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ABSTRACT: The Zr6 nodes of the metal organic frameworks (MOFs) UiO-66 and UiO-67 are metal oxide
clusters of atomic precision and can be used as catalyst supports. The bonding sites on these nodes,
that is, hydrogen-bonded H2O/OH groups on UiO-67 and non-hydrogen-bonded terminal OH groups on
UiO-66, were regulated by modulation of the MOF syntheses. Ir(C2H4)2(C5H7O2) complexes reacted with
these sites to give site-isolated Ir(C2H4)2 complexes, each anchored to the node by two Ir–Onode bonds.
The supported iridium complexes on these sites have been characterized by infrared (IR) and extended
X-ray absorption fine structure spectroscopies and density functional theory calculations. The ethylene
ligands on iridium are readily replaced by CO, and the νCO frequencies of the resultant complexes and
those of comparable complexes reported elsewhere show that the support electron-donor tendencies in-
crease in the order zeolite HY << UiO-66 < UiO-67 (= NU-1000) < ZrO2 < MgO. The sharpness of the IR
νCO bands shows that the degree of uniformity of the support bonding sites decreases in the order ZrO2 ≈
UiO-67 ≈ NU-1000 < MgO < UiO-66 << HY zeolite. The reactivity of supported Ir(CO)2 complexes with
C2H4 to form Ir(C2H4)(CO) and Ir(C2H4)2(CO) is influenced by the support electron-donor properties, with
the reactivity increasing in the order MgO = ZrO2 = NU-1000 (not reactive) < UiO-66 < UiO-67 << HY
zeolite. DFT calculations characterizing the complexes supported on NU-1000, UiO-66/67, and HY zeolite
concur with the use of the calculated νCO bands as indicators of electron-donor properties of the sup-
ported metal catalysts. Our calculations also show that the reactivity of the supported Ir(CO)2 complexes
with C2H4 is correlated with the electron-donor properties of the iridium center. The supported Ir(C2H4)2

samples are precatalysts for ethylene hydrogenation and ethylene dimerization, with the activity for
each reaction increasing with increasing electron-withdrawing strength of the support.
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carbonyl complexes; ethylene hydrogenation; ethylene dimerization

INTRODUCTION

Thermally  stable  metal-organic  frameworks
(MOFs)  offer  excellent  but  still  little-explored
prospects  as catalyst  supports.1-10 Catalysts  can
be bonded to either the organic MOF linkers11-13 or
to the MOF nodes,14-17 some of which are essen-
tially  small  pieces  of  metal  oxides.  Such nodes
are roughly comparable to conventional metal ox-
ide catalyst supports, but, in contrast to porous
metal oxides, they are nearly uniform in structure
and offer unique opportunities for precise tuning

of  their  properties  to  influence  catalyst  perfor-
mance. 

   MOF nodes that offer such opportunities include
the  [Zr6(µ3-O)4(µ3-OH)4(OH)4(OH2)4]8+ and  [Zr6(µ3-
O)4(µ3-OH)4]12+  nodes that occur in NU-1000 and
UiO-66, respectively. The functional groups (e.g.,
OH and OH2 groups) on these nodes provide an-
choring sites for  metals,  and our  goals  were to
determine how to vary the properties of catalysts
supported on them and to lay a foundation for de-
sign of MOF-supported catalysts. We investigated



structurally  simple  and  essentially  molecular
metal catalysts on a family of MOF nodes and de-
termined  how  their  structures  influence  metal–
support  bonding  and  catalytic  properties  for  a
simple test reaction, ethylene conversion in the
presence of H2.  We also sought to compare the
MOF nodes with  conventional  catalyst  supports.
The  strategy  was  to  synthesize  MOF  node-sup-
ported metal complex catalysts precisely by using
an organometallic precursor and to characterize
them with complementary experimental and the-
oretical approaches. The MOFs UiO-66 and UiO-67
were chosen because they (and their nodes) have
been well characterized18-20 and because they can
be used as supports for metal complexes made
from precursors  such as  Ir(C2H4)2(acac)  (acac  is
acetylacetonate) to give catalysts  that are suit-
able for precise characterization.   

   IR spectroscopy and density functional theory
(DFT) calculations were used previously in an in-
vestigation of the reactions of OH groups on the
nodes of the MOFs NU-1000 and UiO-66. In that
work,  catalysts  bonded to the MOF nodes were
made  from  the  precursors  Ir(C2H4)2(acac)  and
Ir(CO)2(acac).17  In  the  work  reported  here,  the
MOF syntheses were varied by the choice of mod-
ulators  to  influence the number  of  node defect
sites associated with missing linkers and thereby
to  vary  the  properties  of  the  MOFs  as  catalyst
supports.  For  example,  UiO-66  was  synthesized
with the modulator acetic acid so that the MOF
had approximately 1 of 12 linkers per node miss-
ing.22 The nodes of UiO-66 modulated by acetic
acid  incorporate  hydrogen-bonded  H2O/OH  sur-
face groups (labeled as site 1 in Scheme 1) and
non-hydrogen-bonded OH groups (labeled as site
2 in Scheme 1). We also synthesized UiO-66 and
UiO-67 with various numbers of node defect sites
(up to ~4 of 12 missing linkers per node) by also
using HCl as a modulator.20 

Our  results  show  that  the  synthesis  conditions
can be chosen to generate essentially one type of
bonding site on each MOF node—that is,  site 1
on UiO-67 and  site 2 on UiO-66. More-over, the
DFT calculations show that the influences of the
nodes as ligands of the iridium complex catalysts
are  dictated  by  their  electron-donor  properties,
which allows comparisons with conventional cata-
lyst supports. 

EXPERIMENTAL METHODS

   Synthesis of UiO-66 with HCl Modulator.
ZrCl4 (99.99%, 0.125 g, 0.54 mmol) and 1 mL of
concentrated HCl (modulator, 37 wt %) were dis-
solved in 15 mL of dimethylformamide (DMF) in
an 8-dram vial by using ultrasound for 5 min. The
linker  precursor  benzene-1,4-dicarboxylic  acid
(0.123 g, 0.75 mmol) was then added into the so-
lution  and  dissolved  by  ultrasound  applied  for
about 15 min. The vials were kept in an oven at
353 K under static conditions for 24 h. White pre-
cipitates were produced, and they were isolated
by centrifugation after cooling to room tempera-
ture.  The  solids  were  washed  with  DMF  three
times to remove unreacted precursors and with

methanol six times to remove DMF. Then the pow-
der was dried at room temperature.

Synthesis  of  UiO-67  with  HCl  Modulator.
ZrCl4 (0.067 g, 0.27 mmol) and 0.5 mL of concen-
trated HCl (modulator, 37 wt %) were dissolved in
15 mL of DMF in an 8 dram vial by using ultra-
sound  for  5  min.  Biphenyl-4,4'-dicarboxylic  acid
(0.09 g, 0.38 mmol) was then added to the solu-
tion  and  dispersed  by  ultrasound  applied  for
about 15 min. The vials were kept in an oven at
353 K under static conditions for 24 h. A white
precipitate  formed,  and it  was  isolated  by cen-
trifugation after cooling to room temperature. The
solid was washed with DMF three times to remove
unreacted precursors and with acetone six times
to  remove DMF.  Then  the powder  was dried  at
room temperature.

   Synthesis of UiO-67 with Acetic Acid Mod-
ulator. ZrCl4 (0.12 g, 0.48 mmol) and 1.0 mL of
acetic acid (modulator) were dissolved in 20 mL
of DMF in an 8 dram vial by using ultrasound for 5
min. Biphenyl-4,4'-dicarboxylic acid (0.125 g, 0.53
mmol) was then added to the solution and dis-
persed by ultrasound applied for  about 15 min.
The vials were kept in an oven at 393 K under
static  conditions  for  24  h.  A  white  precipitate
formed, and it was isolated by centrifugation after
cooling of the sample to room temperature. The
solid was washed with DMF three times to remove
unreacted precursors and with acetone six times
to  remove DMF.  Then  the powder  was dried  at
room temperature.

Scheme 1. The missing linker sites in UiO-66 can
be occupied by either (A) a H2O/OH terminal pair
(site 1) or by (B) two OH terminal pairs with a mi-
grated proton at another portion of the node (site
2). In these figures, one of the terminal protons is
replaced by an Ir(I) dicarbonyl complex.

   Synthesis  of  MOF-supported  Ir(C2H4)2.
Sample synthesis  and handling  were performed
with the exclusion of moisture and air by use of a
double-manifold Schlenk vacuum line and an ar-
gon-atmosphere  glove  box.  The  precursor
Ir(C2H4)2(acac) was synthesized as described else-
where;23 it  has been characterized by X-ray dif-
fraction crystallography and 1H and 13C NMR, Ra-
man, and IR spectroscopies.23

   Each supported iridium complex was prepared
by bringing Ir(C2H4)2(acac) (36.2 mg for a 10.0 wt
% iridium loading or 3.6 mg for a 1.0 wt % iridium
loading) in contact with 200 mg of activated MOF



powder (UiO-66 or UiO-67, activated under vac-
uum (10-7 Torr)  at 423 or 393 K, respectively, for
24 h before use) in a Schlenk flask. The mixture
was slurried in 30 mL of dried n-pentane (Fisher,
99%) at room temperature. After 8 h, the solvent
was removed by evacuation for a day, leaving all
the  iridium  bonded  to  the  MOF.  The  resultant
solids  (e.g.  that  containing  10.0  wt  %  iridium,
with  approximately  1  Ir  atom  per  node),  was
stored in an argon-filled glovebox. 

