
   in	
   an	
   unsealed	
   container	
   in	
   ambient	
   conditions	
   for	
   24	
  
hours	
   before	
   lab-­‐source	
   powder	
   X-­‐ray	
   diffraction	
   (PXRD)	
  
data	
  was	
  collected	
  (See	
  Methods).	
  The	
  experimental	
  pattern	
  
displays	
  agreement	
  with	
  the	
  simulated	
  pattern	
  for	
  MIL-­‐53-­‐lp	
  
and	
   is	
   dissimilar	
   to	
   MIL-­‐53-­‐np	
   (Fig.	
   2).	
   This	
   demonstrates	
  
that	
   the	
   dominant	
   MIL-­‐53	
   phase	
   present	
   within	
   (MIL-­‐
53)0.25(agZIF-­‐62)0.75	
   is	
   MIL-­‐53-­‐lp	
   regardless	
   of	
   the	
   starting	
  
phase	
   and	
   further	
   composite	
   synthesis	
   reported	
   here	
   were	
  
performed	
  using	
  MIL-­‐53-­‐as	
  as	
  the	
  starting	
  material.	
  

	
  

Figure	
   2.	
   Experimental	
   PXRD	
   patterns	
   (blue)	
   of	
   pure	
  MIL-­‐
53-­‐np	
   (top)	
   and	
   the	
   CGC	
   (bottom).	
   The	
   simulated	
   patterns	
  
(red)	
   demonstrates	
   the	
   retention	
   of	
   the	
  MIL-­‐53-­‐lp	
   phase	
   in	
  
quenched	
   CGCs.	
   Impurities	
   marked	
   with	
   *	
   have	
   also	
   been	
  
observed	
  in	
  prior	
  literature.23	
  

	
  
Composition,	
  MIL-­‐53	
  Phase	
  Identification,	
  and	
  Loading	
  
Capacity	
  

The	
   integrity	
   and	
   retention	
   of	
   organic	
   linkers	
   in	
   MOF-­‐
CGCs	
   across	
   the	
   composition	
   series	
   was	
   studied	
   using	
  
solution	
   1H	
   nuclear	
   magnetic	
   resonance	
   (NMR)	
   (see	
  
Methods).	
  The	
  presence	
  of	
  peaks	
  assignable	
   to	
  HIm,	
  HbIm	
  
and	
   H2bdc	
   confirmed	
   that	
   the	
   organic	
   linkers	
   present	
   in	
  
crystalline	
   ZIF-­‐62	
   and	
   MIL-­‐53	
   were	
   also	
   present	
   in	
   all	
  
composites	
   (Fig.	
   3a).	
   A	
   ratio	
   of	
   1:6.93	
   between	
   peak	
  
intensities	
   corresponding	
   to	
   benzimidazole	
   and	
   imidazole	
  
respectively	
   is	
   observed,	
   confirming	
   that	
   there	
   was	
   no	
  
change	
   in	
   ZIF-­‐62	
   stoichiometry	
   upon	
   glass	
   formation	
   (Fig.	
  
3b).	
   The	
   single	
   expected	
   signal	
   arising	
   from	
   H2bdc	
   is	
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observed	
  to	
  increase,	
  whilst	
  those	
  assigned	
  to	
  HIm	
  and	
  HbIm	
  
decrease,	
   as	
   the	
   content	
   of	
   MIL-­‐53	
   is	
   increased	
   across	
   the	
  
MOF-­‐CGC	
  series	
  (Fig.	
  3a).	
  

	
  

	
  

Figure	
   3.	
   (a)	
   1H	
   NMR	
   spectra	
   of	
   the	
   (MIL-­‐53)x(agZIF-­‐62)1-­‐x	
  
MOF-­‐CGC	
   series	
   using	
   a	
   2.5:1	
   ratio	
   of	
   deuterated	
   dimethyl	
  
sulfoxide	
   and	
   hydrochloric	
   acid	
   solvents,	
   (b)	
   Peak	
   integral	
  
ratios	
   of	
   (MIL-­‐53)0.25(agZIF-­‐62)0.75,	
   (c)	
   Ligands	
   within	
   the	
  
frameworks.	
  Peaks	
  in	
  the	
  NMR	
  spectra	
  (a)	
  are	
  assigned	
  (a-­‐f)	
  
to	
  protons	
  in	
  the	
  ligands	
  as	
  indicated	
  in	
  (c).	
  

Laboratory	
   PXRD	
   measurements	
   (Cu	
   Kα	
   radiation,	
   λ	
   =	
  
1.5418	
   Å)	
   were	
   carried	
   out	
   on	
   the	
   compositional	
   series	
   of	
  
finely	
   ground	
   (MIL-­‐53)x(agZIF-­‐62)1-­‐x	
   samples	
   (Fig.	
   4).	
   The	
  
diffraction	
   pattern	
   for	
   (MIL-­‐53)0.3(agZIF-­‐62)0.7	
   contained	
  
several	
  peaks	
  ascribed	
   to	
   the	
  MIL-­‐53-­‐lp	
  phase,	
  of	
  which	
   the	
  
(101),	
   (011),	
   and	
   (202)	
   reflections	
   were	
   most	
   prominent.	
   No	
  
reflections	
   were	
   observed	
   which	
   could	
   be	
   ascribed	
   to	
   the	
  
MIL-­‐53-­‐np	
  phase.	
  However,	
  upon	
  increasing	
  concentration	
  of	
  
MIL-­‐53	
  within	
   the	
   composite	
   to	
   70	
  wt.%,	
   peaks	
   ascribed	
   to	
  
the	
   (200)	
   and	
   (110)	
   reflections	
   of	
  MIL-­‐53-­‐np	
   phase	
   emerged	
  
and	
   increased	
   in	
   relative	
   intensity	
   thereafter.	
   Subsequently,	
  
room	
  temperature	
  X-­‐ray	
  total	
  scattering	
  data	
  were	
  collected	
  
for	
   samples	
   of	
   the	
   (MIL-­‐53)x(agZIF-­‐62)1-­‐x	
   series	
   (and	
   the	
  
corresponding	
  crystalline	
  mixtures	
  of	
   the	
  same	
  proportions)	
  
using	
   synchrotron	
   radiation	
   (λ	
  =	
  0.161669	
  Å,	
   see	
  Methods).	
  
These	
   data	
   display	
   a	
   rise	
   of	
   a	
   peak	
   emerging	
   at	
   1.3	
   Å-­‐1	
   for	
  
sample	
  compositions	
  of	
  70	
  wt.%	
  MIL-­‐53	
  and	
  above	
  (Fig.	
  S7).	
  
