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ABSTRACT: Four new partially fluorinated metal organic frame-
works (HF-MOFs) have been synthesized under different sol-
vothermal conditions (H,O or dimethylformamide (DMF)) from
transition metal cations [Co”" and Mn”"], 3-methyl pyridine
(3-mepy) and 4,4'-(hexafluoroisopropylidene) bis(benzoic acid)
(C17H,0F¢04 H,hfbba), to determine the influence of reaction
conditions on the formation of MOFs. This family of materials
displays a striking degree of structural similarity depending on the
solvent of synthesis. HF-MOFs synthesized from H,O [Co-
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HFMOF-W, Co(hfbba)(3-mepy)(H,0) and Mn-HFMOF-W, Mn(hfbba)(3-mepy)(H,O)] contain three-dimensional connectivity
whereas HF-MOFs synthesized from DMF Co-HFMOE-D, [Co,(hfbba),(3-mepy),] - (DMF); and Mn-HFMOF-D, [ Mn, (htbba),(3-
mepy)] - (H,O) are two-dimensional in nature. Co-HFMOF-W and Mn-HFMOF-W are iso-structural polymeric materials. Thermal
gravimetric analysis performed on as-synthesized HF-MOFs revealed that these compounds have high thermal stability (~350 °C). The
continuous decrease of the T product with decreasing T for Co-HFMOF-D and Co-HFMOEF-W respectively indicates the presence of
antiferromagnetic exchange interaction between two Co*" (S = 3/2) metal centers within a cluster.

B INTRODUCTION

Metal—organic frameworks (MOFs) ! represent a new class of
network solids that have great potential in specific applications
like separation,2 storage,” heterogeneous catalysis,” and con-
trolled drug delivery.® Extensive research has been done on
MOFs as these materials are good for storing hydrogen® and
carbon dioxide.” The hydrogen and carbon dioxide storage
capacity in MOFs can be enhanced in various ways, such as
introducing open metal sites, increasing surface area and pore
volume, functionalizing organic linkers, and utilizing catenation.®
Yang et al,” in this regard, have explored for the first time the
possibility of synthesizing Fluorinated Metal Organic Frame-
works (FMOFs) using perfluorinated polycarboxylate ligands
with porous surfaces and exposed fluorine atoms for interesting
H, storage properties. They have reported hysteretic 2-step, and
one of the highest volumetric capacities for H, adsorption which
later has been independently reviewed by Fischer and WoIL"
Later, Cheetham and co-workers' ' and others'**f also ex-
plored the interesting H, and CO, storage properties in partially
fluorinated MOFs or mixed perfluorinated and nonfluorinated
ligands. In all these reports researchers have agreed that MOFs
with fluoro-lined or fluoro-coated channels are expected to
possess enhanced affinity and selectivity toward gas adsorption
compared to their nonfluorous counterparts.

Recently, we have synthesized several HF-MOFs with partially
fluorinated dicarboxylic acids and transition metals in the pre-
sence of nitrogen containing coligands.'” In the reaction of these
fluorinated dicarboxylates, insertion of a coligand is required as
often reaction of metal with these perfluorinated ligands, without
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these coligands, results in the precipitation of unreacted starting
materials. It is noteworthy that MOF synthesis, in general, occurs
in solvothermal media (water, organic solvents, ionic liquids), yet
none of the synthetic details described in the literature explains
the cause behind the solvent choice, despite it being an important
parameter in the phase-pure synthesis of a desired phase.'* As a
result, it is still a challenge to predict the resulting structure of a
MOF beforehand as its formation not only is influenced by the
geometrical and electronic factors of metal ions and the organic
links but also is dependent on other factors such as the rigidity or
flexibility of the ligands, choice of solvent and solvent polarity,
temperature, metal/ligand ratio, and pH."*

