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Herein, we report the successful incorporation of iron (0) species into a 2, 2’-bipyridine functionalized
metal—organic framework (MOF) (UiO-67-bpydc). Considering the limited window size of the MOF, a
small molecule, iron pentacarbonyl, was used to introduce iron (0) to coordinate to the backbone of the
MOF. The newly generated material contains the iron coordinated linker, Fe(CO)s(bpydc), which was
supported by a series of characterization techniques. DFT calculation was also used to help understand

the structure of the formed complex inside the MOF. The MOF structure remained unchanged after the
post-synthetic modification, and the resulted material is a great precursor to generate MOF supported

catalyst.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Metal—organic frameworks (MOFs) have been subjected to
extensive research in recent years owing to their intrinsic porous
nature and high surface area. MOFs are comprised of organic linkers
and inorganic ions/clusters that can be tailored to suit a prodigious
scope of applications [1—7]. The connection of the organic linkers
and inorganic nodes to construct repeating, ordered structures re-
sults in permanent porosity that is advantageous for applications,
such as gas adsorption and separation, sensing, and catalysis, etc.
[8—16]. MOFs are more versatile compared with other porous ma-
terials, such as zeolites and mesoporous silica, owing to the fact that
the organic linkers can be easily functionalized through either pre-
synthesis or post-synthetic modifications [17,18]. The post-
synthetic modification of MOFs is preferred over the use of pre-
synthesized linkers mainly because many functional groups that
cannot survive through the solvothermal synthetic condition during
MOF crystal growth due to low stability [17].

Recently, the introduction of secondary metal species into MOF
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cavities/backbones has aroused much more interests. Through the
immobilization of catalytic active sites in MOFs, various heteroge-
neous catalysts can be generated and used for a wide range of
organic transformations. Heterogeneous catalysts offer a number of
advantages such as efficient recycling, ease of separation, and stable
active sites [19]. In order to construct MOFs that can tolerate the
harsh catalytic reaction conditions, MOFs with high stability are
usually adopted. The high stability of these MOFs is the result of
strong metal—linker interactions. According to the Hard-Soft Acid-
Base theory [20], MOFs formed from hard Lewis acids and hard
Lewis bases are more stable than other combinations [21]. There-
fore, zirconium-carboxylate based MOFs (Zr-MOFs) have been of
interests for many researchers [22]. Zr-MOFs are widely studied not
only because of their high thermal and chemical stability, but also
because their redox innocent properties will not quench the elec-
tron transfer process in catalysis and luminescence studies [23]. In
addition, Zr** prefers to coordinate to carboxylate groups instead of
pyridine-based ligands. Therefore pyridine functionalized carbox-
ylate linkers can be used to construct Zr-MOFs with accessible
pyridine open pockets to coordinate to secondary metals through
post-synthetic modifications [17].

We are particularly interested in developing direct methods for
highly efficient introduction of secondary organometallic species
into UiO-type MOFs [24]. Conventionally, metal cations are intro-
duced into a coordination pocket, which needs to be reduced later


mailto:q.zhang@wsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2019.06.037&domain=pdf
www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem
https://doi.org/10.1016/j.jorganchem.2019.06.037
https://doi.org/10.1016/j.jorganchem.2019.06.037
https://doi.org/10.1016/j.jorganchem.2019.06.037

D.A. Deming et al. / Journal of Organometallic Chemistry 897 (2019) 114—119 115

—— UiO-67-bpydc+Fe(CO);
—— Ui0-67-bpydc

—— Simulated
. o o\
T % 1 * T * 1
25 30 35 40

20

Fig. 1. The PXRD patterns from the simulated structure (black line), experimental UiO-
67-bpydc (red line), and experimental UiO-67-bpydc after the addition of Fe(CO)s.
Inset shows the structure of UiO-67-bpydc. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

for the use as catalysts [25]. However, the integrity of the MOF
structure is compromised through this reduction process. The
framework will be maintained if zero oxidation state metal species
are directly incorporated. There are numerous of metal complexes
with zero oxidation state metal centers, among which, transition
metal carbonyl compounds are preferable candidates owing to
their tunable sizes, ease of ligand exchange, and easy character-
izations [26—28]. In fact, a Cr(0) carbonyl complex has been
incorporated into MOFs to enhance the hydrogen storage capacity
[29,30]. Herein, we report a facile strategy to incorporate an iron(0)
species, Fe(CO)s, into a UiO-67-bpydc (bpydc = 2,2’-bipyridine-
5,5'-dicarboxylate) MOF through post-synthetic modifications. The
successful introduction of iron was evidenced by the FTIR, UV—Vis,
gas adsorption and EDS spectroscopies.