  Iridium loadings were inferred from the condi-
tions of the syntheses, whereby all the added irid-
ium remained in the MOF after removal of the sol-
vent. The catalysts with 1.0 wt % iridium loadings
were  used  only  for  catalytic  activity  measure-
ments, and those with 10.0 wt % iridium loading
were used for all other characterizations. 

   Synthesis  of  ZrO2 and  ZrO2-supported
Ir(C2H4)2.  The  amorphous  metal  oxide  support
ZrO2 was synthesized by a precipitation method.
ZrO(NO3)2·xH2O  (99.99%,  3.64  g,  15.74  mmol)
and  28.9  mL  of  concentrated  HNO3 (65  wt  %)
were dissolved in 1 L of de-ionized water by stir-
ring  for  30  min.  Ammonium hydroxide  solution
(100 mL, 28% NH3 in water) was then added drop-
wise to the solution with vigorous stirring, and the
final pH value was controlled to be 9–10. The re-
sultant suspension was aged for 4 h by continu-
ous stirring followed by filtration. The precipitate
was washed 6 times with deionized water to give
a  neutral  pH  value  and  then  dried  at  393  K
overnight. The powder was calcined at 773 K in
O2 for 2 h and evacuated at 773 K for 12 h.

   To prepare the ZrO2-supported iridium complex,
Ir(C2H4)2(acac)  (18.1  mg)  and  the  calcined ZrO2

powder (1.0 g) in a Schlenk flask were combined
into a slurry in dried  n-pentane (30 mL) at room
temperature. After 24 h, the solvent was removed
by evacuation for 24 h so that all of the iridium
remained on the support. The resultant solid, con-
taining 1.0 wt % iridium, was stored in the glove-
box.

   BET Measurements.  All  N2 isotherms were
measured  with  a  Micromeritics  Tristar  II  instru-
ment.  Measurements  were  performed  at  77  K,
with the temperature held constant with a liquid
nitrogen bath. Consistency criteria were adapted
to choose an appropriate pressure range for BET
surface area calculations.

   Infrared Spectroscopy. A Bruker IFS 66v/S
spectrometer with a spectral resolution of 2 cm-1

was  used  to  collect  transmission  IR  spectra  of
power  samples.  Approximately  30  mg  of  solid
sample in the glovebox was pressed into a thin
wafer and loaded into a cell that was also a flow
reactor  (In-situ  Research  Institute,  South  Bend,
IN). The cell was sealed and connected to a flow
system, and spectra were recorded while reactant
gases flowed through the cell at various tempera-
tures. Each spectrum is the average of 64 scans.

   X-ray Absorption Spectroscopy. X-ray ab-
sorption spectra were collected at X-ray beamline
2-2 of the Stanford Synchrotron Radiation Light-

source (SSRL). The storage ring electron energy
was  3  GeV,  and  the  ring  current  was  approxi-
mately  300  mA.  A  double-crystal  Si(220)
monochromator was detuned by 20−25% at the
Ir LIII edge to minimize the effects of higher har-
monics in the X-ray beam. Samples were trans-
ferred to the X-ray absorption spectroscopy cells
in an inert atmosphere glovebox and sealed be-
fore mounting in the X-ray beam.

   Catalytic Reaction Experiments. Ethylene
hydrogenation catalysis was carried out in a con-
ventional  laboratory  once-through  tubular  plug-
flow reactor at 298 K and 1 bar. The catalyst (10–
50 mg) was mixed with 10 g of inert, nonporous
α-Al2O3 powder and loaded into the reactor in the
argon-filled glovebox. The feed partial pressures
were 100 mbar of C2H4, 200 mbar of H2, and 700
mbar  of  helium,  with  a  total  flow  rate  of  100
mL(NTP)/min. Products were analyzed with an on-
line Agilent 6890 gas chromatograph. The ethyl-
ene conversions were <5%, and the reactor was
well approximated as differential, determining re-
action rates directly.

COMPUTATIONAL METHODS

We used the same computational models that we
previously  applied17 to  some  of  these  systems,
and  which  have  also  been  used  to  predict  the
structural properties of many other MOFs as well
as  their  behavior  as  gas  adsorbents,  catalysts,
catalyst supports, and optical materials24. Specifi-
cally, periodic DFT calculations were carried out
with  the  PBE25 exchange-correlation  functional
augmented with dispersion correction terms, PBE-
D326 to model the entire materials. For UiO-66/67,
one linker was removed from each of the periodic
unit  cells,  in  order  to  describe  the  terminal
H2O/OH and OH/OH sites crucial for chemisorbing
iridium  complexes.  For  NU-1000,  there  was  no
need to perform this modification, as its Zr6 nodes
naturally have terminal H2O/OH groups. The peri-
odic  DFT calculations were carried out  with the
VASP 5.3.3 package using plane wave basis sets,
the  projector  augmented  wave  (PAW29)  method
for describing electron-ion interactions, an energy
cutoff of 550 eV, and 1 ✕ 1 ✕ 1 Monkhorst-Pack K-
point meshes.

The Zr6 nodes  of  NU-1000  and UiO-66/67  were
subsequently modeled as finite clusters that were
extracted from optimized periodic unit cells to al-
low investigation of the details of the supported
iridium complexes. The cluster models were ob-
tained from the optimized periodic unit cells by
truncating the organic linkers to benzoate (C6H5-
COO-)  and  acetate  (CH3COO-)  groups,  for  NU-
1000 and UiO66/67, respectively. These types of
models have been shown to properly describe the
nature of the terminal water or hydroxyl groups
on the Zr6 nodes of NU-1000 as well as the cat-
alytic properties of species bonded to the nodes
of this  MOF. The cluster  models were optimized
using the M06-L31 density functional, the def2-svp
basis set for  C,  H,  and O atoms, and the def2-



tzvpp32-34 basis sets with associated effective core
potentials for Zr and Ir atoms. In all cases, the po-
sitions of all atoms were optimized, except for the
C and H atoms of the benzoate groups used in
the cluster model of NU-1000. For UiO-66/67, all
atoms were allowed to move during geometry op-
timizations.  The  optimizations  were  carried  out
without symmetry constraints and until tight en-
ergy and geometry convergence criteria were at-
tained; ultrafine grids were used. 

For  calculations  characterizing  HY  zeolite,  we
used the same basis  sets,  grids,  and geometry
and energy convergence criteria that were used
in the calculations characterizing the MOFs.  We
use a 33T cluster model that consists of 13 inter-
connected  four-ring  systems  that  face  the  su-
percage  of  the  zeolite.  A  sodalite  cage  and  2
SiO2(OH)2 groups  were  added  to  complete  the
ring of the cluster model, Scheme 2. In all cases,
we used protons to cap dangling Si-O bonds. This
cluster model was obtained from a periodic struc-
ture optimized with the PBE-D3 functional while
using plane wave basis sets, as was done for the
MOFs.

 

Scheme 2. The 33T cluster model used in calcu-
lations on HY zeolite. The Zr, Ir, Si, O, C, and H
atoms are shown as light blue, dark blue, green,
red, gray,  and white spheres,  respectively.  Only
the atoms near the deposited Ir(CO)2 complex are
shown. The rest are represented by wireframes.  

RESULTS

   Defect Sites in UiO-66 and UiO-67 Result-
ing  from  Modulation  of  Syntheses  by  HCl
and by Acetic Acid. The sites on MOF nodes for
bonding of catalysts are influenced by the num-
ber  of  missing  linkers,  which  is  influenced  by
modulators in the MOF syntheses. The quantifica-
tion of the missing linkers in UiO-66 and UiO-67
samples  has  been  performed by  thermal  gravi-

metric analysis (TGA) with samples under an O2

atmosphere.20 Assuming that the residual mass of
the samples corresponds to the zirconium content
in  the  MOFs,  one  can  calculate  the  theoretical
mass loss (from the loss of the linkers) for "de-
fect-free" samples. The actual mass loss that was
measured was compared with this  value so the
number of missing linkers could be quantified. 

The TGA data (Table 1) show that approximately
1.4 and 1.2 of the 12 node linkers were missing
from the HCl-modulated UiO-66 and UiO-67, re-
spectively, and only ~0.9 and 0.6 of the 12 node
linkers were missing from acetic acid-modulated
UiO-66  and  UiO-67,  respectively. Our  data  are
consistent  with  reported  data20 showing  that
MOFs  modulated  by  HCl  have  almost  twice  as
many missing linker sites as MOFs modulated by
acetic acid.
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Figure 1. IR spectra characterizing the (A) OH re-
gion  and  (B)  hydrogen-bonded H2O and OH re-
gions characterizing (a) bare UiO-66 and (b) bare
UiO-67  (black)  and  the  samples  formed  by  ad-
sorption of Ir(C2H4)2(acac)  on them (red).