As a part of our ongoing investigation on the synthesis of
different HF-MOFs, we studied the hydrothermal chemistry of
4,4'-(hexafluoroisopropylidene) bis(benzoic acid) (H,hfbba) as
a fluorinated ligand by incorporating it into the hybrid materials
along with coligand 3-methyl pyridine (3-picoline) and Co®" or
Mn”" as metal center.'® To study the effect of solvent variation
on the resulting HF-MOF framework, we used either DMF or
H,O as solvent of synthesis. These HF-MOFs formulated as
[Co,(hfbba),(3-mepy),] - (DMF); (Co-HFMOE-D), [ Co(hfb-
ba)(3-mepy)(H,0)] (Co-HFMOF-W), [Mn,(hfbba),(3-me-
py)]- (H,0) (MnHEMOE-D), [Mn(hfbba)(3-mepy)(H,0)]
(Mn-HFMOF-W) display interesting two-dimensional (2-D, in
DMF) and three-dimensional (3-D, in H,O) structural features
based on the solvent of synthesis (Scheme 1). Structures of these
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Scheme 1. Synthetic Details of All the HF-MOFs Reported in This Paper
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HF-MOFs have been determined by X-ray crystallography and
further identified by IR spectroscopy, powder X-ray diffraction
(PXRD), and thermogravimetric analysis (TGA). These HF-
MOFs also show interesting H, and CO, uptake and magnetic
properties based on their structural variation.

B EXPERIMENTAL SECTION

General Procedures. All reagents and solvents for synthesis and
analysis were commercially available and used as received. The Fourier
transform (FT) IR spectra (KBr pellet) were taken on a Perkin Elmer
FT-IR Spectrum (Nicolet) spectrometer. PXRD patterns were recorded
on a Phillips PANalytical diffractometer for Cu Ka; radiation (4 =
1.5406 A), with a scan speed of 2° min~ " and a step size of 0.02° in 26.
TGA was carried out in the temperature range of 15—900 °C on a SDT
Q600 TG-DTA analyzer under N, atmosphere at a heating rate of 10 °C
min~ . All low pressure gas adsorption experiments (up to 1 bar) were
performed on a Quantachrome Quadrasorb automatic volumetric instru-
ment. Direct current (DC) magnetization versus T curves were taken at a
500 Oe field in field cooled (FC) and zero field cooled (ZFC) modes with
heating/cooling rate of 2 K per minute. Magnetizations versus field loops
were taken in a field sweep from —S50kOe to +-50 kOe at a rate of 75 Oe/sec.
All the measurements were done using a Physical Property Measurement
System (PPMS) from Quantum Design Inc.,, San Diego, U.S.A,, equipped
with a 7 T superconducting magnet and a vibrating sample magnetometer.
The magnetic signal from the sample holder was negligible and did not affect
our data accuracy.

Synthesis of [Co,(hfbba),(3-mepy),] - (DMF); (Co-HFMOF-D).
A 0.5 mL portion of 3-methyl pyridine stock solution and 1.5 mL of H,hfbba
stock solution (0.20 M) were mixed in a 5 mL vial. To this solution was
added 0.5 mL of Co(NOs),+6H,0 stock solution (0.20 M). The vial was
capped and heated to 85 °C for 96 h. The mother liquor was decanted, and
the products were washed with DMF (15 mL) three times. Dark pink
colored crystals of Co-HFMOF-D were collected by filtration and dried in air
(10 min) [Yield: 52%, 0.0151 g depending on Co(NO3),+6H,0]. FT-IR:
(KBr 4000—450 cm™"): 3393(m, br), 2935(w), 19441(w), 1628(m),
1406(s), 1172(s), 929(m), 780(m), 481(m) cm ™.