This	
   peak	
   corresponds	
   to	
   the	
   formation	
   of	
   the	
   MIL-­‐53-­‐np	
  
phase	
   and	
   is	
   in	
   agreement	
   with	
   laboratory	
   PXRD	
  

measurements.	
   For	
   greater	
   phase	
   determination	
   accuracy,	
  
Rietveld	
   refinement	
   was	
   performed	
   on	
   the	
   synchrotron-­‐
source	
   total	
   scattering	
   data	
   using	
  MIL-­‐53-­‐lp	
   and	
  MIL-­‐53-­‐np	
  
crystallographic	
  information	
  files	
  (Table	
  1,	
  Figs	
  S7-­‐14).22	
  The	
  
threshold	
   for	
   MIL-­‐53-­‐lp	
   stabilization,	
   using	
   the	
   materials	
  
processing	
   described	
   here,	
   was	
   therefore	
   identified	
   as	
  
between	
  60	
   and	
  70	
  wt.%	
  MIL-­‐53.	
  Higher	
   incorporations	
   led	
  
to	
  the	
  emergence	
  of	
  MIL-­‐53-­‐np.	
  

	
  

Figure	
  4.	
  Laboratory	
  powder	
  X-­‐ray	
  diffraction	
  patterns	
  of	
  the	
  
(MIL-­‐53)x(agZIF-­‐62)1-­‐x	
   composite	
   series,	
   highlighting	
   the	
  
MIL-­‐53-­‐np	
   Bragg	
   reflections	
   in	
   red.	
   Background	
   subtracted	
  
for	
   clarity	
   and	
   normalized	
   to	
   the	
   (101)	
   peak	
   of	
   MIL-­‐53-­‐lp	
  
(blue).	
  

Crystal-­‐Glass	
  Composite	
  Microstructure	
  
Scanning	
   transmission	
   electron	
   microscopy	
   (STEM)	
   was	
  

used	
   to	
   investigate	
   microstructure	
   in	
   the	
   (MIL-­‐53)x(agZIF-­‐
62)1-­‐x	
  CGCs	
  (Fig.	
  5).	
  Scanning	
  electron	
  diffraction	
  (SED)	
  was	
  
used	
  to	
  map	
  the	
  number	
  of	
  Bragg	
  diffraction	
  peaks	
  measured	
  
in	
  the	
  diffraction	
  pattern	
  recorded	
  at	
  each	
  probe	
  position,	
  as	
  
the	
  electron	
  probe	
  was	
  scanned	
  across	
  the	
  sample,	
  to	
  reveal	
  
the	
   location	
   of	
   the	
   crystalline	
   phases	
   in	
   MOF-­‐CGCs,	
   as	
  
shown	
   in	
   Fig.	
   5c	
   &	
   Figs	
   S15-­‐17.	
   These	
   crystallinity	
   maps	
  
demonstrate	
   close	
   contact	
   between	
   crystalline	
   and	
   non-­‐
crystalline	
   regions	
   within	
   the	
   MOF-­‐CGCs	
   across	
   the	
  
composition	
   range.	
   Comparison	
   with	
   compositional	
   maps	
  
showing	
  the	
  distribution	
  of	
  metal	
  centers,	
  obtained	
  via	
  STEM	
  
X-­‐ray	
   energy	
   dispersive	
   spectroscopy	
   (STEM-­‐EDS)	
  mapping	
  
of	
   the	
   same	
   particles	
   and	
   shown	
   in	
   Fig.	
   5a	
   &	
   Figs	
   S15-­‐17,	
  
confirms	
   that	
   the	
   crystalline	
   regions	
   correspond	
   to	
   those	
  
which	
  are	
  rich	
  in	
  Al	
  metal-­‐centers,	
  as	
  expected	
  for	
  MIL-­‐53.	
  	
  

Table	
   1.	
  Crystallographic	
  data	
  determined	
   from	
  Rietveld	
  analyses	
  of	
   total	
   scattering	
  data	
  of	
   the	
   (MIL-­‐53)x(agZIF-­‐
62)1-­‐x	
  X-­‐ray	
  diffraction	
  series.	
  Rietveld	
  refinement	
  plots	
  are	
  shown	
  in	
  Figs	
  S7-­‐14.	
  

	
   MIL-­‐53-­‐lp	
   MIL-­‐53-­‐np	
  

Sample	
   a	
  
(Å)	
  

b	
  
(Å)	
  

c	
  
(Å)	
  

Quanti-­‐
ty	
  
(%)	
  

a	
  
(Å)	
  

b	
  
(Å)	
  

c	
  
(Å)	
  

β	
  
(°)	
  

Quanti-­‐
ty	
  
(%)	
  

MIL-­‐53-­‐lp*	
   6.608(1
)	
  

16.675(3)	
   12.813(2)	
   	
   	
   	
   	
   	
   	
  

MIL-­‐53-­‐np*	
   	
   	
   	
   	
   19.513(2)	
   7.612(1)	
   6.576(1)	
   104.241(1)	
   	
  

(MIL-­‐53)0.3(agZIF-­‐62)0.7	
   6.59(1)	
   16.9(1)	
   12.65(5)	
   100	
   	
   	
   	
   	
   0	
  

(MIL-­‐53)0.4(agZIF-­‐62)0.6	
   6.61(2)	
   16.7(2)	
   12.71(9)	
   100	
   	
   	
   	
   	
   0	
  

(MIL-­‐53)0.5(agZIF-­‐62)0.5	
   6.64(2)	
   17.0(1)	
   12.46(6)	
   100	
   	
   	
   	
   	
   0	
  

(MIL-­‐53)0.6(agZIF-­‐62)0.4	
   6.64(2)	
   17.0(1)	
   12.44(4)	
   100	
   	
   	
   	
   	
   0	
  

(MIL-­‐53)0.7(agZIF-­‐62)0.3	
   6.64(2)	
   16.9(3)	
   12.55(13)	
   60(5)	
   19.22(10)	
   7.80(4)	
   6.82(5)	
   107.5(6)	
   40(5)	
  

(MIL-­‐53)0.8(agZIF-­‐62)0.2	
   6.63(2)	
   16.8(3)	
   12.63(11)	
   55(5)	
   19.37(11)	
   7.73(3)	
   6.91(4)	
   106.2(4)	
   45(5)	
  

(MIL-­‐53)0.9(agZIF-­‐62)0.1	
  	
   7.02(6)	
   16.5(1)	
   12.74(8)	
   30(5)	
   19.37(7)	
   7.83(2)	
   6.84(4)	
   105.8(5)	
   70(5)	
  