Table  1. Comparison  of  bonding  sites  on  Zr6

nodes of UiO-66 and UiO-67 synthesized with dif-
ferent modulators and having different types of
defect sites generated on the nodes.

MOF Modula-
tor

Num-
ber of
miss-
ing

linkers
per

nodea

Bonding
sites for
metal

complex-
esb

Ref.

UiO-
66

acetic
acid

0.9 sites 1
and 2

17

HCl 1.4 site 2 this
work

UiO-
67

acetic
acid

0.6 site 1 this
work

HCl 1.2 site 1 this
work

aEach Zr6 node is bonded to 12 linkers at a maxi-
mum. bSite 2 is characterized by IR bands at 3780
and 3692 cm-1, site 1 by a band at 2745 cm-1.

Furthermore,  the  IR  band  intensities  of  the  hy-
droxyl groups at missing linker sites (3780, 3692,
and 2745 cm-1)  are much greater  for  the MOFs
modulated with HCl  than those modulated with
acetic acid (Figure 1, Figure S1). The non-hydro-
gen bonded OH bands at  3780 and 3692 cm-1,
which characterize site 2 on HCl-modulated UiO-
66 (Figure 1A), are more intense than previously
reported hydroxyl bands characterizing  site 2 of
acetic  acid-modulated  UiO-66,17 indicating  that
more bonding sites are generated by using HCl as
the modulator rather than acetic acid. The hydro-
gen-bonded H2O/OH band characterizing  UiO-67
(at 2745 cm-1 (site 1)) was also found to be more
intense when HCl was used as the modulator (Fig-
ure 1B) rather than acetic acid (Figure S1B). 

   The samples with various defect site densities
provide an essential opportunity to vary the load-
ing  of  catalytically  active  iridium complexes  on
the nodes. 

   The IR  spectra  show that  the missing linker
sites on HCl-modulated UiO-66 were covered by
non-hydrogen-bonded OH groups (site 2,  Figure
1A). The lack of a band near 2745 cm-1 indicates
the absence of  hydrogen-bonded OH groups on
this MOF. 

   On the other hand, samples with only  site 1
were generated on the nodes  of  UiO-67 modu-
lated by either HCl or acetic acid, as evidenced by
the sharp band (with HCl modulator,  Figure 1B)
and the weak band (with acetic acid modulator,
Figure S1B), each at 2745 cm-1, with both spectra
lacking bands at 3780 and 3692 cm-1 (Figure 1A
and  Figure  S1A);  these  results  indicate  the  ab-
sence of non-hydrogen bonded OH groups on this
MOF. 

   Thus, UiO-66 and UiO-67 were prepared, each
with only one type of site for metal bonding, of-
fering the opportunity for preparation of unique
supported  metal  complexes,  thereby  facilitating
precise  structure  determinations  and allowing a
comparison of the two MOFs as catalyst supports.

The key results comparing the MOFs are summa-
rized in Table 1.

   DFT calculations representing the cluster model
of UiO-66/67 predict the O–H stretching of the hy-
drogen-bonded OH group of site 1 at 2805.2 cm-1,
compared  with  the experimental  value of  2745
cm-1. This comparison suggests that a scaling fac-
tor  of  about  0.979 is  appropriate for  hydrogen-
bonded  OH  groups.  The  other  O–H  stretching
modes (mainly of  μ3-OH groups) were calculated
to have frequencies of about 3872 and 3899 cm-1.
These also overestimate the experimental values,
3642 and 3674 cm-1, respectively (Figure 1). This
comparison  suggests  that  a  scaling  factor  of
about 0.94–0.98 is needed for the calculated vi-
brational frequencies. The values of these scaling
factors  lead  us  to  suggest  that  a  single  value
might  not  account  satisfactorily  for  the relative
contributions of anharmonic effects in hydrogen-
bonded  and  non-hydrogen-bonded  OH  groups.
Nonetheless, the predicted splitting between the
calculated  μ3-OH stretching  frequencies at 3872
and 3899 cm-1 (27 cm-1) matches the measured
splitting well: 3642 and 3674 cm-1 (32 cm-1). 

 The  calculations  for  site  2 predict  the  μ3-OH
stretching  modes  at  approximately  3869  and
3901 cm-1, similar to the values for site 1. There
is, however, no hydrogen-bonded OH group in the
site 2 structure and thus no peak in the region
near 2700–2800 cm-1.

Bonding of Iridium Complex to Surface Sites
on UiO-66  and  UiO-67  Nodes.  Samples  pre-
pared from Ir(C2H4)2(acac) and the MOFs UiO-66
and UiO-67 made with HCl modulation and UiO-
67 made with acetic acid modulation were char-
acterized  by  IR  and  EXAFS  spectroscopies  and
DFT calculations. The results show that the irid-
ium complexes reacted with hydroxyl groups on
the nodes, as shown by the decreased intensities
of the O–H bands at 3780 and 3692 cm-1 in the IR
spectra of Figure 1A characterizing UiO-66 made
with the HCl modulator, UiO-66(HCl), and the O–
H–O band at 2745 cm-1 characterizing UiO-67(HCl)
in  Figure  1B  and  UiO-67(acetic  acid)  in  Figure
S1B.  The chemisorption reactions were accompa-
nied by the removal of acac ligands from the irid-
ium, as shown by the lack of the shells associated
with acac ligands in the EXAFS data (Table 2). We
infer that acac was converted to Hacac on the ba-
sis of reported results characterizing the reaction
between  the  precursor  and  HY  zeolite,  which
showed that an IR band at 1537 cm-1, assigned as
νas(CCC)ring of Hacac, appeared after the reaction.36

However, this band was not distinguishable in the
spectra  of  our  MOF  samples  because  of  the
strong interfering absorption by the organic link-
ers. DFT calculations characterizing the NU-1000
cluster  model  show that  the region  near  1638–
1668 cm-1 includes intense vibrations assigned to
the asymmetric  stretching of  the C–O bonds of
the  carboxylate  groups  of  the  organic  ligands,
νas(OCO) (see the Supporting Information for de-
tails). Application of a scaling factor of 0.941, to
the region  around 1638–1668 cm-1 obtained for



the  non-hydrogen  bonded  OH  groups,  brings  it
near 1541-1570 cm-1,  explaining our  inability to
distinguish  the  νas(CCC)ring of  Hacac  in  our  MOF
samples.

   The iridium became bonded to the nodes of
UiO-66 and UiO-67, as shown by the EXAFS data
indicating  an  Ir–Osupport coordination  number  of
nearly 2 (EXAFS data were recorded for  UiO-67
and NU-1000, but not UiO-66, Table 2) and consis-
tent with DFT calculations. 

    The calculated structural properties of Ir(C2H4)2

supported at site 1 of UiO-67 Zr6 nodes are com-
pared with the EXAFS data in Table 2. Overall, the
Ir–Ot (Ot represents oxygen in terminal OH groups
of a node) and Ir–C bond lengths obtained from
DFT calculations agree well with the EXAFS data,
to within 0.02  Å. The calculations however over-
estimate the Ir–Zr distances by 0.20 Å, consistent
with the results reported for Ir(CO)2 supported on
NU-1000  (Table  2).17 Moreover,  the  calculations
show that the Ir atom is close to the oxygen atom
of the bridging µ3-OH (3.092 Å), while it is farther
from the bridging µ3-O group (4.156 Å). These re-
sults give an average Ir– Ob distance of 3.62 Å,
agreeing  within  error  with  the  EXAFS  value  of
3.45 Å (Table 2) and supporting the value of the
coordination number of 2.1 for the Ir–Ob structural
parameter determined in the EXAFS data fitting.

Table 2. EXAFS structural parameters represent-
ing Ir(C2H4)2 supported on UiO-67 Zr6 nodesa and
Ir(CO)2 supported on NU-1000 Zr6 nodes (data for
NU-1000 from ref. 17). 

EXAFS DFT

Sample Shell N R
(Å)

103×
∆σ2

(Å2)

∆E0

(eV) R
(Å)

Ir(C2H4)
2/UiO-
67

Ir-Ir b b b b

Ir–Ot 2.1 2.15 9.8 6.7 2.13

Ir–C 4.0 2.09 9.9 -4.2 2.09

Ir–Ob 2.1 3.45 11.0 -0.7 3.62

Ir–Zr 1.8 3.62 14.5 -3.5 3.82

Ir(CO)2/
NU-
1000

Ir-Ir b b b b

Ir–Ot 2.0 2.05 5.4 -5.2 2.11

Ir–Cco 2.1 1.97 14.6 -5.9 1.83

Ir–Oco 2.1 2.99 14.5 7.4 2.98

Ir–Ob 1.9 3.13 6.8 -5.6 3.39

Ir–Zr 2.0 3.55 14.2 -0.7 3.72
aNotation: Ot, O atoms of terminal OH groups on
Zr6 node; C, ethylene carbon; Ob, O in bridging µ3–
OH or  µ3–O group on Zr6 node;  N,  coordination
number;  R,  distance  between  absorber  and
backscatterer atoms; Δσ2, disorder term; ΔE0, in-
ner  potential  correction.  Estimated  EXAFS  error
bounds:  N,  ±20%;  R,  ±0.02 Å; Δσ2,  ±20%; ΔE0,
±20% (errors  characterizing  the Ir−Zr  contribu-
tion are greater); fit range: 3.85 <  k (wave vec-

tor) < 13.61 Å-1; 0.5 <  R < 4 Å; goodness of fit
value 2.5.  bContribution not detectable. Details of
the EXAFS data fitting are as reported before.17  
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Figure 2. IR spectra in the νCH region characteriz-
ing  the  samples  formed  by  adsorption  of
Ir(C2H4)2(acac)  on  (a)  UiO-66(HCl)  and  (b)  UiO-
67(HCl) (black) after it  had been treated with a
pulse of CO in helium for 3 min (red).