2. Results and discussion

The synthesis of UiO-67-bpydc was conducted with a revised
procedure according to the reported method [31]. A suitable
amount of ZrOCl,-8H,0 and 2,2’-bipyridine-5,5’-dicarboxylic acid
were placed in a 20 mL vial and 1 mL trifluoroacetic acid was added,
the vial was then placed in a preheated oven for five days at 120 °C.
White crystalline powder was obtained after washing and drying.
The crystallinity and phase purity were characterized by powder X-
ray diffraction (PXRD). As shown in Fig. 1, the diffraction peaks of
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the sample matched very-well with the PXRD pattern, simulated
from the single crystal structure of UiO-67-bpydc [31].

The incorporation of Fe(CO)s; was conducted in a nitrogen filled
glovebox, to ensure the successful introduction of iron species, 10
fold of Fe(CO)s was used. The white powder UiO-67-bpydc, the
structure is shown in Fig. 1 inset, was activated using the gas
adsorption instrument before the sample was then transferred to
the glovebox in a Schlenk tube. The white powder was suspended
in acetonitrile and a suitable amount of Fe(CO)s was added. The
reaction mixture was then stirred for 32 h at room temperature.
The reaction color gradually changed from orange to dark purple
after the addition of Fe(CO)s. The purple powder was washed with
acetonitrile several times and dried before any further character-
izations. After the treatment of iron pentacarbonyl, the structure of
the UiO-67-bpydc remains unchanged, which is supported by the
PXRD patterns of the sample, as shown in Fig. 1 (blue line). All peaks
matched very-well with the untreated UiO-67-bpydc and the
simulated pattern. It is worth noting that the noise of the spectrum
is due to the small sample amount. The diffraction peaks of the iron
pentacarbonyl treated sample are slightly broadened compared to
that of UiO-67-bpydc. This could be caused by the reduction of
particle size. To prove this, SEM (Scanning Electron Microscopy)
images were collected and are shown in Fig. 2. As shown in Fig. 2,
the image on the left shows the morphology of UiO-67-bpydc,
which consist of octahedron crystals with an averaged size of
~20 um. However, after the treatment with Fe(CO)s, the particle
size decreased to less than 5 um, which is in a great agreement with
the PXRD peak broadening.

As a family of porous material, MOFs hold the record high BET
(Brunauer—Emmett—Teller) surface area [32,33]. The BET surface
area and the porosity of MOFs are often altered by the incorporated
guest moieties. The drop in adsorption capacity, as well as the BET
surface area, are usually observed. As shown in Fig. 3, the amount of
nitrogen adsorbed by UiO-67-bpydc is over 600 cm’/g, and the BET
surface area is 2230 m?/g. However, after the incorporation of
Fe(CO)s, the amount of nitrogen adsorbed dropped to 400 cm?/g,
and the BET surface area decreased to 1402 m?/g. The reduced
adsorption capacity and BET surface area are attributed from the
added iron species that occupied partial space of the pores, which
made the nitrogen hard to diffuse in. This phenomenon is very
common in post-synthetic modifications of MOFs [17].

Since the sample changed from white to dark purple, we sought
to measure the solid-state diffuse reflectance UV—Vis absorption
spectra of the two samples to understand the photoelectronic
properties. As shown in Fig. 4 (a) and (c), the UV—Vis absorption

Fig. 2. SEM images of UiO-67-bpydc (left), and UiO-67-bpydc + Fe(CO)s (right).
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Fig. 3. The nitrogen adsorption isotherm for UiO-67-bpydc (green) and UiO-67-
bpydc + Fe(CO)s (blue). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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spectrum of UiO-67-bpydc + Fe(CO)s is very different from that of
UiO-67-bpydc. The parent material, UiO-67-bpydc, possesses an
absorption mainly in the ultraviolet region, whereas the iron pen-
tacarbonyl treated shows an absorption nearly covering the entire
ultraviolet and visible region. To better illustrate the differences
between the two samples, Tauc plots were developed to calculate
the optical band gap [34]. As demonstrated in Fig. 4 (b) and (d), the
Ui0-67-bpydc has an optical band gap of 3.36 eV, while the UiO-67-
bpydc + Fe(CO)s shows an optical band gap of 2.38 eV. The decrease
in band gap corresponds to the purple color of the UiO-67-
bpdc + Fe(CO)s, which is in a good agreement with the broader
absorption spectrum.