*	
  Published	
  data	
  by	
  Loiseau	
  et	
  al.22	
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 Figure	
  6.	
  (a)	
  Overlay	
  PDF	
  of	
  the	
  (MIL-­‐53)x(agZIF-­‐62)1-­‐x	
  series	
  with	
  agZIF-­‐62	
  and	
  MIL-­‐53-­‐as—MIL-­‐53-­‐as	
  and	
  MIL-­‐53-­‐lp	
  are	
  
structurally	
  similar	
  and	
  MIL-­‐53-­‐lp	
  is	
  unstable	
  at	
  room	
  temperature.	
  Inset:	
  MIL-­‐53-­‐lp	
  (Al	
  –	
  pink,	
  O	
  –	
  red,	
  C	
  –	
  grey)	
  with	
  
correlation	
  assignments	
  (b)	
  Overlay	
  PDF	
  of	
  the	
  crystalline	
  mixtures	
  of	
  the	
  (MIL-­‐53)(ZIF-­‐62)(X/Y)	
  series	
  with	
  MIL-­‐53	
  and	
  
ZIF-­‐62.	
  Inset:	
  ZIF-­‐62	
  (Zn	
  –	
  red,	
  N	
  –	
  blue,	
  C	
  –	
  grey)	
  with	
  correlation	
  assignments,	
  and	
  (c)	
  Simulated	
  PDFs	
  of	
  MIL-­‐53-­‐lp,	
  
MIL-­‐53-­‐np	
  and	
  ZIF-­‐62	
  using	
  PDFGUI	
  software.37	
  Sub-­‐1	
  Å	
  data	
  due	
  to	
  the	
  way	
  the	
  solvent	
  occupancies	
  were	
  modelled	
  in	
  
the	
  published	
  crystallographic	
  information	
  files	
  used.	
  

	
  

Figure	
   5.	
   Scanning	
   transmission	
   electron	
   microscopy	
   of	
  
MOF-­‐CGC	
  particles	
  from	
  (MIL-­‐53)0.6(agZIF-­‐62)0.4	
  (upper)	
  and	
  
(MIL-­‐53)0.9(agZIF-­‐62)0.1	
   (lower)	
   samples.	
   (a)	
   Compositional	
  
maps	
   of	
   Al	
   (red)	
   and	
   Zn	
   (blue)	
   metal	
   centres	
   from	
   STEM-­‐
EDS	
  mapping,	
  (b)	
  Annular	
  dark-­‐field	
  images,	
  and	
  (c)	
  Crystal-­‐
linity	
  maps	
  showing	
  the	
  number	
  of	
  Bragg	
  peaks	
  as	
  a	
  function	
  
of	
  probe	
  position	
  in	
  SED	
  data.	
  The	
  colour	
  intensity	
  scale	
  for	
  
the	
  crystallinity	
  maps	
  showing	
  the	
  number	
  of	
  Bragg	
  scatter-­‐
ing	
   peaks	
   identified	
   at	
   each	
   probe	
   position	
   in	
   the	
   scanned	
  
field	
  of	
  view	
  is	
  presented	
  for	
  reference.	
  Bragg	
  peaks	
  are	
  only	
  
recorded	
   from	
  crystalline	
  material	
  and	
  the	
  number	
  of	
  peaks	
  
recorded	
  at	
  each	
  position	
  depends	
  on	
  the	
  local	
  crystal	
  orien-­‐
tation.	
  The	
  scale	
  is	
  identical	
  for	
  all	
  images.	
  

Pair	
  distribution	
   function	
   (PDF)	
  analysis	
   is	
   emerging	
  as	
  a	
  

powerful	
   tool	
   to	
   investigate	
   interatomic	
   distances	
   in	
  
crystalline	
   and	
   amorphous	
  MOFs.24–26	
  This	
   technique	
   yields	
  
atom-­‐atom	
  correlation	
  histograms,	
  which	
  effectively	
  indicate	
  
distances	
   within	
   a	
   sample	
   and	
   provide	
   information	
   on	
  
structure,	
   regardless	
   of	
   crystallinity.	
   Structure	
   factors,	
  S(Q),	
  
were	
   obtained	
   from	
   processing	
   the	
   total	
   scattering	
   data	
   of	
  
both	
   the	
   (MIL-­‐53)x(agZIF-­‐62)1-­‐x	
   samples,	
   and	
   the	
  
corresponding	
   crystalline	
   mixtures,	
   (MIL-­‐53)(ZIF-­‐62)(X/Y),	
  
where	
  X	
  and	
  Y	
  represent	
  the	
  respective	
  weight	
  percentages	
  of	
  
each	
  component.	
  Those	
  for	
  the	
  (MIL-­‐53)(ZIF-­‐62)(X/Y)	
  series	
  
contain	
  the	
  Bragg	
  scattering	
  expected	
  from	
  both	
  ZIF-­‐62	
  and	
  
MIL-­‐53,	
  whereas	
   structure	
   factors	
   from	
  the	
   (MIL-­‐53)x(agZIF-­‐
62)1-­‐x	
   samples	
   contain	
   only	
   that	
   from	
  MIL-­‐53	
   (Figs	
   S18-­‐26).	
  
Appropriate	
   corrections	
   were	
   performed	
   with	
   GudrunX	
  
software	
  and	
  the	
  data	
  were	
  Fourier	
  transformed	
  to	
  obtain	
  the	
  
corresponding	
  PDFs.27	
  	
  

The	
   intensity	
   of	
   the	
   peaks	
   in	
   the	
   PDFs	
   of	
   (MIL-­‐53)(ZIF-­‐
62)(X/Y)	
  vary	
  proportionally	
  between	
  the	
  two	
  end	
  members	
  
(MIL-­‐53-­‐as	
   and	
   crystalline	
   ZIF-­‐62)	
   as	
   a	
   function	
   of	
   the	
  
relative	
  proportions	
  of	
  each	
  end	
  member.	
  This	
   is	
  unlike	
   the	
  
PDFs	
  of	
  the	
  (MIL-­‐53)x(agZIF-­‐62)1-­‐x	
  series	
  which	
  do	
  not	
  display	
  
the	
  same	
  ideal	
  conformity	
  between	
  the	
  end	
  members	
  of	
  the	
  
series.	
   This	
   is	
   likely	
   due	
   to	
   (i)	
   mixtures	
   of	
   MIL-­‐53-­‐np	
   and	
  