   

   Groups on Zr6 Nodes for Bonding Iridium
Complexes. The modulators HCl and acetic acid
provide control of the node sites that bond to the
iridium complexes. The spectra of Figure 1 show
that the hydroxyl band of  site 2 on UiO-66 and
that of site 1 on UiO-67 were greater in intensity
when the modulator was HCl rather than acetic
acid. In earlier work,17 two types of bonding sites
for  metal  complexes  on  UiO-66  were  observed
when the modulator was acetic acid. In contrast,
only site 2 defects were observed when the mod-
ulator was HCl. The results thus indicate that the
topology of the Zr6 node is markedly influenced
by the modulator. 

   We infer that the topology of the Zr6 node is
also influenced by the type of  solvent  used for
washing the MOF in the syntheses, because we
observed both  site 1 and  site 2 when we used
acetone  instead  of  methanol  to  wash  the  HCl-
modulated UiO-66 (Figure S7). 

   Because  the  HCl-modulated  UiO-67  (washed
with acetone) and NU-1000 (treated by HCl after
synthesis and washed with acetone) are charac-
terized by only site 1 on their nodes, we further
infer that the topology of the Zr6 node is also in-
fluenced by the local  structure of the pore and
the crystal structure of the MOF. 

   The MOF nodes were further characterized by
probing with reactive iridium complexes. Because
the  iridium  complexes  that  became  bonded  to
UiO-67(HCl) evidently consist of only one type of
species,  we  took  advantage  of  its  simplicity  to
conduct the experiments described below—com-
plemented  by  those  with  iridium complexes  on



UiO-67(acetic  acid),  which  consisted  of  mixed
species.

   Because UiO-67 modulated with acetic acid has
far fewer defect sites than that modulated with
HCl,  adsorption  of  the same number  of  iridium
complexes on each of these two MOFs (10 wt %)
gave  iridium  complexes  that  were  all
chemisorbed on the nodes of UiO-67(HCl) but irid-
ium complexes that were both physisorbed and
chemisorbed on UiO-67(acetic acid) with its lim-
ited number of missing linker sites, as shown by
the IR spectra. The results are consistent with the
inference  that  the  bonding  sites  for  the  metal
complexes were the hydroxyl groups on the miss-
ing linker sites of the MOFs nodes.

   Comparison of Reactivities of various MOF
Node  Sites  with  Ir(C2H4)2(acac).  When
Ir(C2H4)2(acac)  reacted  with  UiO-66(HCl)  having
essentially all of the node surface sites present in
the form of  site 2, characterized by IR bands at
3692 and 3780 cm-1, the intensity of the 3692 cm-

1 band decreased significantly, and the 3780 cm-1

band disappeared, showing that the iridium com-
plex  reacted  with  these  sites  as  it  was
chemisorbed.  However,  the  intensities  of  the
3674 and 3644 cm-1 bands characterizing µ3-OH
groups  remained  essentially  unchanged  during
the chemisorption,  showing that,  as the iridium
complex  reacted  with  the  terminal  hydroxyl
groups of  site 2 of UiO-66, it did not react with
bridging µ3-OH groups. 

   In contrast, the reaction between Ir(C2H4)2(acac)
and UiO-67(HCl) and UiO-67(acetic acid)—with all
of  the  node  surface  sites  being  sites  1,  took
place at these sites, as indicated by the decrease
in intensity of the 2745 cm-1 band (Figures 1B and
S1B). The bridging µ3-OH group (characterized by
bands at 3674 and 3642 cm-1, Figure 1A) did not
react with the organoiridium precursor.

    IR spectra in the νCH region of the UiO-66(HCl)--
supported  sample  (Figure  2)  demonstrate  the
presence of ethylene ligands bonded to the irid-
ium, as indicated by the bands at 3061 and 3036
cm-1. These bands are assigned to νCH of π-bonded
ethylene. The frequencies nearly match those of
Ir(C2H4)2 (acac).23 These observations indicate that
the ethylene ligands remained bonded to the irid-
ium during the chemisorption. 

   The DFT calculations predict that the most in-
tense νCH stretching modes  of  the ethylene lig-
ands supported at the iridium center of site 2 ap-
pear at approximately 3194 and 3172 cm-1. The
splitting of these calculated frequencies (22 cm-1)
matches  the  splitting  in  the  experimental  fre-
quencies (25 cm-1). Moreover, a scaling factor of
0.957 (close to the 0.956 that was determined in
our previous work with Ir(CO)2 species supported
on NU-1000) reduces the mean unsigned error of
the theoretical calculations to about 2.0 cm-1. 

  The comparable IR experiments with the sample
formed by  adsorption  of  Ir(C2H4)2(acac)  on  UiO-
67(HCl)  and  UiO-67(acetic  acid)  provide  much
less information, because the bands characteriz-

ing the organic linkers in the range of 3000–3150
cm-1 are  so  intense  that  they  would  have
swamped the weak bands characterizing the eth-
ylene ligands;  an equivalent  statement pertains
to UiO-67(acetic acid). The DFT calculations pre-
dict  only  marginal  differences  between  the  νCH

stretching modes of Ir(C2H4)2  supported at site 1
and site 2 of UiO-66.

   EXAFS  data  characterizing  the  UiO-67-sup-
ported iridium complexes measured at the Ir LIII

edge show no detectable Ir–Ir contributions, con-
sistent with the inference that the supported irid-
ium species  were  essentially  mononuclear.  The
best fits of the data (Table 1) indicate that each Ir
atom was bonded, on average, to two ethylene
ligands as well as the two oxygen atoms of the
support, as shown by the values of the Ir–C and
Ir–O coordination numbers of nearly 4 and nearly
2, respectively. The data include an Ir–Ob and an
Ir–Zr  contribution  with  coordination  numbers  of
2.1 and 1.8 at distances of 3.45 and 3.62 Å, re-
spectively, consistent with the IR data (Figure 1)
and  the  inference  that  the  iridium  complexes
were bonded at  site 1 of the Zr6 node where a
proton had been removed by the chemisorption.

   Notwithstanding  the  aforementioned  good
agreement  between  the  structural  parameters
obtained by EXAFS spectroscopy and DFT, there
is some disagreement between the corresponding
Ir–Zr  distances  (Table  2).  A  similar  situation  in
which the calculated Ir–Zr distance overestimates
the fitted EXAFS data by about 0.2–0.3 Å was en-
countered  in  our  reported  work  on  NU-1000,17

consistent with the results of previous DFT/EXAFS
investigations referred to before.17 (We did not de-
termine EXAFS data  for  the samples  containing
mixtures of chemisorbed and physisorbed iridium
complexes  because  of  the  challenge  of  fitting
such data for mixtures of species.)

   Reaction of MOF Node-supported Ir(C2H4)2

Complexes with CO. Experimental evidence. We
used CO and IR spectroscopy to probe the sup-
ported  iridium  species.  When  the  sample  of
Ir(C2H4)2 supported  on  UiO-66(HCl)  or  on  UiO-
67(HCl) or UiO-67(acetic acid) was exposed to a
pulse of CO at 298 K and 1 atm (~80 CO mole-
cules per Ir atom), the initially π-bonded ethylene
ligands   in  the  supported  Ir(C2H4)2 complexes
were readily replaced by CO, as shown, for exam-
ple, by the disappearance of the IR bands at 3061
and 3036 cm-1 when the support was UiO-66(HCl)
(Figure 2). Furthermore, the mass spectra of the
effluent  gas  gave  evidence  of  ethylene  formed
from each of these supported samples. There was
a concomitant growth of νCO bands at 2074 and
1996 cm-1 (characterizing  iridium complexes  on
site 2) when the support was UiO-66(HCl) and at
2066 and 1990 cm-1 (on site 1) when the support
was UiO-67(HCl) or UiO-67(acetic acid) (Figure 3
and Figure S2). The spectra indicate chemisorbed
iridium  gem-dicarbonyls  and  demonstrate  (with
the  lack  of  bridging  carbonyl  spectra)  that  the
iridium species were mononuclear. The different



frequencies of the carbonyl bands are evidence of
differences  between  the  various  MOF  nodes  as
electron-donor ligands; this point is developed be-
low.  