The most common characterization method of transition metal
carbonyl complexes is FTIR spectroscopy. The CO stretching fre-
quencies of carbonyl complexes ranging from 1600cm~! to
2200 cm™ !, which can be considered as fingerprints to identify
these compounds [35,36]. To evaluate the incorporation of iron
carbonyl species, FTIR spectra of UiO-67-bpydc and iron carbonyl
treated sample were taken using the Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS) method with the Praying
Mantis accessory. As illustrated in Fig. 5, both untreated and treated
samples show frequencies between 1800cm~' and 1000cm™},
which belong to C = C double bond vibrations and C—C single bond
stretching. As anticipated, the UiO-67-bpydc did not show any
peaks between 2100cm™! and 1800cm™!, whereas the iron
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Fig. 4. The diffuse reflectance UV—Vis spectra (a) and Tauc plot (b) of UiO-67-bpydc; and diffuse reflectance UV—Vis spectra (c), and Tauc plot (d), of UiO-67-bpydc + Fe(CO)s.
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Fig. 5. The FTIR plot of UiO-67-bpydc (blue), UiO-67-bpydc + Fe(CO)s (pink) and UiO-

67-bpydc + Fe(CO)s after activation (green). Inset shows spectra between 2100 cm ™~ —

1800 cm~. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

pentacarbonyl treated sample possessed several stretching peaks in
this region. Since the characteristic carbonyl vibrations are around
2000 cm~ !, the three stretching peaks around 2000 cm ™! indicated
that the iron pentacarbonyl treated sample contain carbonyl com-
plexes. The peak locations are 1982 cm™', 1904cm~!, 1873 cm™!
and 1856 cm~!, which are different from the small molecule,
Fe(CO)s(bpy) (bpy: 2,2/-bipyridine) (1968cm~!, 1897 cm',
1862 cm™!) [37]. The IR peaks of the material were shifted to larger
wavenumbers compared to that of Fe(CO); (bpy), which is very
similar to the 1,10-phenanthroline analog Fe(CO)3(phen) [37]. It is
worth noting that the green spectrum in Fig. 5 represented the
sample after activation. The data was collected after the nitrogen
adsorption test, which was heated at 50 °C for 10 h. The decreased
peak intensity was caused by partially removing of carbonyl ligands
from the iron center.

Surprisingly, we were not able to find any reports about the
small molecule Fe(CO);(bpydc) that in the UiO-67-bpydc + Fe(CO)s
product. The attempt to synthesize the ester analog of Fe(CO);(b-
pydc), Fe(CO)3(Meybpydc) Fig. S6, was not successful. The dark-
colored product was very sensitive and decomposed before the
purification process. To further understand the nature of the iron
carbonyl compound in the MOF structure, Density Functional
Theory (DFT) calculations were performed. Two molecules,
Fe(CO)s(bpy) and Fe(CO)s(bpydc) were selected, and geometry
optimization calculations were exerted, and the vibrations of the
two molecules were compared. As seen in Fig. 6, the black line is the
calculated FTIR spectrum for Fe(CO)3;(bpy), and the red line repre-
sents the Fe(CO)3(bpydc) in the CO stretching region. Though the
peak positions are almost 100 cm ™! off from the experimental data,
it is not hard to see that the addition of the carboxylate groups
shifted the CO vibrations to higher energy. This is in a good
agreement with the experimental findings. Therefore, we believe
that the carbonyl species in the iron pentacarbonyl treated UiO-67-
bpydc are the Fe(CO);3(bpydc) moieties. The existence of iron in the
sample was also proved by the EDS spectra (energy-dispersive X-
ray spectroscopy) as shown in the supporting information Fig. S5.

As mentioned above, the small molecule analog of Fe(CO)3(b-
pydc), Fe(CO)3(Me,bpydc), is not stable, so the stability of the UiO-
67-bpdc + Fe(CO)s was monitored. As shown in Fig. 5, the green
profile shows the DRIFTS spectrum after activation at 50 °C for 10 h;
the only change was the loss of CO stretching intensity. This is
anticipated because the activation process would remove carbonyl
ligands from the iron center. The color of the sample remained as
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Fig. 6. DFT calculated IR spectra of Fe(CO)s(bpy) (black line) and Fe(CO)s(bpydc) (red
line). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

purple even after days in the air at room temperature. To further
evaluate the stability of the UiO-67-bpydc before and after iron
incorporation, thermal gravimetric analysis (TGA) was conducted.
As illustrated in Fig. 7, both samples were stable below 500 °C. UiO-
67-bpydc lost 6.59% weight around 350°C, while iron penta-
carbonyl treated sample lost 7.42% weight around the same tem-
perature. The more weight loss for the later is attributed to the loss
of carbonyl ligands on the iron center.