MIL-­‐53-­‐lp	
   phases,	
   and	
   (ii)	
   possible	
   interactions	
   at	
   the	
  
interfaces	
   between	
   the	
   crystal	
   and	
   glass	
   (Fig.	
   6).	
   A	
  
comparison	
  of	
  the	
  PDFs	
  of	
  (MIL-­‐53)(ZIF-­‐62)(X/Y)	
  and	
  (MIL-­‐
53)x(agZIF-­‐62)1-­‐x	
   shows	
   that	
   correlations	
   ascribed	
   to	
   the	
  
short-­‐range	
   order	
   of	
   ZIF-­‐62	
   are	
   retained	
   after	
   vitrification	
  
(Fig.	
  6a	
  peaks	
  1-­‐5).	
  These	
  peaks	
  may	
  be	
  assigned	
  to	
  C-­‐C	
  (1.38	
  
Å,	
  1),	
  Zn-­‐N	
  (1.98	
  Å,	
  2),	
  Zn-­‐C	
  (3.02	
  Å,	
  3),	
  Zn-­‐N	
  (4.18	
  Å,	
  4),	
  and	
  

Zn-­‐
Zn	
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(5.96	
   Å,	
   5)	
   interatomic	
   distances.	
   In	
   the	
   composites,	
  
correlations	
  above	
  6	
  Å	
  ascribed	
  to	
  ZIF-­‐62	
  tend	
  to	
  zero	
  due	
  to	
  
the	
  loss	
  of	
  long-­‐range	
  order.	
  Interatomic	
  distances	
  associated	
  
with	
  MIL-­‐53	
  may	
  be	
  identified	
  in	
  both	
  series	
  (Fig.	
  6a	
  peaks	
  
a&b)—these	
  peaks	
  are	
  assigned	
  to	
  Al-­‐C	
  (4.71	
  Å,	
  a),	
  and	
  Al-­‐Al	
  
(6.57	
   Å,	
   b)	
   interatomic	
   distances—though	
   they	
   are	
  
noticeably	
   less	
   intense	
   due	
   to	
   weaker	
   scattering	
   of	
   Al	
  
compared	
  to	
  Zn.	
  In	
  the	
  composite	
  series,	
  all	
  correlations	
  past	
  
the	
   short-­‐range	
   order	
   of	
   ZIF-­‐62	
   (~8	
   Å)	
   originate	
   from	
  
crystalline	
  MIL-­‐53.	
   Predicted	
  PDF	
  patterns	
   for	
   ZIF-­‐62,	
  MIL-­‐
53-­‐as,	
   MIL-­‐53-­‐np,	
   and	
   MIL-­‐53-­‐lp	
   with	
   their	
   corresponding	
  
metal-­‐metal	
   and	
   metal-­‐(N	
   or	
   O)	
   are	
   provided	
   in	
  
Supplementary	
  Figures	
  S27-­‐30.	
  

The	
  PDF	
  of	
  (MIL-­‐53)0.9(agZIF-­‐62)0.1	
  contains	
  correlations	
  at	
  
10	
  and	
  14.5	
  Å,	
  which	
  qualitatively	
  agree	
  with	
  peak	
  positions	
  in	
  
a	
  predicted	
  PDF	
  for	
  MIL-­‐53-­‐np	
  (Fig.	
  S31).	
  These	
  are	
  absent	
  in	
  
the	
  experimental	
  PDF	
  of	
  MIL-­‐53-­‐as.	
  The	
  identification	
  of	
  the	
  
MIL-­‐53-­‐np	
   phase	
   within	
   the	
   (MIL-­‐53)0.9(agZIF-­‐62)0.1	
   agrees	
  
with	
  PXRD	
  data	
   collected.	
  We	
  note	
   that	
   the	
  PDFs	
  of	
   (MIL-­‐
53)0.8(agZIF-­‐62)0.2	
   and	
   (MIL-­‐53)0.7(agZIF-­‐62)0.3	
   do	
   not	
   display	
  
readily	
   distinguishable	
   MIL-­‐53-­‐np	
   PDF	
   correlations	
  
belonging	
   to	
   MIL-­‐53-­‐np.	
   This	
   may	
   imply	
   an	
   insufficient	
  
concentration	
   of	
   the	
   MIL-­‐53-­‐np	
   phase	
   is	
   present	
   in	
   these	
  
samples	
   to	
   give	
   rise	
   to	
   such	
   correlations,	
   especially	
  
considering	
  that	
  the	
  peak	
  at	
  10	
  Å	
  corresponds	
  to	
  a	
  minimum	
  
in	
  the	
  PDFs	
  from	
  MIL-­‐53-­‐lp	
  and	
  MIL-­‐53-­‐as.	
  

	
  
	
  

Bulk	
  Structure	
  and	
  Properties	
  
A	
   sample	
   of	
   (MIL-­‐53)0.25(agZIF-­‐62)0.75	
   was	
   previously	
  

observed	
  to	
  possess	
  a	
  CO2	
  gas	
  uptake	
  of	
  66%	
  that	
  of	
  a	
  pure	
  
sample	
  of	
  MIL-­‐53-­‐np.21	
  Given	
   that	
   (i)	
  MIL-­‐53-­‐lp	
   is	
   the	
  main	
  
contributor	
  to	
  the	
  adsorption	
  capacity,	
  and	
  (ii)	
   the	
  phase	
  of	
  
MIL-­‐53	
   remains	
   unaltered	
   to	
   loadings	
   of	
   ⩽	
   60	
   wt.%,	
   the	
  
adsorption	
   capacities	
   are	
   expected	
   to	
   increase	
   across	
   those	
  
composites	
  displaying	
  only	
  the	
  MIL-­‐53-­‐lp	
  phase.	
  Changes	
   in	
  
adsorption	
   trends	
   are	
   however	
   expected	
   on	
   moving	
   to	
  
compositions	
  above	
  60	
  wt.%,	
   i.e.	
  the	
  emergence	
  of	
  the	
  MIL-­‐
53-­‐np	
   phase.	
   The	
   relationship	
   between	
  MIL-­‐53	
   loading	
   and	
  
gas	
  uptake	
  properties	
  was	
  probed	
  using	
  CO2	
  gas	
  adsorption	
  
isotherms	
   for	
   the	
   full	
   compositional	
   series	
   of	
   MOF-­‐CGCs	
  
(Fig.	
  7,	
  for	
  full	
  isotherms	
  see	
  Fig.	
  S32).	
  	