We  also  detected  physisorbed  Ir(CO)2(acac)  on
UiO-66(HCl) and on UiO-67(acetic acid) after the
CO treatments. The IR spectra show that in addi-
tion to the anchored iridium complexes, other irid-
ium complexes  were  present  that  reacted  with
CO, as shown by the bands at 2085 and 2010 cm -

1 (Figures 3 and S2).17 We infer from the band lo-
cations that that physisorbed Ir(C2H4)2(acac) was
present,  and  the  changes  in  the  spectra  show
that  it  was  readily  converted  to  Ir(CO)2(acac)
when  exposed  to  CO.  The  physisorbed  species
might have resided on the external MOF surfaces
and/or been associated with the organic linkers. 

   Computational  evidence. The reaction of  CO
with  Ir(C2H4)2 complexes  supported  on  the  Zr6

nodes of UiO-66/67 and NU-1000 is suggested to
proceed stepwise, as shown in reactions (1)–(3).
Reactions  (1)–(3)  result  in  the  formation  of
Ir(C2H4)2CO (A),  Ir(C2H4)CO  (B),  and  Ir(CO)2 (C).
Reaction (4) depicts the overall exchange of two
ethylene ligands with CO. The calculated free en-
ergy  changes  (ΔG)  associated  with  these  reac-
tions at 298.15 K and 1.000 bar are presented in
Table 3.

Ir(C2H4)2 + CO → Ir(C2H4)2(CO)   (1) 

Ir(C2H4)2(CO) → Ir(C2H4)(CO)
(2)

Ir(C2H4)(CO) + CO → Ir(CO)2 + C2H4   (3)

and, overall, 

Ir(C2H4)2 + 2CO → Ir(CO)2 + 2C2H4

(4)       

2120 2080 2040 2000 1960 1920

0.0

0.4

0.8

1.2

1.6

2.0

b

2010

1990
2066

1996

In
te

n
si

ty
 (
a.

u
.)

Wavenumber (cm-1)

2074

2085

a

Figure 3. IR spectra in the νCO region characteriz-
ing  the  complexes  initially  present  as  Ir(C2H4)2

complexes supported on (a) UiO-66(HCl) and on
(b) UiO-67(HCl) in flowing helium (black) and after
contact with a pulse of CO in helium at 298 K and
1 bar for 3 min (red). 

 Table 3. Calculated free energies (kcal/mol) of
the reactions that occur when supported Ir(C2H4)2

species react with CO gas. 

Reaction

Site 1 Site 2

NU-1000 UiO-66/67 UiO-66/67

(1) -20.6 -20.1 -19.2

(2) -0.9 -2.0 -2.6

(3) -15.8 -15.6 -17.3

(4) -37.3 -37.7 -39.2

The  optimized  structures  of  Ir(C2H4)CO  and
Ir(C2H4)2 are shown in Scheme 3. Our calculations
show that overall reaction (4) is significantly exo-
ergic,  a result  that is  not surprising as CO is a
stronger σ- and π-donor than C2H4. 

The calculated frequencies of the C–O stretching
vibrations  in  Ir(CO)2 supported  on  UiO-66  were
found to be 2165 and 2090 cm-1 for  site 1,  in
contrast to 2173 and 2104 cm-1  for  site 2.17 The
trends in the magnitude of these vibrational fre-
quencies  agree  well  with  the  empirical  results
presented  in  Figure  3.  Indeed,  application  of  a
scaling  factor  of  0.956  reduces  the  mean  un-
signed error in the calculated values (relative to
the experimental values) to about 4.2 cm-1. 

Scheme  3. Optimized  structure  of  (A)  the
Ir(C2H4)CO complex formed after exposure of UiO-
66/67 node-supported Ir(C2H4)2 complexes to CO
and (B) UiO-66/67 node-supported Ir(C2H4)2 com-
plex.

Reactivities  with  ethylene  of  Ir(CO)2 com-
plexes on nodes of  UiO-66 and of  UiO-67.
Experimental  evidence. Further  evidence  of
the electron-donor properties of the supports was
determined in experiments characterizing the re-
placement  of  CO  ligands  on  the  iridium  com-
plexes with ethylene from a stream flowing at 298
K and 1 bar. Changes in the IR spectra in the νCO

region occurred rapidly for both Ir(CO)2 supported
on  UiO-66(HCl)  and  that  supported  on  UiO-
67(HCl); the initial iridium gem-dicarbonyl bands
at 2074 and 1996 cm-1 characterizing the UiO-66-
supported complexes and at 2066 and 1990 cm-1

characterizing  the  UiO-67-supported  complexes
decreased in intensity with time, with the simulta-



neous growing in of two bands, at 2038 and 2021
cm-1 for  UiO-66-supported  complexes,  and  the
growing in of a band at 2021 cm-1 for the UiO-67-
supported complexes. 

The  bands  characterizing  the  UiO-66-supported
species  are  assigned  to  Ir(C2H4)2(CO)  and  to
Ir(C2H4)(CO), respectively. These assignments are
based on the results of a spectroscopic investiga-
tion  of  the  zeolite  HY-supported  isostructural
Ir(CO)2 complexes  and  products  formed  from
them  when  they  were  subjected  to  the  same
treatment  conditions,  whereby  the  initial  νCO

bands of Ir(CO)2 on HY zeolite at 2038 and 2109
cm-1 shifted to 2054 and 2087 cm-1; these are as-
signed to    Ir(C2H4)(CO) and Ir(C2H4)2(CO), respec-
tively.39 The band characterizing the UiO-67-sup-
ported species is assigned to Ir(C2H4)(CO) on the
basis of a similar comparison.39 

Each of these new bands remained unchanged af-
ter 20 min of contact with ethylene (Figure 4). Es-
timates based on the band areas indicate that ap-
proximately  31% of  the  Ir(CO)2 complexes  sup-
ported  on  UiO-66(HCl)  were  converted  to
Ir(C2H4)x(CO)  complexes,  approximately  5%  of
these to Ir(C2H4)2(CO) and approximately 95% of
these to Ir(C2H4)(CO), and approximately 50% of
the Ir(CO)2 complexes supported on UiO-67(HCl)
were converted to Ir(C2H4)(CO). We tested the sta-
bilities of the Ir(C2H4)x(CO) species by purging the
IR cell with helium for 1 h. Figure 4B shows that
the 2021 cm-1 band characterizing Ir(C2H4)(CO) on
UiO-67(HCl) decreased in intensity with time, dis-
appearing after  30 min.  Concurrently,  the 2066
and 1990 cm-1 bands of Ir(CO)2 on UiO-67(HCl) in-
creased,  indicating  the  conversion  from Ir(C2H4)
(CO) to Ir(CO)2 under helium.
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Figure 4.  IR spectra in νCO region characterizing
changes  in  the  samples  initially  consisting  of
Ir(CO)2 on (A) a, UiO-66(HCl) and b, UiO-67(HCl)
after it had been exposed to flowing ethylene for
20 min at 298 K and 1 bar, (B) followed by flowing
helium for  30 min.  The Ir(CO)2 complexes  were
prepared  by  treating  the  initial  Ir(C2H4)2 com-
plexes with CO at 298 K.

In  contrast,  the  2021  cm-1 band  characterizing
Ir(C2H4)(CO) on UiO-66 remained unchanged dur-
ing a 30-min treatment in flowing helium, indicat-
ing  that  this  species  is  quite  stable  on  UiO-
66(HCl). The weak band at 2038 cm-1 characteriz-
ing Ir(C2H4)2(CO) on UiO-66(HCl) gradually disap-
peared with the sample in flowing helium.

We emphasize that the physisorbed Ir(CO)2(acac)
species represented by bands at 2085 and 2010
cm-1 did not react with ethylene. The reactivities
of the iridium complexes anchored to the MOFs
are compared in Table 3 with those of isostruc-
tural iridium complexes on other supports. For ex-
ample,  the  Ir(C2H4)2(CO)  species  on  UiO-66  are
comparable in their reactivity to these complexes
on dealuminated HY zeolite.

Computational  evidence.  As  reactions  (1)–(4)
were all calculated as being exoergic (Table 3), we
expect that an excess of ethylene would be re-
quired to drive them in the backward direction.
Furthermore,  we expect  that  removal  of  excess
ethylene  would  result  in  the  conversion  of



Ir(C2H4)2(CO) and Ir(C2H4)CO to Ir(CO)2. These ex-
pectations concur with the experimental observa-
tions.

There  is  additional  computational  evidence  for
the exchange of  CO with  C2H4.  First,  the calcu-
lated  CO  stretching  vibrational  frequencies  are
2084  cm-1 for  Ir(C2H4)CO  and  2105  cm-1 for
Ir(C2H4)2(CO),  when  we consider  site  1 of  UiO-
66/67.  The DFT-calculated splitting between the
vibrational frequencies of these species (21 cm-1)
agrees well with the experimental value (17 cm-1).
The theory  and experiment  also agree with  re-
spect to the trends in the magnitudes of the fre-
quencies. Moreover, the calculated free energies
of reaction (2) are low (-0.9 to -2.6 kcal/mol) and
within the limits of error of DFT, thus not inconsis-
tent  with  Ir(C2H4)CO being more abundant than
Ir(C2H4)2(CO). 