Synthesis of [Co(hfbba)(3-mepy)(H,0)] (Co-HFMOF-W).
Hydrothermal reaction of Co(NOj3),:6H,0 (0.035, 0.12 mmol) with
0.5 mL of 3-methyl pyridine and excess H,hfbba (0.196 g, 0.50 mmol) in
a 25 mL acid-digestion bomb using deionized water (7 mL) at 85 °C for
96 h produced pink colored crystals of Co-HFMOF-W. Crystals were
collected by filtration, washed with ethanol, and dried in air (10 min).
[Yield: 42%, 0.0147 g depending on Co(NO3),+6H,0]. FT-IR: (KBr
4000—450 cm™"): 3203 (m, br), 3088(w), 2528(w), 1697(m), 1609(s),
1546(m), 1392(s), 1293(m), 1171(m), 930(w), 786(m), 725(m),
512(w) ecm ™.

Synthesis of [Mn,(hfbba),(3-mepy)]- (H,0) (Mn-HFMOF-D).
A 0.5 mL portion of 3-methyl pyridine stock solution and 1.5 mL of

Hahfbba stock solution (0.20 M) were mixed in a S mL vial. To this
solution was added 0.5 mL of Mn(NO3), - xH,O stock solution (0.20 M).
The vial was capped and heated to 85 °C for 96 h. The mother liquor was
decanted, and the products were washed with DMF (15 mL) three times.
Colorless crystals of Mn-HFMOF-D were collected by filtration and dried
in air (10 min). [Yield: 47%, 0.0134 g depending on Mn(NO3), - xH,0].
FT-IR: (KBr 4000—450 cm™'): 3225(m, br), 1965(m), 1624(m),
1550(s), 1390(s), 1242(s), 1171(m), 957(s), 784(s), 555 (w) em ™.

Synthesis of [Mn(hfbba)(3-mepy)(H,0)] (Mn-HFMOF-W).
Hydrothermal reaction of Mn(NO3),-xH,0 (0.035, 0.12 mmol) with
0.5 mL of 3-methyl pyridine and excess Hyhfbba (0.196 g, 0.50 mmol) in
a 25 mL acid-digestion bomb using deionized water (7 mL) at 85 °C for
96 h produced colorless crystals of Mn-HFMOEF-D. Crystals were
collected by filtration, washed with ethanol, and dried in air (10 min).
[Yield: 61%, 0.0213 g depending on Mn(NO3),-xH,0]. FT-IR: (KBr
4000—450 cm™"): 3207 (m, br), 3090(w), 2528(w), 1697(m), 1610(s),
1547(m), 1390(s), 1292(m), 1248(s), 1171(m), 933(w), 785(m),
730(m), 514(w) cm™".

X-ray Crystallography. All single crystal data were collected on a
Bruker SMART APEX three circle diffractometer equipped with a CCD
area detector (Bruker Systems Inc., 1999a)'¢ and operated at 1500 W
power (50 kV, 30 mA) to generate Mo Kat radiation (4 = 0.71073 A).
The incident X-ray beam was focused and monochromated using Bruker
Excalibur Gobel mirror optics. Crystals of the HF-MOFs reported in the
paper were mounted on nylon CryoLoops (Hampton Research) with
Paraton-N (Hampton Research). Data were integrated using Bruker
SAINT software.'” Data were subsequently corrected for absorption by
the program SADABS."® The space group determinations and tests for
merohedral twinning were carried out using XPREP." In all cases, the
highest possible space group was chosen. All structures were solved by
direct methods and refined using the SHELXTL 97 software suite.”’
Atoms were located from iterative examination of difference F-maps
following least-squares refinements of the earlier models. Hydrogen
atoms were placed in calculated positions and included as riding atoms
with isotropic displacement parameters 1.2— 1.5 times Uy, of the attached C
atoms. Data were collected at 298(2) K for all the HF-MOFs reported in this
paper. All structures were examined using the Addsym subroutine of
PLATON?™ to ensure that no additional symmetry could be applied to the
models. All ellipsoids in ORTEP diagrams are displayed at the 50% probability
level unless noted otherwise. The Supporting Information contains a detailed
data collection strategy and crystallographic data for the four HF-MOFs
reported in this paper. Crystal data and details of data collection,
structure solution, and refinement are summarized in Table 1. Crystal-
lographic data (excluding structure factors) for the structures reported in
this paper have been deposited with the CCDC as deposition Nos.
CCDC 788025—788028 (see also Table 1). Copies of the data can be
obtained, free of charge, on application to the CCDC, 12 Union Road,
Cambridge CB2IEZ, UK. (fax: + 44 (1223) 336 033; e-mail: deposit@
cede.cam.ac.uk).
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Table 1. Crystal Data and Structure Refinement for HF-MOFs Reported in This Paper