  

	
  

Figure	
  7.	
  Quantity	
  adsorbed	
   from	
  gas	
  adsorption	
   isotherms	
  
for	
   (MIL-­‐53)x(agZIF-­‐62)1-­‐x	
   series	
   at	
   1	
   bar	
   pressure	
   using	
   CO2	
  

gas	
  at	
  273	
  K.	
  The	
  quantities	
  adsorbed	
  for	
  samples	
  of	
  activated	
  
MIL-­‐53	
   (MIL-­‐53-­‐np,	
   1.99	
   mmol/g)	
   and	
   agZIF-­‐62	
   (0.79	
  
mmol/g)	
  are	
  displayed	
  by	
   light	
  blue	
  and	
  dark	
  blue	
  areas	
  re-­‐
spectively,	
  from	
  Hou	
  et	
  al.21.	
  

For	
   the	
   samples	
   of	
   (MIL-­‐53)0.25(agZIF-­‐62)0.75	
   –	
   (MIL-­‐
53)0.6(agZIF-­‐62)0.4,	
   the	
  total	
  CO2	
  quantity	
  adsorbed	
   increases	
  
in	
   a	
   broadly	
   linear	
   fashion,	
   from	
   1.06	
   to	
   2.55	
   mmol/g,	
   in	
  
accordance	
   with	
   the	
   increasing	
   concentration	
   of	
   MIL-­‐53	
   in	
  
these	
  samples,	
  which	
  is	
  all	
  present	
  in	
  the	
  MIL-­‐53-­‐lp	
  phase.	
  A	
  
direct	
  comparison	
  of	
   the	
  gas	
  sorption	
  capacity	
  of	
  pure	
  MIL-­‐
53-­‐lp	
  is	
  not	
  possible	
  because	
  the	
  phase	
  is	
  unstable	
  under	
  the	
  
(room	
   temperature)	
   conditions	
   used	
   for	
   gas	
   adsorption	
  
measurement	
   of	
   these	
   composites.	
   Furthermore,	
   any	
   high	
  
temperature	
  study	
  on	
  MIL-­‐53-­‐lp	
  provides	
  a	
  poor	
  comparison	
  
given	
  the	
  temperature	
  dependence	
  of	
  gas	
  adsorption.	
  

	
  (MIL-­‐53)0.7(agZIF-­‐62)0.3	
   and	
   (MIL-­‐53)0.8(agZIF-­‐62)0.2	
   also	
  
display	
   successively	
   higher	
   CO2	
   adsorption.	
   These	
   two	
  
samples	
   possess	
   comparable	
   amounts	
   of	
  MIL-­‐53-­‐lp,	
   though	
  
the	
  greater	
  proportion	
  of	
  MIL-­‐53	
  compared	
  to	
  agZIF-­‐62	
  in	
  the	
  
latter	
   sample	
   renders	
   its	
   total	
   CO2	
   uptake	
   higher.	
   A	
  
significant	
   decline	
   in	
   capacity	
   is	
   observed	
   for	
   (MIL-­‐
53)0.9(agZIF-­‐62)0.1	
   as	
   this	
   material	
   primarily	
   comprises	
   the	
  
MIL-­‐53-­‐np	
   phase.	
   Pure	
   samples	
   of	
   MIL-­‐53-­‐np	
   and	
   agZIF-­‐62	
  
display	
   CO2	
   adsorption	
   capacities	
   of	
   1.99	
   and	
   0.79	
  mmol/g	
  
respectively	
  (at	
  273	
  K	
  at	
  1	
  bar	
  pressure,	
  Fig.	
  7).	
  Furthermore,	
  
the	
  sorption	
  capacity	
  of	
  MIL-­‐53-­‐as	
  is	
  expected	
  to	
  be	
  far	
  lower	
  
than	
   that	
   of	
  MIL-­‐53-­‐np	
   due	
   to	
   the	
   pore	
   occupying	
   species.	
  
Hence,	
  compared	
  with	
  the	
  room	
  temperature	
  stable	
  forms	
  of	
  
the	
   pure	
   MIL-­‐53	
   (i.e.	
   MIL-­‐53-­‐np	
   and	
   MIL-­‐53-­‐as),	
   the	
  
composite	
   has	
   the	
   greatest	
   CO2	
   capacity	
   under	
   ambient	
  
conditions.	
  We	
   also	
   note	
   that,	
   as	
   observed	
   by	
   Hou	
   et	
   al.,21	
  
mesopores	
  are	
  expected	
   in	
  all	
  of	
   the	
  composites,	
  which	
  will	
  
enhance	
  CO2	
  uptake	
  capacity.	
  

	
  
	
  

CONCLUSION	
  
	
  

In	
  this	
  study	
  we	
  have	
  synthesized	
  a	
  compositional	
  series	
  of	
  
(MIL-­‐53)x(agZIF-­‐62)1-­‐x	
   crystal-­‐glass	
   composites.	
   Sample	
  
composition	
   was	
   confirmed	
   by	
   NMR	
   which	
   displayed	
  
relevant	
   linker	
  peak	
   integrals	
   varying	
   in	
  proportion	
   to	
   their	
  
relative	
   contributions.	
  The	
   crystalline	
  phase	
   contribution	
  of	
  
MIL-­‐53	
   was	
   determined	
   by	
   Rietveld	
   refinement	
   of	
   X-­‐ray	
  
diffraction	
   studies—concluding	
   that	
   for	
  MIL-­‐53	
   loadings	
   up	
  
to	
  60	
  wt.%,	
  the	
  only	
  phase	
  observed	
  at	
  room	
  temperature	
  is	
  
the	
  metastable	
  MIL-­‐53-­‐lp.	
  Beyond	
  this	
  limit,	
  a	
  percentage	
  of	
  
the	
   excluded	
   MIL-­‐53-­‐lp	
   phase	
   proceeds	
   to	
   form	
  MIL-­‐53-­‐np	
  
upon	
   cooling.	
   This	
   demonstrates	
   a	
   maximum	
   total	
   loading	
  
capacity	
   of	
   between	
   60-­‐70	
   wt.%	
  MIL-­‐53	
   within	
   agZIF-­‐62	
   in	
  
this	
   case.	
   Gas	
   adsorption	
   measurements	
   demonstrate	
   that	
  
the	
  maximum	
  effective	
  gas	
  adsorption	
  capacity	
  of	
  the	
  (MIL-­‐
53)x(agZIF-­‐62)1-­‐x	
   series	
   is	
   around	
   80	
   wt.%.	
   Here,	
   the	
   MOF-­‐
CGC	
   displays	
   a	
   CO2	
   adsorption	
   capacity	
   150%	
   the	
   value	
   of	
  
pure	
  MIL-­‐53-­‐np.	
  A	
  sample	
  of	
  just	
  30-­‐40	
  wt.%	
  loading	
  of	
  MIL-­‐
53	
  is	
  expected	
  to	
  adsorb	
  a	
  similar	
  quantity	
  of	
  CO2	
  to	
  a	
  sample	
  
of	
   pure	
   MIL-­‐53-­‐np.	
   These	
   results	
   show	
   that	
   relatively	
   high	
  
loading	
   capacities	
   of	
   crystalline	
   MOFs	
   within	
   a	
   MOF-­‐glass	
  
can	
   be	
   achieved	
   and	
   provide	
   a	
   first	
   look	
   at	
   the	
   interesting	
  
physical	
  properties	
  which	
  may	
  arise	
  as	
  a	
  result.	
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It	
   is	
   reasonable	
   to	
   propose	
   that	
   the	
   encapsulation	
   and	
  
stabilization	
  of	
  the	
  metastable	
  states	
  of	
  a	
  range	
  of	
  breathing	
  
