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ABSTRACT: We developed a new route for synthesis of Cr-based
porous coordination polymers (PCPs) with azole ligands and charac-
terized the unique open structures by single-crystal X-ray studies and other
spectroscopy techniques. Chromium-based PCPs have been prepared
from azolate ligands 3,5-dimethyl-1H-pyrazole-4-carboxylic acid
(H,dmcpz) and 1,4-di(1H-tetrazole-Syl)benzene (H,BDT) by solvother-
mal reactions under an Ar atmosphere. [Cr;O(Hdmcpz)s(DMF);]DDMF
(1DDMF) is a coordination compound that forms a hydrogen-bonded
porous network. [Cr;O(HBDT),(BDT)CL;) ] DDMF (2DDMF) possesses
a new type of trinuclear chromium p;-O unit cluster and the novel
topology of a Cr-based PCP with 700 m* g~' of Brunauer—Emmett—
Teller surface area. [Cr(BDT)(DEF)]DDEF (3DDEF) is structurally
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flexible and reactive to O, molecules because of the unsaturated Cr** centers. This is the first report of a Cr-based PCP/metal—
organic framework with noncarboxylate ligands and characterization by single-crystal X-ray diffraction.

B INTRODUCTION

Porous coordination polymers (PCPs) or metal—organic
frameworks (MOFs) have been studied extensively because of
the rich structures and functions that can be obtained from
various choices of building unit: metal centers and organic
linkers." In general, the choice of metal ion has been biased
toward the late first-raw transition metals such as Co**, Ni**,
Cu®*, and Zn*". Recently, the variety of metal ions has
increased. For example, Ti**, Zr*", Ru?*, and Ba** have been
employed to construct the frameworks with unique structures
and properties.” Among the metal ions available, the Cr-based
PCP (mostly Cr** or Cr*") is still in its infancy due to synthetic
difficulties, including the air-sensitive nature and the high
reactivity of Cr** species. There are only a few families of Cr-
based PCPs that show permanent porosity for gas adsorption,
and all of the reported compounds are constructed from
carboxylate ligands.”> Note that, all Cr-based PCPs have been
synthesized as microcrystalline powder, which in turn limits the
understanding on the structure by single-crystal X-ray analysis.
Postsynthetic metathesis of the metal node appears to be the
only option to prepare Cr-based PCPs in single-crystal form,”*
but stoichiometric metal exchange is sometimes not feasible. It
therefore remains a challenge in the field of PCPs to synthesize
a Cr-based PCP from noncarboxylate ligands and to character-
ize the structure by single-crystal analysis to explore the unique
functions derived from Cr ions in the open frameworks.

-4 ACS Publications  © 2014 American Chemical Society

9870

In this study, we synthesized three types of single crystals:
two Cr PCPs and one hydrogen-bonded network of the
discrete Cr coordination compound by using azolate ligands.
These compounds can be prepared only under air-free
conditions, and the porous structures are stable in air once
these are constructed. Because of the combination of Cr and
azolates, we observed a new type of trinuclear Cr cluster,
structural flexibility, and O, binding property by Cr unsaturated
coordination sites in the frameworks.

B RESULTS AND DISCUSSION

Two types of azole ligands were selected with different acidity
and coordination versatility. 3,5-Dimethyl-1H-pyrazole-4-car-
boxylic acid (H,dmcpz)® contains a pyrazole ring and a
carboxylic acid group. The reaction of [(CH;CO,),Cr-H,0],
and H,dmcpz ligand under inert conditions yielded the bright
green crystalline product [Cr;O(Hdmepz)s(DMF);]DDMF
(1ODMF), where DMF is N,N-dimethylformamide. Only the
O atoms of the carboxylate group coordinate to the Cr center
in the crystal structure of 1DDMF (Figure 1a). Although the
coordination bond between the metal and nitrogen tends to be
more robust than the labile metal—oxygen bond,® the formation
of the Cr—O bond is more favored in the self-assembly of
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Figure 1. (a) Extended structure along the [001] direction and coordination environment in 1 DMF. Hydrogen bonds are shown as a red dot line.
(b) Extended structure along the [001] direction and the coordination environment in 22DMF. (c) Extended structure along the [010] direction
and the coordination environment in 3’DDEF. Orange, gray, blue, red, and green spheres represent Cr, C, N, O, and Cl atoms, respectively.