empirical formula
formula weight
crystal system
space group

unit cell dimensions

volume

V4

density (calculated)
reflections collected
independent reflections
data/restraints/parameters
goodness-of-fit on F

final R indices [I > 20(I)]

R indices (all data)

Co-HFMOEF-D

C,gH,0FsN,O- Co
696.65
monoclinic

C2/c
a=26957(19) A
b=11.025(8) A
c=24.602(15) A
B =119.74(3)°
6349(7)

8

1.458

5402

4980
5402/16/331
1.054

R, = 0.1297

wR, = 0.3308

R, = 0.1343

wR, = 0.3359

Co-HFMOF-W Mn-HFMOE-D Mn-HFMOF-W
C,3H,,FNOsCo C,3H,4FNO, sMn C,3H,,FsNOsMn
560.31 547.31 556.32
orthorhombic monoclinic orthorhombic
Pna2, c2 Pna2,
a=26.194(13) A a=28.086(8) A a=26.406(8) A,
b=10.524(5) A b=7.583(2) A b =10.626(3) A,
c=8243(4) A c=12.109(3) A c=8473(3) A

=105.461(5)°
2272.4(19) 2485.6(11) 2377.3(13)
4 2 4
1.638 1.463 1.554
5254 4365 4182
4653 2991 3773
5254/2/332 4365/4/320 4182/2/334
1.095 1.010 1.052
R, = 0.0550 R, = 0.0682 R, = 0.0354
wR, =0.1133 wR, = 0.1675 wR, = 0.0913
R; = 0.0641 R; =0.0959 R, = 0.0405
wR, = 0.1168 wR, = 0.1797 wR, = 0.0935

largest diff. peak and hole 0.163 and —0.959 e A~*

0.088 and —0.998 ¢ A3

0.100 and —0.361e A~ 0.055 and —0.326 e A2

H, and CO, Adsorption Measurements. Hydrogen adsorp-
tion—desorption experiments were conducted at 77 K using a Quanta-
chrome Quadrasorb automatic volumetric instrument. Ultrapure H,
(99.95%) was purified further by using calcium aluminosilicate adsor-
bents to remove trace amounts of water and other impurities before
introduction into the system. For measurements at 77 K, a standard low-
temperature liquid nitrogen dewar vessel was used. CO, adsorption—
desorption measurements were done at room temperature (298 K).
Before gas adsorption measurements, the sample was activated at room
temperature (for 24 h) and 100 °C (for 36 h) under ultrahigh vacuum
(10™® mbar) overnight. About 75 mg of samples were loaded for gas
adsorption, and the weight of each sample was recorded before and after
outgassing to confirm complete removal of all guest molecules including
the coordinated H,O in Co-HFMOF-W and Mn-HFMOF-W.

B RESULTS AND DISCUSSION

Synthesis. We used 4,4’-(hexafluoroisopropylidene) bis-
(benzoic acid) because (a) a twisted conformation of this ligand
could lead to a possible helical architecture,'>* (b) different
deprotonated degrees of the ligands under different reaction
conditions may result in variable coordination modes in the
products, and (c) long and bent molecular structure of this
primary building unit may lead to the formation of microporous
coordination frameworks with channels. Influence of the solvent
(DMF/H,0) on the structure of these MOFs was reflected in
their structure. Co-HFMOEF-D and Mn-HFMOEF-D, synthesized
from DMF, contain 2-D connectivity whereas Co-HFMOF-W
and Mn-HFMOEF-W, synthesized from H,O, are 3-D in nature.”
It is noteworthy that our previous experience while synthesizing
HF-MOFs from water resulted in zero or one-dimensional (1-D)
connectivity, whereas the same from DMF created a 3-D
structure. We will first discuss the crystal structure of HF-MOFs
that have been synthesized in DMF and follow that by a
discussion of the structures synthesized in H,O.