MOFs	
   is	
   possible,	
   with	
   the	
   expected	
   crystalline	
   phase	
   at	
  
room	
   temperature	
   in	
   the	
   composite	
   being	
   that	
   which	
   is	
  
stable	
  at	
  the	
  quenching	
  temperature	
  of	
  the	
  matrix	
  glass.	
  

For	
  the	
  first	
  time,	
  the	
  loading	
  limit	
  of	
  a	
  MOF-­‐CGC	
  system	
  
has	
   been	
   identified,	
   opening	
  multiple	
   avenues	
   for	
   potential	
  
future	
   research.	
  One	
   such	
   avenue	
  may	
  be	
   the	
   advancement	
  
of	
   processing	
   methods,	
   leading	
   to	
   larger	
   incorporations	
   of	
  
the	
   active	
   MOF	
   component.	
   Further	
   studies	
   of	
   specific	
  
interest	
   are	
   as	
   follows:	
   (i)	
   diffusion	
   of	
   various	
   guest	
   species	
  
into	
  the	
  composite	
  material,	
  (ii)	
  predicting	
  optimum	
  loading	
  
limits,	
  (iii)	
  the	
  effects	
  of	
  crystallite	
  size,	
  and	
  (iv)	
  attempts	
  at	
  
shaping	
  the	
  bulk	
  products	
  formed.	
  We	
  believe	
  that	
  this	
  may	
  
open	
   routes	
   to	
   further	
   functional	
   MOF-­‐CGCs	
   and	
   take	
  
advantage	
  of	
  many	
  recent	
  reports	
  of	
  MOF	
  and	
  coordination	
  
polymer	
  glass	
  formation.28–31	
  

	
  
METHODS	
  
	
  

Synthesis	
   of	
   MIL-­‐53(Al)	
  Aluminum	
   nitrate	
   nonahydrate	
  
(26.00	
  g,	
  6.93x10-­‐2	
  mol)	
  and	
  terephthalic	
  acid	
  (5.76	
  g,	
  4.96x10-­‐

2	
  mol)	
  were	
   dissolved	
   in	
  water	
   (100	
  mL)	
   and	
  divided	
   into	
   5	
  
equal	
   20	
   mL	
   aliquots	
   over	
   5	
   Teflon-­‐lined	
   autoclaves.	
   Each	
  
reaction	
  vessel	
  was	
  placed	
   in	
  a	
  220°C	
  preheated	
  oven	
   for	
  72	
  
hours.	
   The	
   white	
   crystalline	
   product	
   was	
   washed	
   with	
  
deionised	
  water	
  (3	
  x	
  30	
  mL)	
  and	
  dried	
  overnight	
  at	
  60°C.22	
  

Synthesis	
   of	
   ZIF-­‐62	
   Zinc	
   nitrate	
   hexahydrate	
   (3.30	
   g,	
  
1.11x10-­‐2	
   mol)	
   and	
   imidazole	
   (17.82	
   g,	
   0.262	
   mol)	
   were	
  
dissolved	
  equally	
  in	
  N,N-­‐dimethylformamide	
  (150	
  mL)	
  in	
  two	
  
250	
   mL	
   screw	
   top	
   glass	
   jars	
   and	
   stirred	
   for	
   1	
   hour.	
  
Benzimidazole	
   (3.10	
   g,	
   2.62x10-­‐2	
   mol)	
   was	
   added	
   to	
   the	
  
solutions	
   equally	
   and	
   was	
   stirred	
   for	
   a	
   further	
   hour	
   before	
  
closing	
   the	
   jars	
   tightly	
   and	
  placing	
   in	
   an	
  oven	
  preheated	
   to	
  
130°C	
   for	
   48	
   hours.	
   The	
   solutions	
   were	
   allowed	
   to	
   cool	
   to	
  
room	
  temperature	
  before	
  filtering	
  and	
  washing	
  with	
  DMF	
  (3	
  
x	
  30	
  mL)	
  and	
  DCM	
  (1	
  x	
  30	
  mL)	
  and	
  placed	
  in	
  an	
  oven	
  at	
  60°C	
  
to	
  dry	
  overnight	
  to	
  yield	
  a	
  white	
  crystalline	
  powder	
  (3.26	
  g),	
  
structure	
  confirmed	
  by	
  PXRD.32	
  

Synthesis	
   of	
   (MIL-­‐53)x(agZIF-­‐62)1-­‐x	
   MOF-­‐CGCs	
  
Crystalline	
   ZIF-­‐62	
   and	
  MIL-­‐53-­‐as,	
   were	
   ball	
  milled	
   together	
  
using	
   a	
   Retsch	
   MM	
   400	
   instrument,	
   in	
   appropriate	
   wt.	
   %	
  
ratios	
   using	
   a	
   7mm	
   diameter	
   stainless	
   steel	
   ball	
   for	
   15	
  
minutes,	
   at	
   a	
   frequency	
   of	
   30	
   Hz.	
   The	
   mixed	
   powder	
   was	
  
pressed	
   in	
   a	
   13	
  mm	
  diameter	
   dye	
   at	
   0.74	
  GPa	
   for	
   1	
  minute.	
  