1DDMEF. The crystal structure shows that 1DDMEF is a discrete
coordination compound and can be classified as the trinuclear
chromium basic acetate structure with the general formula
[M;0(OOCR)4L,], where L is the ligand at the axial position.”
1DDMEF is a triangle of three Cr atoms with an O atom at the
center. Each Cr atom coordinates to the bridging carboxylate
groups at the equatorial positions and an O atom from the
solvent at the axial position. The distance between the pyrazole
N atoms of the two neighboring units is reasonable for the H
bond (shown as red dots in Figure 1a).® Each unit is linked by
intermolecular hydrogen bonds to form a porous network.

Tetrazole is an N-donor ligand with an acidity comparable to
those of carboxylate ligands.” 1,4-Di(1H-tetrazole-Syl)benzene
(H,BDT) was chosen as a ligand to demonstrate the possibility
of preparing crystals with a suitable size for single-crystal X-ray
diffraction measurement. We synthesized [Cr;O-
(HBDT),(BDT)Cl;)|]DDMF (2ODMF) from CrCl, under
the same synthetic conditions as for 1DDMF. The crystal
structure reveals that 2DDMF crystallizes in the hexagonal
space group P63/mmc and contains trinuclear chromium oxo-
centered clusters in the structure (Figure 1b). Trinuclear
chromium basic acetate structures with the general formula
([Cr;0(OOCR)¢]) clusters have been studied for decades,”™!°
but the replacement of the carboxylate ligands with N-donor
ligands has not been explored.'’ Each Cr in the Cr; cluster
coordinates to four N atoms from tetrazolate moieties and one
chloride atom in the axial position to create the extended
structure. The packing structure of 22DMF has two different
cavities, namely, the honeycomb-like channels along the [001]
direction (Figure 1b) and the one-dimensional rhombic
channels in the other directions. The overall topology is
unique when compared to other PCPs prepared from the same
ligand."*

The oxidation state of the Cr ions in the structure was
investigated by X-ray photoelectron spectroscopy (XPS). The
peak assigned for the Cr 2p;/, state was fit with a binding
energy of 577.7 €V (Figure 2a), which is assigned to Cr**."?

Even though the compound was prepared from CrCl,, Cr**
ions are likely to be oxidized to Cr** during the synthesis. We
propose that a labile Cr** precursor is necessary to initiate the
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Figure 2. Cr 2p;,, XPS spectra for (a) 2, binding energy was fit to be
577.7 €V, and (b) 3’, binding energy was fit to be $76.5 eV.

Cr—N bond formation. The coordinated chloride ions are
probably involved in the stabilization of the overall framework
and result in the oxidation of Cr** to Cr** during the synthesis.
The use of a labile Cr** precursor instead of an inert Cr’*
precursor leads to the formation of a crystalline network. When
the same reaction was conducted with CrCl;, only noncrystal-
line solids were obtained.

We changed the Cr** precursor and obtained another
compound under similar synthetic conditions of 2DDMF.
[Cr(BDT)(DEF)]DODEF (3DDEF) was prepared by the
reaction of [(CH;CO,),Cr-H,0], and H,BDT in N,N-
diethylformamide (DEF). The compound is air-sensitive, as
evidenced by the color change from the original purple to dark
beige within seconds in the air, which suggests a spontaneous
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Figure 3. Adsorption (filled symbols) and desorption (open symbols) isotherms of (a) 1 (b) 2 (c) 3 for N, at 77 K (blue triangles), O, at 77 K (red
squares), and CO, at 195 K (black circles), respectively. (d) O, (red squares) and N, isotherms (blue circles) of 3 measured at 298 K.