B DESCRIPTION OF CRYSTAL STRUCTURES

Crystal Structure of [Co,(hfbba),(3-mepy),]- (DMF); (Co-
HFMOF-D). Crystal structure of Co-HFMOEFE-D contains two
crystallographically independent Co”" ions, two hfbba ligands,
two 3-methyl pyridine ligands, and three lattice DMF molecules
in its asymmetric unit (Figure 1a). Both Co>* centers of Co-HF-
MOF-D have almost the same coordination environments with a
nearly ideal square-pyramidal sphere (7 & 0)* enclosed by four
hfbba ligands [ Co—O distance ranges from 2.024(2) to 2.051(2) A]
and one 3-methyl pyridine ligand [Co—N = 2.051(3) A]. The
dicobalt paddlewheel SBU (secondary building unit)** for Co-
HFMOF-D with the Co- « - Co distance of 2.746(1)A is shown in
Figure 1a, expanded to show the four hfbba ligands, each coordinated
to a dicobalt paddlewheel unit via one of their carboxylate groups.
The second carboxylate group of each hfbba ligand coordinates
to another paddlewheel unit, generating the extended corrugated
2-D layered structure (Figure 1b). In Co-HFMOF-D, 3-methyl
pyridine ligands occupy the axial positions of dicobalt paddle-
wheel, blocking the pores. By joining only Co”" centers with
ligand atoms, topological simplification of Co-HFMOE-D shows
the formation of square shaped pores and the mode of attach-
ment of ligands with the metal center as shown in Figure 1c. In
Co-HFMOF-D, the sheets stack along b axis affording square-
shaped channels from the sheet cavities that run through the
gross structure (Figure 1d) creating a square grid topology. The
distance between equivalent atoms in between neighboring
sheets is approximately 3.5 A. The —CF; groups of H,hfbba
ligands are directed to the outside of the larger square channels
while one DMF molecule is sitting inside the pore and two are
arranged in the interlayer region respectively. The pore diameter
for Co-HFMOF-D is ~3.106 A across, based on largest sphere
that could fit into the pore and also remain in contact with the van
der Waals surface.”> The —CF; groups of one channel in Co-
HFMOF-D are located in between the edges of the square
shaped channel with a minimal interlayer void (Figure 1d).
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Figure 1. Crystal structure of Co-HFMOE-D. (a) Ball and Stick representation of the SBU showing the paddle-wheel motif of Co>*. Two 3-methyl-
pyridine ligands occupy the axial positions. (b) 2-D coordination layer in Co-HFMOF-D with Co®" paddle-wheel binuclear nodes (view down ¢ axis).
(c) Topological simplification of Co-HFMOF-D, by joining only Co>*" centers (magenta) with carbon atoms of isopropyl group (black). (d)
Coordination layer in Co-HFMOF-D (view down b axis) showing the 3.106 A channels. Hydrogen atoms, guest molecules, and 3-methyl-pyridines are
omitted for clarity. Color code: Co (magenta), N (blue), O (red), C (black), F (green).

Figure 2. Crystal structure of Mn-HFMOF-D. (a) Ball and Stick representation of the SBU showing the binuclear M,N,(1,-CO,), unit. (b) 2-D
coordination layer in Mn-HFMOF-D with each hfbba ligand is connected to two Mn>" metal centers (view down a axis). (c) Zigzag network topology of
Mn-HFMOE-D, by joining only Mn>" centers (green) with carbon atoms of isopropyl group (black). (d) Space fill Mn-HFMOF-D (view down b axis)
showing the 3.002 A channels; note the large interlayer void compared to Co-HFMOF-D. Hydrogen atoms, guest molecules, and 3-methyl-pyridines are
omitted for clarity. Color code: Mn (green), N (blue), O (red), C (black), F (light green).