The	
  pellet	
  was	
  then	
  clamped	
  between	
  glass	
  slides,	
  heated	
  to	
  
450°C	
  at	
  a	
  rate	
  of	
  20°C/min,	
  and	
  held	
  for	
  15	
  minutes,	
  before	
  
being	
   allowed	
   to	
   cool	
   to	
   room	
   temperature	
   under	
   an	
   Ar	
  
atmosphere.21	
  

X-­‐ray	
  Powder	
  Diffraction	
  Data	
  were	
  collected	
  on	
  ground	
  
samples	
   of	
   the	
   composite	
   materials	
   with	
   a	
   Bruker	
   D8	
  
Advance	
   powder	
   diffractometer	
   using	
   Cu	
  Kα	
   radiation	
   (λ	
   =	
  
1.5418	
  Å)	
  and	
  a	
  LynxEye	
  position	
  sensitive	
  detector	
  in	
  Bragg-­‐
Brentano	
   (θ	
   -­‐	
   θ)	
   parafocussing	
   geometry	
   at	
   room	
  
temperature.	
  Diffraction	
  patterns	
  were	
  recorded	
  at	
  2θ	
  values	
  
of	
   5-­‐40°	
   with	
   a	
   time/step	
   of	
   0.75	
   seconds	
   over	
   1724	
   steps	
  
through	
  a	
  0.012	
  mm	
  Ni	
   filter.	
  PXRD	
  patterns	
  were	
  analyzed	
  
by	
   Rietveld	
   refinements	
   using	
   TOPAS	
   academic	
   (V6)	
  
software.33	
  Pseudo-­‐Voigt	
  peak	
  shapes	
  were	
  globally	
  refined	
  as	
  
a	
   single	
   set	
   of	
   parameters	
   for	
   all	
   scan	
   files.	
   A	
   9th-­‐order	
  
Chebychev	
   polynomial	
   background,	
   a	
  Gaussian	
   background	
  

peak	
   accounting	
   for	
   the	
   amorphous	
   background	
   from	
   the	
  
ZIF-­‐62	
  glass,	
  scale	
  factors,	
  unit	
  cell	
  parameters	
  of	
  the	
  MIL-­‐53	
  
structure,	
  as	
  well	
  as	
  8th-­‐order	
  spherical	
  harmonics	
  preferred	
  
orientation	
   corrections	
   were	
   refined	
   individually	
   for	
   all	
  
scans.	
  

Nuclear	
  Magnetic	
  Resonance	
  NMR	
  measurements	
  were	
  
carried	
   out	
   by	
   the	
   NMR	
   Service	
   in	
   The	
   Department	
   of	
  
Chemistry,	
  University	
  of	
  Cambridge.	
  Data	
  were	
  recorded	
  on	
  
a	
   Bruker	
   500	
  MHz	
   DCH	
   Cryoprobe	
   Spectrometer.	
   Samples	
  
were	
  prepared	
   for	
  NMR	
  by	
  digesting	
  each	
  sample	
   in	
  0.7	
  mL	
  
of	
  a	
  premixed	
  solution	
  of	
  d6-­‐dimethyl	
  sulfoxide	
  (3.5	
  mL)	
  and	
  
deuterium	
   chloride	
   (1.4	
   mL),	
   sonicating	
   for	
   5	
   minutes	
   and	
  
allowing	
  24	
  hours	
  for	
  the	
  MOFs	
  to	
  dissolve.	
  

1H	
  NMR	
  spectra	
  assignments:	
  1H	
  NMR	
  (d6-­‐DMSO,	
  DCl,	
  500	
  
MHz)	
   δH	
   7.51	
   (d,	
   CCHN,	
   Imidazole,	
   J	
   =	
   1.3	
   Hz),	
   7.53	
   (dd,	
  
CCHC,	
   Benzimidazole,	
   J	
   =	
   6.2,	
   3.2	
   Hz),	
   7.81	
   (dd,	
   CCHC,	
  
Benzimidazole,	
   J	
   =	
   6.2,	
   3.2	
   Hz),	
   7.95	
   (s,	
   Benzene-­‐1,4-­‐
dicarboxylic	
  acid,	
  CCHC),	
  8.90	
  (t,	
  NCHN,	
  Imidazole,	
  J	
  =	
  1.25	
  
Hz),	
  9.43	
  (s,	
  NCHN,	
  Benzimidazole)	
  	
  

Fourier	
   Transformed	
   Infra-­‐Red	
   Absorption	
   Samples	
  
were	
   finely	
   ground	
   and	
   analysed	
   using	
   a	
   Bruker	
   Tensor	
   27,	
  
scanning	
   wavenumbers	
   of	
   1–2000	
   cm-­‐1	
   over	
   10	
   scans	
   (Fig.	
  
S33).	
  

Analytical	
   Scanning	
   Transmission	
   Electron	
  
Microscopy	
   (STEM)	
   was	
   used	
   to	
   perform	
   crystallinity	
  
mapping	
   based	
   on	
   scanning	
   electron	
   diffraction	
   (SED)	
   and	
  
compositional	
   mapping	
   based	
   on	
   X-­‐ray	
   energy	
   dispersive	
  
spectroscopy	
   (EDS).	
   	
   Data	
   was	
   acquired	
   using	
   a	
   JEOL	
  
ARM300F	
   at	
   the	
   Diamond	
   Light	
   Source,	
   UK	
   fitted	
   with	
   a	
  
high-­‐resolution	
   pole	
   piece,	
   cold	
   field	
   emitter,	
   and	
   JEOL	
  
spherical	
   aberration	
   correctors	
   in	
   both	
   the	
   probe	
   forming	
  
and	
   image	
   forming	
   optics.	
   The	
   instrument	
  was	
   operated	
   at	
  
300	
  kV	
  and	
  aligned	
   in	
  an	
  uncorrected	
  nanobeam	
  configura-­‐
tion	
  and	
  a	
  10-­‐micron	
  condenser	
  aperture	
  to	
  obtain	
  a	
  conver-­‐
gence	
   semi-­‐angle	
   of	
   ~0.8	
   mrad	
   and	
   a	
   diffraction	
   limited	
  
probe	
   diameter	
   ~5	
   nm.	
  Data	
  was	
   acquired	
  with	
   a	
   scan	
   step	
  
size	
   of	
   ~5.2	
   nm	
   and	
   a	
   camera	
   length	
   of	
   20	
   cm.	
   The	
   probe	
  
current	
  was	
  ~2	
  pA.	
   	
  A	
  Merlin-­‐medipix	
  direct	
  electron	
  detec-­‐
tor,34,35	
  which	
  is	
  a	
  counting	
  type	
  detector,	
  was	
  used	
  to	
  record	
  
the	
   electron	
  diffraction	
  pattern	
   at	
   each	
  probe	
  position	
  with	
  
an	
  exposure	
  time	
  of	
  1	
  ms	
  per	
  probe	
  position	
  leading	
  to	
  a	
  total	
  
electron	
  fluence	
  of	
  ~5	
  e/Å2	
  based	
  on	
  the	
  probe	
  current,	
  expo-­‐
sure	
   time,	
   and	
   assuming	
   a	
   disk-­‐like	
   probe	
   of	
   the	
   diameter	
  
above.	
   SED	
   was	
   acquired	
   over	
   a	
   raster	
   pattern	
   comprising	
  
256×256	
   probe	
   positions	
   and	
   each	
   diffraction	
   pattern	
   com-­‐
prised	
   256×256	
   pixels.	
   X-­‐ray	
   energy	
   dispersive	
   spectroscopy	
  
(EDS)	
  maps	
  were	
  acquired	
  from	
  the	
  same	
  regions,	
  following	
  
SED	
  acquisition,	
  using	
  a	
  larger	
  probe	
  current,	
  obtained	
  using	
  
a	
  150	
  μm	
  condenser	
  aperture,	
   in	
  order	
  to	
  generate	
  sufficient	
  
X-­‐ray	
  counts.	
  