3. Conclusions

We have demonstrated that zero oxidation state metal centers
can be incorporated into MOFs by using the transition metal
carbonyl complex as the precursor. This method should be a general
way of introducing other metal species, the size of complexes and
pore size of MOFs are the limiting factors that need to be considered
when selecting the suitable pairs. The successful introduction of
iron (0) species in our work was supported by FTIR, EDS mapping,
and gas adsorption data. We have also performed DFT calculations
to further support the formation of Fe(CO)s;(bpydc) analog on the
MOF backbone. The use of zero oxidation state metal species in
catalysis is very important in the development of highly active
catalytic centers; the research in this direction is currently under
investigation.

4. Experimental
4.1. General information

All commercially available chemicals were used without further
purification as received unless otherwise stated. Such chemicals
include ZrOCly-8H,0, N,N-Dimethylformamide, methanol, and
trifluoroacetic acid, which were all purchased from VWR Interna-
tional, Sigma-Aldrich, or Bean Town Chemical. Iron pentacarbonyl
was purchased from Strem Chemicals.

All MOF synthesis reactions were repeated multiple times and
carried out in 20 mL glass vials in a gravity oven at 120°C. The
diffuse reflectance UV—vis and FTIR spectra were recorded on a
Thermo Fisher Scientific Evolution 300 and a Nicolet™ iS10 FTIR
Spectrometer with a praying mantis DRIFT accessory attached,
respectively. Each spectrum was of the solid-state material with
BaSO4 background for the UV—Vis and KBr for the FTIR. Powder X-
ray diffraction (PXRD) patterns were collected on a Rigaku Miniflex
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Fig. 7. Thermal gravimetric analysis (TGA) plot of UiO-67-dpydc (a), and UiO-67-dpydc + Fe(CO)s (b).

600 using Cu Ko, radiation. The PXRD patterns were collected with a
scan rate of 10°/min~! with a step size of 0.02°. N, adsorption and
desorption data were collected on a Micrometrics ASAP 2020 Plus
accelerated surface area and porosimetry system at 77K, surface
area, and pore sizes were calculated according to the nitrogen
isotherms. The starting UiO-67-bpydc material was activated under
vacuum at 150 °C for 12 h with the activation port equipped on
ASAP 2020 Plus and analyzed for 12 h to determine the pore size
and surface area. After post-metalation, UiO-67-bpydc + Fe(CO)s
was activated under vacuum at 50 °C for 10 h, and analyzed for 48 h.
Scanning Electron Microscopy (SEM) images were obtained by
using an FEI Quanta 200 F SEM. Energy dispersive X-ray Spectros-
copy (EDS) analysis was conducted by a Tescan Vega3 SEM, with
30KkV high voltage and 3.0 spot size. All powder samples were
coated with 2.0 nm Pt/Pd payer before testing. Thermal gravimetric
analysis (TGA) measurements were performed with a Setaram
SetSYS. Suitable amount of sample was placed in an Al,O3 crucible
without a lid and heated under nitrogen flow (20 mL/min) from
30°C to 800°C at a heating rate of 20 °C/min.

5. Synthesis of UiO-67-bpydc

A 5-dram vial was loaded with 40 mg of ZrOCl,-8H;0, 20 mg of
2,2'-bipyridine-5,5'-dicarboxylic acid, 10mL of N, N-Dime-
thylformamide (DMF) before being sonicated for approximately
10 min. Then 1 mL of trifluoroacetic acid was added to the vial and
mixed thoroughly before it was placed in a 120 °C gravity oven for
five days (~120h). These steps were repeated for 5 vials then
combined at the end of the five days into one vial after washing. The
resulting solid then underwent proper filtration, washing, and
soaking. Day 1 of the washing process: centrifuging at 4000 rpm for
6 min, decanting the supernatant, then rinsing with DMF and
soaked in DMF overnight. Day 2 of the washing process: repeating
the previous steps but rinsing with water then soaked in water
overnight. Day 3 of the wash process: repeating the previous steps
but rinsing with methanol and soaked in methanol overnight. The
final solid was dried in a 65°C gravity oven for 8 h before any
characterizations.

6. Insertion of iron pentacarbonyl into UiO-67-bpydc
The solid UiO-67-bpydc, after activation and N; adsorption and

desorption experiment, was used for the post-synthetic metalation.
87.4 mg of UiO-67-bpydc was stirred in 5mL acetonitrile with 1 mL

of Fe(CO)s in a 5-dram vial inside a glovebox for 32 h. The color of
the reaction drastically changed from dark yellow to dark purple
throughout the 32 h. The reaction was stopped and washed with
10 mL of acetonitrile (3 times) and then was activated before N,
adsorption and desorption data was collected.

DFT calculations were performed with Gaussian 09 [38] using
the implemented M06—2X functional [39]. 6-31G (d,p) basis set
[40] was used for the non-metal elements, and Stuttgart-Dresden
(SDD) basis set was used for iron. Both structures were opti-
mized, and vibrational spectra were calculated based on the opti-
mized structure.
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