Iridium  complexes  supported  on  ZrO2.  IR
spectra of ZrO2 (Figure S3) show a weak, sharp
peak at 3739 cm-1 and a broad peak at 3676 cm-1.
These  have  been  assigned  to  terminal  OH  and
bridging  µ3-OH  groups,  respectively. After  the
chemisorption of Ir(C2H4)2(acac), the intensities of
the 3739  cm-1 and 3676  cm-1 bands decreased
markedly, indicating the reaction of this precursor
with the OH groups (the terminal OH band was
much  weaker  than  the  bridging  OH  band,  and
thus we infer that most of the reaction was with
bridging OH groups). The bands of π-bonded eth-
ylene ligands on iridium in this sample were too
weak to discern (data not shown).

When the sample of Ir(C2H4)2 supported on ZrO2

was brought in contact with flowing CO, new  νCO

bands grew in, at 2061 and 1981 cm-1 (Figure S4).
These bands are characteristic of iridium gem-di-
carbonyls  and  indicate  that  the  iridium species
were mononuclear. 

In  contrast  to  the  behavior  of  the  UiO-66(HCl)-
and UiO-67(HCl)-supported samples, the isostruc-
tural Ir(CO)2 complexes supported on ZrO2 were
not reactive with ethylene under our  conditions
(Figure S5).

Comparison of MOF-supported iridium com-
plexes as catalysts for ethylene conversion
in the presence of H2. The MOF-supported irid-
ium  complexes  incorporating  ethylene  ligands
were found to be precatalysts for the reactions of
ethylene in the presence of H2.  Differential con-
version data were obtained as a function of time
on-stream in the flow reactor,  with typical  data
shown in Figure S6; conversions were determined
from the data showing the formation of products.
The strategy and details of the experimentation
are as described elsewhere.36

The conversions were extrapolated to zero time
on-stream in order to provide measures of the ini-
tial activities of the (un-deactivated) catalysts. In
the catalysis experiments, we used a low loading
of iridium on all of the supports (1 wt %) to maxi-
mize the simplicity of the catalyst structures and
to  avoid  the  physisorbed  iridium  complexes
formed on UiO-66(HCl) at a higher loading. Thus,

at  this  low  loading,  chemisorbed  iridium  com-
plexes were initially present solely on  site 2 of
UiO-66(HCl), and chemisorbed iridium complexes
were  initially  present  solely  on  site  1 of  UiO-
67(HCl) and NU-1000.

The conversion of ethylene in the presence of H2

has been shown42 to give the hydrogenation prod-
uct, ethane—and, in the presence of some cata-
lysts, butene isomers and butane indicating ethyl-
ene  dimerization.  The  ethylene  conversion  has
been investigated with iridium complexes on vari-
ous supports, and a comparison of previously re-
ported data with ours is given in Table 4. The ear-
lier work42 showed that the performance of cata-
lysts comparable to ours for ethylene hydrogena-
tion  is  strongly  influenced  by the support,  with
the reaction rate being much lower when the sup-
port is a good electron donor such as MgO than
when it is a weak electron donor, such as dealu-
minated HY zeolite. The results summarized in Ta-
ble 4 demonstrate that the selectivity for dimer-
ization is also correlated with the electron-donor
propriety of the support.

Our  new  results  extend  the  observations  to  a
family  of  supports  that  now includes  metal  ox-
ides, zeolites, and MOFs.



Table 4. Structural characterization and catalyst performance data characterizing samples initially in the form of Ir(C2H4)2 complexes on various sup-
ports. The data include characterization of the reaction of supported Ir(C2H4)2 complexes to give supported Ir(CO)2 complexes; the reactivities of sup-
ported Ir(CO)2 complexes with C2H4; and catalytic activities for ethylene conversion in the presence of H2 at 298 K and 1 bara 

aThere was no detectable catalytic reaction in the absence of the catalyst under our conditions, and the supports alone were catalytically inactive; because some of the data re -
ported previously were not collected under the same conditions as ours, all of the data reported in this table were obtained in this work, and the catalyst preparations were the
same as those reported. bSupport for catalyst initially incorporating node-anchored Ir(C2H4)2. cFractions of Ir(C2H4)x(CO), x = 1 or 2 species were estimated on the basis of the area
under each peak in the νCO stretching region relative to the areas of the two νCO bands characterizing the respective Ir(CO)2 species. dTurnover frequency calculated from differen-
tial conversions at time on stream = 0 and determined from ethylene conversions < 5%; catalyst mass: 30 mg; feed partial pressures: 100 mbar C2H4, 200 mbar H2, 700 mbar he-
lium; total flow rate 100 mL(NTP)/min; catalyst iridium content 1 wt %. eThe numbers in parentheses are the full width at half-maximum (fwhm) values characterizing the carbonyl
band. fMOFs were modulated with HCl. gTraces of butane were observed, but too small to quantify.

Supportb νCO Band locations (cm-1) Percentage of iridium
complexes converted
to Ir(C2H4)(CO) when

Ir(CO)2 treated in flow-
ing C2H4

Percentage of Ir(CO)2

species converted to
Ir(C2H4)x(CO) c when

treated in flowing C2H4

Turnover fre-
quency for ethyl-
ene conversion,

TOFd, s-1

Selectivity in ethylene conversion, wt %d

Ir(CO)2 Ir(C2H4)2(CO
)

Ir(C2H4)(CO) ethane n-bu-
tane

trans-2-
butene

1-
butene

cis-2-
butene

HY zeo-
lite

2109
(5)e

2038 2087 2054 60 100 0.60 95.0 0.6 2.3 0.8 1.3

UiO-66f 2074
(17)

1996 2038 2021 95 31 0.017 98.5 0.4 0.1 0.8 0.1

UiO-67f 2066
(33)

1990 n/a 2021 100 53 0.012 99.1 0.1 0.1 0.6 0.1

NU-1000 2066
(33)

1990 n/a n/a - 0 0.01 99.5 0g 0 0.5 0

ZrO2 2061
(33)

1981 n/a n/a - 0 0.008 99.6 0g 0 0.4 0

MgO 2051
(26)

1967 n/a n/a - 0 0.003 100 0 0 0 0



Discussion

Effect of MOF pore size on synthesis of sup-
ported iridium complexes. Figure 3 shows that
chemisorption  of  the  Ir(C2H4)2  (acac)  precursor
was incomplete when the HCl-modulated UiO-66
was  used  as  the  support.  The  results  are  con-
trasted  with  those  for  iridium  complexes  sup-
ported on NU-1000 (reported previously17) and on
HCl-modulated UiO-67, on which all of the iridium
complexes were chemisorbed on the nodes. We
emphasize  that  UiO-66(HCl)  and  UiO-67(HCl)
have similar densities of bonding sites (~2.7 and
2.4 of the 12 sites per node, respectively, Table
1). 

The results  indicate mass transfer  limitations in
the chemisorption of the iridium complex on UiO-
66. Comparable results were reported for the ad-
sorption  of  Rh(C2H4)2(acac)  or  Ir(C2H4)2(acac)  on
the small-pore zeolite HSSZ-42—the pore opening
of this zeolite is 6.4  × 6.4 Å, about the same as
the critical diameters of the precursors (approxi-
mately 4 × 6 Å). Substantial adsorption evidently
took place on the outer zeolite surface, forming
physisorbed species,  and we infer the same for
UiO-66. 

The ideal structure of UiO-66 has a pore aperture
diameter of approximately 6 Å. The pore size of
the HCl-modulated UiO-66 has been reported to
be greater than that of the defect-free UiO-66,20

because of missing linkers, but because the de-
fects  are  randomly  distributed  in  the  MOF,  the
pores are expected to offer  a tortuous path for
mass  transport,  with  a substantial  transport  re-
striction influencing the anchoring of the iridium
complex. 

In contrast, the pore aperture of UiO-67 is greater
than that of UiO-66, about 8 Å,18 and the pores of
NU-1000 are even wider  (with diameters of ap-
proximately 12 and 30 Å16).  Thus, we infer that
the iridium complexes readily entered the pores
of  the latter  MOFs, without significant transport
restrictions and therefore resulting in more nearly
uniform distributions  of  iridium within  the  pore
structures  than in  UiO-66—we would  expect  no
gradients of iridium concentration in NU-1000.

Iridium species bonded to the nodes of UiO-
66, UiO-67, and NU-1000. Comparison of the
nodes  as  electron  donors. The  precursor
Ir(C2H4)2(acac)  reacted  with  both  sites  1 and
sites 2 on the Zr6 nodes of the three MOFs, lead-
ing to the dissociation of the acac ligand. The re-
sulting Ir(C2H4)2 complexes were found to be an-
chored to each of the nodes by two Ir–Ot (Ot is ter-
minal oxygen in node site 1 or site 2), as shown
by the EXAFS data and DFT calculations (Table 2)
and consistent with the IR spectra of the iridium
gem-dicarbonyls formed from the iridium diethy-
lene complexes on each node (Table 4).