The 2-D parallel interpenetrating network is reinforced by the
existence of other noncovalent interactions like C—H---F
hydrogen bonds (D, 3.327 A; d, 2.774 A; 0, 117.32°).%
Crystal Structure of [Mn,(hfbba),(3-mepy)]-(H,0) (Mn-
HFMOF-D). In the 2-D structure of Mn-HFMOF-D, the asym-
metric unit is composed of one Mn>" ion, one hffbba ligand, one
3-methyl pyridine ligand, and one lattice H,O molecule. Two
different types of co-ordination environments around Mn’" are

found in Mn-HFMOE-D. As a result there are two types of SBUs
in the binuclear Mn-HFMOF-D unit (Figure 2a). Among these
SBUs, one is in octahedral co-ordination geometry as four hfbba
ligands [Mn,—O distance ranges from 2.158 (3) to 2.185 (2) A]
and two 3-methyl pyridine ligands [Mn—N = 2.266 (3) A] are
coordinated. Another SBU is in the square planar co-ordination
sphere where only four hfbba ligands [Mn —O distance ranges
from 2.113 (3) to 2.154 (2) A and O—Mn—O angle ranges from
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Figure 3. Crystal structure of Co-HFMOF-W/Mn-HFMOF-W. (a) Ball and stick representation of the SBU of Co-HFMOF-W showing the
coordination environment around the metal. (b) Coordinated hfbba ligands form the zigzag type structure along the crystallographic ac plane. (c) Zigzag
network topology of M-HFMOF-D, by joining only M centers (magenta) with carbon atoms of isopropyl group (black). (d) Space filling model along
crystallographic ab plane shows the formation of a 1-D channel assembling these square shaped pores. Hydrogen atoms, guest molecules, and 3-methyl-
pyridines are omitted for clarity. Color code: M (magenta), N (blue), O (red), C (black), F (light green).

89.42° to 95.09°] are attached to the metal center. In this
structure, these octahedral and square planar metal centers are
arranged alternatively along the crystallographic b axis (Figure 2b).
The crystal structure of Mn-HFMOEF-D adopts a 2-D arrangement
as the co-ordination of Mn*" —hfbba—Mn>" propagates along the ¢
axis and simultaneously the Mn—CO,—Mn propagates along the b
axis. Since the octahedral Mn®" sites are blocked by 3-methyl
pyridine, which is a monodentate ligand, the crystal structure fails
to propagate along the crystallographic a axis. In the crystal
structure of Mn-HFMOF-D, each hfbba ligand is connected to
two Mn>" metal centers, that is, octahedral and square planar
respectively throu§h a zigzag fashion as shown in Figure 2b. By
joining only Mn>" centers with ligand atoms, the topological
simplification of Mn-HFMOF-D shows the formation of a zigzag
network and the mode of attachment of ligands with the metal
center (Figure 2c). In the structure of Mn-HFMOE-D, the
propagation of accessible square shaped pores of about 3.0 A
pore diameter is along the b axis in which lattice water molecules
are sitting inside. Here —CF; groups are protruding outside the
adjacent channels within interlayers which are spaced at 2.847 A,
in zigzag manner (Figure 2d). Unlike Co-HFMOEF-D, —CF,
groups of one channel in Mn-HFMOE-D are located on top of
the square shaped channel edges with a significant interlayer
void. The 2-D parallel interpenetrating network is reinforced by
the existence of other noncovalent interactions like C—H- - -F
hydrogen bonds (D, 3.302 4; d, 2.530 A; 0, 140.52°).%¢
Crystal Structures of [Mn(hfbba)(3-mepy)(H,0)] (Mn-
HFMOF-W) and [Co(hfbba)(3-mepy)(H,0)] (Co-HFMOF-W).
Three dimensional Mn-HFMOF-W and Co-HFMOEF-W have
been synthesized from H,O, using hydrothermal conditions in
an acid digestion bomb at 120 °C. Mn-HFMOF-W and Co-
HFMOF-W are iso-structural containing Mn>" and Co>" metal
centers (see the unit cell dimensions in Table 1) in the orthor-
hombic Pna2; space group. The asymmetric unit of Mn-
HFMOF-W and Co-HFMOEF-W contains one crystallographi-
cally independent Mn”**/Co”>" ion, one hfbba ligand, one
3-methyl pyridine ligand, and one coordinated H,O molecule.