oxidation process. The rapid oxidation makes it is impossible to
measure the totally air-free sample by single-crystal X-ray
diffraction. Therefore, we reported only the crystal structure of
the air-exposed sample (3'DDEF). Single-crystal analysis of
3'DDEF, reveals a different topology from 2ODMF (Figure 1b,
c). Compound 3’DDEF crystallizes in the orthorhombic space
group Imma. The building unit is an infinite Cr chain trans-
bridged by an O atom of solvent along the [010] direction
(Figure 1c). These Cr chains are cross-linked with N2 and N3
atoms of the BDT?™ ligand in a bis-monodentate fashion to
form a three-dimensional framework. The packing structure
illustrates the one-dimensional rhombic channels along the
[010] direction. The structure before air-exposure (3DODEF)
was estimated from a LeBail analysis of the X-ray powder
diffraction (XRPD) data (Figure S1, Supporting Information),
and the analysis reveals similar structures with a change in the b
parameter, which is the direction along the infinite Cr chains (b
= 7.202 and 6.507 A for 3ODEF and 3'DDEF, respectively).
An attempt was made to determine the chemical state of Cr
by XPS analysis. However, we were unable to prepare the air-
free sample for measurement due to the high reactivity of the
compound. The Cr 2p;,, peak observed in the XPS spectrum of
3’ was assigned to Cr’* with a binding energy of 576.5 eV
(Figure 2b). It is assumed that the Cr ions in the compound are
originally synthesized as Cr** and then oxidized to Cr** in air.
The different coordinating ability of the counteranions in the
Cr** precursors is undoubtedly one of the key factors that
controls the architectures and reactivity of the compounds.

B GAS ADSORPTION PROPERTIES

The hydrogen-bonded network in 1DDMF inspired us to
investigate its porosity by gas adsorption measurements.
Compound 1DDMF was activated at 393 K for 3 h before
each gas adsorption measurement. The structure of the
compound was retained after the activation process according
to the XRPD patterns (Figure S2, Supporting Information).
One adsorbs CO, (57 mL g~' at 100 kPa, Figure 3a) with a
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type I isotherm, which is typically found in microporous
materials."*

The sample could be reused and show similar CO, uptake.
However, N, and O, adsorption isotherms measured at 77 K
reveal almost no adsorption, which is probably due to the lower
kinetics diftusion of N, and O, in the pores. Changes in the
XRPD pattern of the sample were not observed after the gas
adsorption experiment, a finding that demonstrates the
permanent porosity of the structure. We reason that the
hydrogen-bonded network between the nearby pyrazole rings
in each unit contributes to the porosity.

Thermogravimetric analysis (TGA) of 22DMF (Figure S3,
Supporting Information) shows unclear weight loss from 298 to
573 K, and the compound is thermally stable up to 573 K, since
the decomposition of the ligand occurs above this temperature.
The guest species can be removed by heating at 433 K under
dynamic vacuum for 16 h. TGA and IR data for the activated
sample of 2DODMF (here after denoted as 2) confirm the
removal of DMF molecules from the pores. The XRPD pattern
of 2 is different from that of 2DDMF due to the structural
transition (Figure 4a). Several peaks are shifted to higher 26
angles, which suggests closer packing in 2. The addition of a
drop of DMF to 2 could convert the structure back to the
original phase, thus demonstrating the reversible structural
flexibility of the compound. Gas adsorption experiments were
conducted for N, (77 K), O, (77 K), and CO, (195 K) in order
to confirm the porosity of 2 (Figure 3b). All adsorption
isotherms are type I isotherms without hysteresis between the
adsorption and desorption isotherms. The total O, uptake
(243.6 mL g™' at 18 kPa) is higher than the total N, uptake
(235.8 mL g' at 100 kPa) at the same temperature. The total
uptake of CO, is 181.3 mL g' at 101 kPa. The Brunauer—
Emmett—Teller (BET) surface area of 2 is 700 m> g as
estimated from the N, adsorption isotherm.

Uncoordinated DEF molecules in 3DDEF were released up
to a maximum temperature of 473 K according to TGA (Figure
S3, Supporting Information). Therefore, 3ODEF was slowly
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Figure 4. XRPD patterns of (a) simulated 22DMF (black), 22DMF
(blue), and 2 (red), and (b) 3DDEF (blue) and 3 (red).

heated, and the sample was activated at 453 K for 16 h under
vacuum to ensure the removal of the guest molecules from the
pores. During heating, the color of the sample changed from
the original dark purple to pink and finally dark beige at 453 K.
This behavior is due to the structural transformation as
evidenced by the XRPD patterns (Figure 4b). Moreover, a
similar transformation was also observed in the Cu-based
isostructure.'* The permanent porosity of 3 was checked by
gas adsorption measurement (Figure 3c). Compound 3 adsorbs
N, at 77 K, but no gas uptake is observed in the Cu-based
isostructure.'”® There are two adsorption steps in the O,
adsorption isotherm at 77 K, and the first adsorption step
occurs at pressures up to 0.7 kPa. O, adsorption is reversible,
and the sample is reusable without any marked decrease in the
gas uptake, thus indicating the weak binding of O, in the
framework at 77 K.