The frequencies of the νCO bands are good indica-
tors of the electron densities on the Ir atoms in
the supported complexes. The available data (in-
cluding  literature  data  characterizing  various

metal  oxide and zeolite  supports,  Table 4)  indi-
cate  the  following  order  of  electron-donor
strengths: MgO > ZrO2 > UiO-67 (= NU-1000) >
UiO-66 >> zeolite  HY.  The results  indicate  that
site  2 on  UiO-66  has  a  lower  electron-donor
strength than  site 1 on UiO-67 or on NU-1000.
The sites and nodes in UiO-67 and NU-1000 are
essentially  the  same  in  structure,  and,  corre-
spondingly,  their  electron-donor  properties  are
essentially the same.

The νCO bands of iridium dicarbonyls on site 1 or
site 2 of the Zr6 nodes appeared at exactly the
same frequencies even though the MOFs UiO-66
and  UiO-67  modulated  with  acetic  acid  or  HCl
have  significantly  different  numbers  of  defect
sites per node. We thus infer  that the electron-
donor  properties  of  site  1 or  site  2 do  not
change  significantly  with  the  number  of  defect
sites on the node. 

As shown above, the calculated CO stretching fre-
quencies reproduce the trends in the empirical re-
sults  for  site  1 or  site  2 (and,  when  scaled,
agree well with experiment). 

Now we focus on another  measure of  the elec-
tron-donor properties of the iridium centers, the
calculated partial charges on the iridium centers
in the supported Ir(CO)2 species. In our previous
work,  we  found  that  for  site  1,  the  calculated
Mulliken partial charge is 0.36, much lower than
that of  site 2, 0.51. When we use the Hirshfeld
charge analysis method, we find partial charges
of 0.17 and 0.29 for  site 1 and  site 2, respec-
tively. These results support the conclusion that
the iridium center at  site 2 has lower electron-
donor strength than that at site 1. As previously
noted, the calculated partial charges of the irid-
ium centers are similar  for  site 1 in  UiO-66/67
and NU-1000.

To further check whether the density of ligand de-
fects  at  each  metal  node  affects  the  electron-
donor strength of the anchored iridium centers,
we optimized several structures for UiO-66/67, in
which Ir(CO)2 species were supported at 2 or 3
missing linker sites with H2O/OH (site 1) pairs. In
both cases (with 2 or 3 missing linkers), the par-
tial atomic (Mulliken and Hirshfeld) charges of the
iridium centers were the same within  ± 0.04 as
those determined when there was only one miss-
ing linker. The calculated νCO bands also remained
largely unchanged (± 4.0 cm-1). These results in-
dicate  that  the  facets  of  the  Zr6 nodes  in  NU-
1000, UiO-66, and UiO-67 are well separated and
are thus chemically almost identical, with only lit-
tle variation in properties as a result of catalyst
loading per node.

Comparison of  reactivities  of  iridium com-
plexes on various supports. The iridium dicar-
bonyl  complexes  on  UiO-66  and  on  UiO-67  re-
acted with ethylene, leading to the displacement
of one CO ligand per Ir atom and addition of one
or  two  ethylene  ligands.  The  data  of  Table  4
demonstrate that the reactivity of iridium dicar-



bonyl complexes with ethylene increased in the
order  MgO = ZrO2 = NU-1000 (not  reactive)  <
UiO-66 < UiO-67 << HY zeolite,  indicating that
for the most part the reactivity decreased with in-
creasing  electron-donor  ability  of  the  support.
This pattern concurs with the calculated exoergic-
ities  of  reactions  (1)–(3),  Table  3.  Ir(CO)2 sup-
ported at site 2 in UiO-66 is less labile for CO ex-
change with ethylene than that at site 1. 

However,  significantly,  the  observed  reactivities
of Ir(CO)2 complexes on the nodes of UiO-66, UiO-
67, and NU-1000 with ethylene do not fall in line
with the order of electron-donor properties deter-
mined by the frequencies of the aforementioned
νCO bands. We infer that it would be oversimplify-
ing matters to relate the reactivities of the sup-
ported  iridium  complexes  just  to  the  electron-
donor properties of the supports that provide lig-
ands. We suggest that the pore structures of the
MOFs and the distributions of missing linkers on
the Zr6 nodes  also  influence the reactivity.  The
DFT calculations represent model clusters and are
therefore not expected to capture these macro-
scopic effects.

Ir(CO)(C2H4)2 species formed as minority species
on  UiO-66  but  not  on  UiO-67,  suggesting  a
greater  ability  of  UiO-66  to  coordinate  multiple
ligands  and  lower  electron  densities  of  the  Ir
atoms on UiO-66 than on UiO-67—in other words,
a lower electron-donor tendency of UiO-66 than
of UiO-67, consistent with the deduction from the
calculated  and  empirical  vibrational  carbonyl
stretching frequencies as well  as the calculated
atomic  partial  charges  showing  that  site  2
(present  only  in  UiO-66)  has  a  lower  electron-
donor  strength  than  site  1 (present  in  UiO-66,
UiO-67, and NU-1000).  

Furthermore,  the  carbonyl  band  of  the  Ir(CO)
(C2H4) species on UiO-67 gradually decreased in
intensity when the sample was present in flowing
helium,  indicating  that  ethylene  ligands  (or
species  formed  from  them,  such  as  ethane
formed in reactions of the ethylene ligands with
hydrogen formed by reverse spillover from node
OH  groups43)  desorbed.  The  simultaneous  in-
crease  in  intensity  of  the  carbonyl  bands  of
Ir(CO)2 suggests the transfer of carbonyl ligands
from one iridium complex to another. The Ir(CO)
(C2H4) species on UiO-66 were found to be more
stable  than  those on  UiO-67 in  flowing  helium.
The data may indicate that the higher electron-
withdrawing  tendency  of  UiO-66  helps  stabilize
the weakly bonded ethylene ligands.  

Comparison of catalytic activities of iridium
complexes  on  various  supports.  The  data
shown in Figure 5 indicate that the catalytic activ-
ities of the supported iridium complexes initially
present as Ir(C2H4)2 increased—both for ethylene
hydrogenation and ethylene dimerization—as the
iridium  complexes  became  more  electron-defi-
cient. The support as a ligand influences the abil-

ity of iridium to bond with and activate the lig-
ands formed from both ethylene and H2. 

The  catalytic  activities  of  Ir(C2H4)2/UiO-66(HCl)
summarized in Table 4 are the same as those of
Ir(C2H4)2/UiO-66(acetic acid) reported previously,17

although  these  two  MOFs  are  characterized  by
significantly  different  densities  of  node  defect
sites. The results indicate that the catalytic activ-
ity measured as a turnover frequency is barely if
at all influenced by the number of defect sites in
the MOF and that turnover frequency is an appro-
priate  measure of  catalytic  activity.  We empha-
size that the activities of MOF-supported Ir(C2H4)2

are determined by the types of bonding sites on
the MOF nodes. Because site 2 on UiO-66 has a
lower electron-donor tendency than site 1 on NU-
1000 or on UiO-67, the iridium complexes on the
former sites are more active than on the latter,
consistent with the results presented in Table 3
and the results of DFT calculations reported in our
previous work.17 
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Figure 5. Correlation between (A) TOF for ethyl-
ene hydrogenation, and (B) selectivity for ethyl-
ene dimerization catalyzed by iridium complexes
initially in the form of supported Ir(C2H4)2 and νCO

of  the Ir(CO)2 complexes formed from the cata-



lysts (a higher νCO,as frequency indicates that the
iridium complex is more electron-deficient). 

In  contrast,  zeolite  HY-supported  iridium  com-
plexes are characterized by much higher activity
and  selectivity  for  dimer  formation  than  those
supported on the MOFs with Zr6 nodes. Work with
supported  rhodium complex  catalysts  for  ethyl-
ene hydrogenation and dimerization at 298 K and
1 bar also indicated a strong influence of the sup-
port  on  the  catalytic  activity,  showing  that  the
rate of ethylene conversion is an order of magni-
tude higher when the support is zeolite HY than
when it is MgO. In a further contrast between the
electron-withdrawing zeolite and the electron-do-
nating MgO, the selectivity for dimerization at our
low conversions was found to be 80% when the
support was zeolite HY, whereas no dimerization
was observed when the support was MgO. 

We  have  previously  used  DFT  calculations  to
show that site 2 on UiO-66 provides lower transi-
tion state barriers for ethylene hydrogenation and
dimerization  than  site  1 in  UiO-66  and  NU-
1000.17 It is therefore not surprising that UiO-67
and NU-1000 (two MOFs that possess only  sites
1)  have  identical  activities  (Figure  5),  whereas
UiO-66  is  more  active  for  hydrogenation  and
dimerization, as a result of its more electroposi-
tive iridium centers at site 2.