SED	
   data	
   were	
   processed	
   using	
   the	
   open	
   source	
   pyXem	
  
Python	
   library	
   to	
   find	
   diffraction	
   peaks	
   in	
   every	
   measured	
  
diffraction	
   pattern	
   using	
   a	
   difference	
   of	
   Gaussians	
  method,	
  
which	
   involves	
   subtracting	
   a	
   blurred	
   version	
   of	
   the	
  
diffraction	
   pattern	
   from	
   a	
   less	
   blurred	
   version	
   of	
   the	
  
diffraction	
  pattern.	
  EDS	
  data	
  were	
  processed	
  using	
  the	
  open-­‐
source	
  HyperSpy	
  Python	
  library	
  to	
  produce	
  maps	
  for	
  each	
  X-­‐
ray	
   emission	
   line	
   of	
   interest	
   (Al	
  Kα,	
   Zn	
  Kα),	
  which	
  were	
   ex-­‐
tracted	
   by	
   integrating	
   an	
   energy	
   window,	
   background	
   sub-­‐
tracted	
   by	
   linear	
   interpolation	
   from	
   adjacent	
   regions	
   of	
   the	
  
spectrum	
  without	
  other	
  X-­‐ray	
  peaks	
  present.	
  

Page 6 of 9

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Pair	
  Distribution	
  Function	
  Analysis	
  Data	
  were	
  obtained	
  
at	
   the	
   I15-­‐1	
   beamline,	
   Diamond	
   Light	
   Source,	
   UK	
   (λ	
   =	
  
0.161669	
   Å,	
   72	
   KeV).	
   All	
   samples	
   in	
   both	
   series	
   of	
   (MIL-­‐
53)x(agZIF-­‐62)1-­‐x	
   and	
   (MIL-­‐53)(ZIF-­‐62)(X/Y),	
  along	
  with	
  pure	
  
samples	
   of	
   MIL-­‐53-­‐as,	
   ZIF-­‐62	
   and	
   agZIF-­‐62	
   and	
   both	
  
crystalline	
   and	
   glass-­‐ZIF-­‐62	
   were	
   finely	
   ground	
   before	
  
packing	
   into	
   sealed	
   1.17	
   mm	
   (inner)	
   diameter	
   borosilicate	
  
capillaries.	
   Data	
   were	
   taken	
   of	
   the	
   background,	
   empty	
  
capillary,	
   and	
   of	
   all	
   samples	
   to	
   a	
  Qmax	
   of	
   26	
   Å

-­‐1	
   with	
   a	
   10-­‐
minute	
   acquisition	
   time	
   per	
   sample.	
   Normalized	
   total	
  
scattering	
   data	
   were	
   corrected	
   individually	
   using	
   the	
  
GudrunX	
   program	
   to	
   obtain	
   the	
   PDF	
   of	
   each	
   sample.27,36	
  
Predicted	
   patterns	
   were	
   generated	
   using	
   crystallographic	
  
information	
   files	
   available	
   online22	
   and	
   the	
   PDFGUI	
  
software.37	
  

Gas	
   Adsorption	
   CO2	
   adsorption	
   measurements	
   were	
  
performed	
  on	
  a	
  Micromeritics	
  ASAP	
  2020	
   instrument	
  at	
  273	
  
K	
  (in	
  an	
  ice	
  water	
  bath)	
  using	
  no	
  less	
  than	
  20	
  mg	
  of	
  sample.	
  
All	
   samples	
   were	
   degassed	
   at	
   90°C	
   for	
   2	
   hours	
   followed	
   by	
  
200°C	
   for	
   a	
   further	
   2	
   hours	
   prior	
   to	
   the	
  
adsorption/desorption	
  tests	
  (Fig.	
  S34)	
  

Scanning	
  Electron	
  Microscopy	
  Data	
  were	
  collected	
  on	
  a	
  
high-­‐resolution	
   scanning	
   electron	
   microscope,	
   FEI	
   Nova	
  
NanoSEM	
   450.	
   Shards	
   of	
   each	
   monolithic	
   MOF-­‐CGC	
   were	
  
coated	
  in	
  chromium	
  prior	
  to	
  imaging.	
  

	
  

AS S OC IAT E D  C O N T E N T  

S u p p o rtin g  In fo rm a tio n  

Scanning	
   electron	
   microscopy	
   (SEM)	
   images,	
   PXRD,	
   syn-­‐
chrotron	
   X-­‐ray	
   total	
   scattering	
   data	
   and	
   corresponding	
  
Rietveld	
  refinements,	
  STEM	
  images,	
  structure	
  factors	
  (S(Q)),	
  
simulated	
   PDF	
   patterns,	
   gas	
   adsorption	
   isotherms,	
   IR,	
   and	
  
BET	
   surface	
   areas	
   are	
   available	
   in	
   the	
   supporting	
   infor-­‐
mation.	
  

D a ta  A v a ila b il ity  
All	
   data	
   generated	
   in	
   this	
   study	
   are	
   included	
   in	
   this	
  Article	
  
and	
   the	
   Supplementary	
   Information	
   and	
   are	
   also	
   available	
  
from	
  the	
  corresponding	
  authors	
  upon	
  request.	
  

C o d e  A v a ila b il ity  
The	
  code	
  used	
  to	
  generate	
  crystallinity	
  maps	
  (Johnstone,	
  D.	
  
N.	
   et	
   al.,	
   pyXem	
   0.8.0,	
   2019)	
   is	
   available	
   at	
  
https://doi.org/10.5281/zenodo.2807711.	
   The	
   code	
   used	
   to	
   to	
  
produce	
  maps	
  for	
  each	
  X-­‐ray	
  emission	
  line	
  of	
  interest	
  (Peña,	
  
F.	
  D.	
   L.	
   et	
   al.	
   hyperspy:	
  HyperSpy	
   1.4.1,	
   2019)	
   is	
   available	
   at	
  
https://doi.org/10.5281/zenodo.1469364.	
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