The high reactivity of 3 in air prompted us to investigate the
interaction of 3 with O, under ambient conditions. We
conducted O, adsorption experiments at 298 K (Figure 3d).
The O, sorption isotherms of 3 revealed the irreversible type I
profile with a total amount of 15 mL g~' taken up, while
adsorption of N, at the same temperature was not observed.
The adsorbed O, could not be released by simple heating under
vacuum, but the porous structure was retained, as indicated by
XRPD and O, adsorption of 3" at 77 K. The irreversible O,
binding indicates a strong interaction between 3 and O, at 298
K without a collapse of the entire porous structure. IR spectra
of the compound were recorded during the activation process
of 3DDEF. The coordinating DEF, which was linking the two
nearby Cr ions, was not removed from the structure during the
activation as the C=0 stretching frequency was still observed
in the spectrum of 3 (Figures S and S4, Supporting
Information).

The bands at 1671 and 1621 cm™ were observed in the IR
spectrum of 3DDEF and assigned for the vc_o vibrational
mode of free DEF and bridging DEF, respectively. The band of
free DEF disappeared during the activation. The peak assigned
to the C=O0 stretching of the coordinating solvent was shifted
to 1631 cm™". The higher wavenumber suggests the weaker
coordination bond of DEF."® It suggests that the coordination
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Figure S. Diffuse reflectance IR spectra of 3DDEF (black) and 3
(blue) recorded at 298 K under vacuum.

bonds between DEF and the Cr centers are partially broken
during the activation process and the coordination mode
changes from bidentate to monodentate fashion. The
monodentate bonding mode of DEF in turn creates some
coordinatively unsaturated metal sites in the structure for O,
binding. Meanwhile, the residual coordinated DEF in the
framework plays a role in stabilizing the open framework. We
tried various activation conditions to remove all bridging DEF,
but the more severe conditions would lead to the collapsing of
the structure.

B CONCLUSIONS

Three porous Cr-based coordination compounds were
synthesized under an Ar atmosphere; one forms a hydrogen-
bonded network of discrete complexes, and the others are
porous coordination polymers. This is the first report of a Cr-
based PCP/MOF with noncarboxylate ligands and character-
ization by single-crystal X-ray diffraction. A new type of
trinuclear Cr—N cluster with 700 m* g~' of BET surface area
was observed in 2, and structural flexibility was identified in 2
and 3. Compound 3 strongly binds O, molecules that is
attributed to the partial generation of Cr unsaturated sites. This
work contributes the synthetic chemistry of Cr-based open
frameworks toward gas capture and conversion.

B EXPERIMENTAL SECTION

All reactions and manipulations were conducted under an Ar
atmosphere except those specifically mentioned. H,dmcpz® and
H,BDT'® were synthesized by the procedure following the literature.
H,BDT was further acidified to pH 5 by diluted hydrochloric acid and
heated at 353 K under vacuum overnight. Deoxidized DMF and
methanol (MeOH) were purchased from Wako. DEF was purchased
from TCI. All metal precursors were purchased from Sigma—Aldrich.
All chemicals were used as commercially available without further
purification.

Synthesis of Compounds. Typically, a reaction mixture with a
specific ratio was prepared and tightly packed in a glass vial with a
Telfon-lined cap. For the air-sensitive product, the sealed glass vial was
placed in the O-ring capped metal container to prevent air-
contamination during the synthesis.

15DMF. [(CH,CO,),Cr-H,0], (0.038 g, 0.1 mmol) and H,dmcpz
(0.112 g, 0.8 mmol) were mixed in a 30 mL glass vial; subsequently, a
1:1 (v/v) mixture of DMF and DEF (10 mL) was added to the solids.
The vial was tightly sealed with a Teflon-lined cap and heated in a
programmable oven at 393 K for 48 h. Green crystalline solid was
filtrated, washed with DMF, and dried under Ar (yield ca. 120 mg).
The guest-free sample of 1DDMF (denoted as 1) was obtained by
heating at 393 K for 3 h under vacuum.