It  is however informative to consider whether a
similar trend emerges from a comparison of the
calculated CO band frequencies of metal  gem-di-
carbonyl species as well as the νCH stretching vi-
brational  frequencies  of  Ir(C2H4)2 species  sup-
ported on a cluster model of HY zeolite. First, the
asymmetric νCH stretching frequencies of C2H4 in
HY  zeolite-supported  Ir(C2H4)2 species  (3174,
3185, 3213 and 3225 cm-1) are higher than those
on  site 1 (3171, 3172, 3194, and 3194 cm-1) or
site 2 (3180, 3182, 3199, and 3201 cm-1) of UiO-
66.  Correspondingly,  the  calculated  Ir–C  bond
lengths in the zeolite-supported species (2.08  Å)
are slightly less than those in the UiO-66/67- or
NU-1000-supported  species  (2.09  Å).  These  re-
sults would suggest that iridium supported on HY
zeolite  binds/activates  C2H4 more  strongly  than
that in the isostructural species on sites 1 and 2
on the three MOFs. However, the calculated CO
frequencies of Ir(CO)2 supported on the HY zeolite
cluster (2174 and 2103 cm-1) are similar to those
obtained for  Ir(CO)2 on  site  2 of  UiO-66 (2174
and 2104 cm-1),  suggesting similarities between
them. 

Degrees of  uniformity of  bonding sites on
various supports. The νCO band of  gem-dicar-
bonyls  of  iridium  on  ZrO2,  UiO-67,  and  UiO-66
have full width at half-maximum (fwhm) values of
approximately  33,  33,  and  17  cm-1.  A  reported
value  characterizing  iridium  gem-dicarbonyls
bonded to the nodes of NU-1000 is 33      cm-1.17

The fwhm values of  iridium  gem-dicarbonyls  on

HY zeolite and on MgO have been reported to be
5 and 26 cm-1, respectively. These values indicate
that  the  degree  of  uniformity  of  the  iridium
species on these supports increased in the order
of ZrO2 ≈ UiO-67 ≈ NU-1000 < MgO  < UiO-66 <<
HY zeolite.

The fwhm of the carbonyl band of Ir(C2H4)(CO) on
UiO-67 is markedly greater than that of the car-
bonyl band of Ir(C2H4)(CO) on UiO-66 (Figure 4),
indicating that  sites 1 on UiO-67 nodes are less
nearly  uniform  than  sites  2 on  UiO-66  nodes.
Thus, the node bonding sites vary from one MOF
in the family considered here to another with re-
spect to their degree of uniformity.  

Comparison of nodes of UiO-66, UiO-67, and
NU-1000 with ZrO2. Bulk ZrO2 calcined at 773 K
is  represented  by a  broad IR  band centered at
3676  cm-1,  assigned  to  bridging  µ3–OH  groups,
and this frequency is close to that of the bridging
µ3-OH  groups  on  these  Zr6 nodes.  The  iridium
complexes  are observed (Figure  S3)  to  bond at
these µ3–OH groups on bulk ZrO2, but instead to
the non-hydrogen bonded terminal OH or hydro-
gen-bonded H2O/OH groups of the MOFs that con-
tain Zr6 nodes—µ3-OH groups on the MOFs do not
react substantially with the organoiridium precur-
sor under our conditions. DFT calculations confirm
that the reaction of iridium complexes with µ3-OH
groups is endoergic by 28 kcal/mol, much more
than the value characterizing the reaction of irid-
ium  complexes  bonding  with  site  1 (-4.3
kcal/mol)  and  site  2 (1.2  kcal/mol).17 The  fre-
quencies  of  the νCO bands  of  the iridium dicar-
bonyls bonded to these supports are indicators of
the poorer  electron-donor  tendency of  the MOF
nodes than of bulk ZrO2, corresponding to higher
reactivities  and  catalytic  activities  of  the  MOF
node-supported iridium complexes. 

Comparison of UiO-66, UiO-67, and NU-1000
with  zeolites  as  ligands  and  catalyst  sup-
ports. To repeat, the degree of uniformity of the
various supported iridium complexes is indicated
by the sharpness of the νCO bands in the IR spec-
tra. Non-uniform bonding sites on the support sur-
faces give broader νCO bands in the iridium gem-
dicarbonyl  spectra  of  the  complexes  on  MOFs
than on zeolites, which are characterized by nar-
row bands, with fwhm values of typically 5 cm-1.36

Our  observations  demonstrate  that  the  MOF
nodes  present  more  nearly  uniform  sites  than
metal oxides, and also that there are differences
from one MOF to another (Table 3), but the data
show that each of the MOFs offers sites that are
much less nearly uniform than the sites on zeolite
HY. 

The origins of the heterogeneity of the MOF node
sites may be a consequence in part of mobility of
the hydrogen atoms on the various bonding sites.
These hydrogen atoms can bridge two terminals
O sites or just be located on one. This variety in
bonding of the hydrogen is evidenced by the fol-
lowing  observations:  after  reaction  with  iridium



complexes, sites 1 on both UiO-67 and NU-1000
with two hydrogen atoms on each bonding site
have similar degrees of uniformity, whereas they
are both  less  uniform than  sites  2 on  UiO-66,
which has only one hydrogen on a bonding site. In
contrast, bonding of an iridium complex to the ze-
olite  may  remove  most  of  the  zeolite  protons
(which react to form Hacac), contributing to the
relatively high degree of uniformity of the zeolite-
supported iridium complexes.

These points  remain  to  be clarified.  The issues
are important for evaluation of the prospects of
applying  MOF  nodes  as  catalyst  supports;  be-
cause the MOF node structures are almost molec-
ular in character and have relatively high degrees
of uniformity, they are good candidates for bond-
ing of catalytic groups guided by theory.17 

Zeolite  HY-supported  Ir(C2H4)2 complexes  have
been found to provide entry to new chemistry of
metal  complexes,  including  activation  of  H2 at
298 K leading to formation of iridium hydrides48

and formation of reactive iridium-dinitrogen com-
plexes.49 We infer that, at least in part, because
the three Zr6-containing MOF nodes investigated
here had weaker electron-withdrawing tendencies
than zeolite HY, the rich chemistry occurring on
iridium  complexes  on  the  zeolite  was  not  ob-
served in this work. 

Nonetheless,  modified  MOF  node  compositions
might be expected to open up more possibilities
for new reactivities.16 Improvement in syntheses
may lead to MOF nodes with higher degrees of
uniformity  than  those  reported  here,  and  new
MOFs  might  offer  improved  opportunities  for
highly selective catalysts  associated with highly
uniform  structures.  Many  of  the  reactions  ob-
served  with  zeolite-supported  metal  complexes
take place in association with acidic sites on the
zeolites, especially Brønsted acidic sites. The Zr6-
containing MOFs have hydroxyl  groups that  are
Brønsted acids, but they are weakly acidic. Thus,
discovery  of  MOFs  with  nodes  that  resemble
acidic zeolites or metal oxides may be expected
to lead to new opportunities for the application of
MOFs in catalysis.

 

CONCLUSIONS

Molecular Ir(C2H4)2 complexes bonded to the Zr6-
containing  nodes  of  the  MOFs  UiO-66,  UiO-67,
and NU-1000 have been compared with isostruc-
tural complexes bonded to metal oxides and zeo-
lites. The UiO-66 used in this work was synthe-
sized to  contain only  node sites  for  bonding of
iridium complexes that consisted of non-hydrogen
bonded terminal OH groups (site 2), whereas our
UiO-67  and  NU-1000  had  node  sites  consisting
only of hydrogen-bonded H2O/OH groups (site 1).
The  data  reported  here  demonstrate  that  elec-
tron-donor  tendencies  of  the  MOF  nodes  and
metal oxide and zeolite supports decrease in the
order MgO > ZrO2 > UiO-67 (= NU-1000) > UiO-
66 >> zeolite HY. The supports are ligands for the

metal complexes and influence the electron den-
sities of the metal’s valence orbitals, which affect
its  ability to coordinate multiple ligands and its
reactivity and catalytic activity and selectivity for
reactions exemplified by ethylene hydrogenation
and ethylene dimerization. The degree of unifor-
mity of  site 2 on UiO-66 is greater than that of
site 1 on UiO-67 or on NU-1000, and the latter
MOFs in this respect resemble bulk, powder ZrO2,
but all  of the MOF node-supported iridium com-
plexes are much less nearly uniform than those
on zeolite HY.

As in our previous work, we show that DFT calcu-
lations can be used to provide detailed insights
into the structure, reactivity, and catalytic proper-
ties of iridium catalysts bonded to the nodes of
NU-1000, UiO-66, and UiO-67. The calculated νCO

and νCH stretching frequencies of the iridium gem-
dicarbonyl,  Ir(CO)2,  and  iridium  diethylene
species, Ir(C2H4)2, are in good agreement with em-
pirical  results. The calculated results  are crucial
for  identifying  the  locations/sites  of  the  iridium
catalysts in the MOFs. Our calculations also show
that the reactivity of the CO ligands on supported
Ir(CO)2 sites with ethylene reflects the electron-
donor  properties  of  the  iridium  sites,  which  in
turn,  are  reflected  by  the  calculated  (and  ob-
served) νCO stretching frequencies and the calcu-
lated partial atomic charges. These relationships
between  the  electronic  structures  of  the  sup-
ported iridium sites and the catalytic activities for
ethylene hydrogenation and dimerization point to
the possibilities for designing catalysts  in which
the metal site is modified by introduction of either
additional electron-withdrawing ligands or co-ad-
sorbed metal centers. We envisage that the metal
sites in such catalysts may be synthesized to be
more or less electron-deficient and consequently
more active and/or selective for target reactions.  
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