2DDMF. Anhydrous CrCl, (0.074 g, 0.6 mmol) and H,BDT (0.129
mg, 0.6 mmol) in 30 mL of DMF was tightly sealed in a S0 mL glass
vial and heated at 393 K for 48 h in a programmable oven. Bright-
green crystals were collected, washed with DMF, and dried under Ar
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(yield ca. 140 mg). Samples for gas adsorption measurements were
obtained by heating at 393 K for 16 h under vacuum.

3DDEF. [(CH;CO,),Cr-H,0], (0.113 g, 0.3 mmol) and H,BDT
(0.514 g, 2.4 mmol) in 30 mL of DEF was tightly sealed in a SO mL
glass vial and heated at 393 K for 24 h. The reaction mixture was
slowly cooled to obtain a purple crystalline solid. The product was
filtered, washed with DEF, and dried under evacuation (yield ca. 280
mg). The compound is air-sensitive and readily changes its color upon
air exposure. Only the air-exposed single crystal (3'DDEF) was
employed for the single-crystal X-ray diffraction. We prepared samples
for gas adsorption measurements by heating at 453 K for 16 h under
vacuum.

Single-Crystal Structure Determination. The diffraction data
were measured at 223 K under N, flowing on a Rigaku AFC10
diffractometer with Rigaku Saturn Kappa CCD system equipped with
a MicroMax-007 HF/VariMax rotationg—anode X-ray generator with
confocal monochromated Mo Ke radiation. All structures were solved
by a direct method (SIR-97) and refined by full-matrix least-squares
using SHELX-97. Non-hydrogen atoms were refined with anisotropic
thermal displacement coefficients. All hydrogen atoms were located on
the geometrically ideal positions and refined using a riding model. We
note that, for IDDMF, the hydrogen atom attached to the O4 atom
and residues of coordinated solvents were not located in the crystal
structure because of strong disordering. The contribution of the
missing solvent molecule and other ionic residues to the diffraction
patterns of 1DDMF and 2DDMF was subtracted from the reflection
data by the SQUEEZE method as implemented in PLATON. The
deposited number on the Cambridge Crystallographic Data Centre
(CCDC) is 997867.

Other Physical Measurements. XRPD data were collected on a
Rigaku RINT 2200 Ultima diffractometer with Cu Ko anode. For
synchrotron XRPD data, all air-free samples were carefully sealed in
glass capillaries under an Ar atmosphere. XRPD patterns with good
count statistics were measured using synchrotron radiation employing
a large Debye—Scherrer camera with imaging plate detectors on the
BLO02B2 beamline at SPring-8. All high-resolution XRPD patterns were
obtained using a step size of 20 = 0.01°. The unit cell parameters were
refined using a LeBail fitting employing the Rietica software package.
Gas adsorption isotherms for all gases were measured by BELSORP-
mini equipment. TGA was measured using a Rigaku TG8120 under
flowing nitrogen with 10 K min~' ramp rate. Sample preparations for
TGA were conducted under air. IR spectra were collected on
Thermofisher Scientific Nicolet FT-IR equipped with a gas controller
and a temperature controller. Sample was loaded into the sample cell
under an Ar atmosphere. We recorded all IR spectra under dynamic
vacuum to prevent air contamination during the measurement, and the
noise signal on each spectrum is the intrinsic problem from the long-
time measurement under evacuation. We used the activated samples
for all XPS measurement. All samples were prepared under air so that
3 oxidized to 3’ during the preparation. The measurements were
performed on an ULVAC-PHI model 5500 spectrometer with 15 kV,
400W Mg Ka emission as the X-ray source. The charging effect was
corrected by adjusting the binding energy of the C s peak to be 284.6
eV. For XPS data analysis, the Shirley background was subtracted from
each spectrum before the peak fitting. The oxidation state of Cr in all
samples was estimated from the Cr 2p;/, region. Peak fitting was
performed with the Gaussian LorenCross function. We were unable to
perform peak deconvolution to analyze on the multiplet splitting effect
because of the low resolution of the data.

B ASSOCIATED CONTENT

© Supporting Information

Additional XRPD patterns, TGA profiles, IR spectra, and
structural data as a CIF file. This material is available free of
charge via the Internet at http://pubs.acs.org.
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