Each octahedral Mn>"/Co”" ion is surrounded by four oxygens
from hfbba ligands [M—O distance ranges from 2.071 (2) to
2212 (2) A, one oxygen from H,O [M—O distance =2.169-
(3)—2.224(2) A], and one nitrogen from 3-methyl pyridine
ligand [M—N distance = 2.124—2.248 A]. In Mn-HFMOE-W
and Co-HFMOF-W, the metal—metal distance is 4.494 A to
4.616 A, which are connected through the COO ™ group of hfbba
ligands. In the SBU of Mn-HFMOF-W and Co-HFMOEF-W, on
the adjacent metal center 3-methyl pyridine ligands are coordi-
nated above and below positions alternatively (Figure 3a). The
coordinated water molecule is coordinated on the opposite side
of 3-methyl pyridine ligand. Four hfbba ligands are coordinated
to adjacent metal centers from one carboxyl group which extends
further joining to the next SBU. In the structure of Mn-HFMOF-
W and Co-HFMOEF-W, alternatively joined 3-methyl pyridine
ligands are interdigited in the pores by blocking them through the
ab plane. In these structures, each hfbba ligand coordinates with
two adjacent metal centers through one of its carboxyl groups,
which extends further forming the hexagonal pores along with
interpenetration of 3-methyl pyridine and coordinated water
molecules inside. Coordinated hfbba ligands form the zigzag type
structure along the crystallographic ac plane (Figure 3b). By
joining only the Co”"/Mn”" centers with ligand atoms, the
topological simplification of Mn-HFMOF-W and Co-HFMOF-
W shows the formation of a zigzag network and the mode of
attachment of ligands with metal center as shown in Figure 3c.
The V shaped hfbba ligand when coordinating with the metals
gives the square shaped pores. Space filling model of these MOFs
along crystallographic ab plane shows the formation of a 1-D
channel assembling these square shaped pores (Figure 3d).

We have synthesized four new polymeric frameworks Co-
HFMOE-D, Co-HFMOF-W, Mn-HFMOE-D, and Mn-HFMOF-
W as shown in Scheme 1, which forms 2-D and 3-D networks
with diverse architectures depending on the solvent of synthesis.
We expected that the insertion of additional 3-picoline ligand in
the synthesis media should have a crucial effect, as they induces
the IT—IT stacking interactions affecting the dimensionality of

3859 dx.doi.org/10.1021/ic1017246 |Inorg. Chem. 2011, 50, 3855-3865



Inorganic Chemistry

Muno " ' “—

m‘y\,

Figure 4. (a) us—0Co bridging mode observed in Co-HFMOEF-W,
Mn-HFMOF-W, and Mn-HFMOF-D. (b) #5—OCO bridging mode
observed in Co-HFMOE-D.

the resulting polymeric framework, and therefore its square grid
topology. In all the structures 3-picoline occupies the axial
position of the MyN,(,-CO,), or MyN; O (4,-CO,), the co-
ordination sphere (Figure 4). Bimetallic clusters formed by co-
ordination of metal centers with carboxylate groups play an
important role in the determination of the architecture of the
resultant framework. In the HF-MOFs reported in this paper, the
co-ordination mode is #5—OCO, that is, both the carboxylate
oxygen atoms are involved in the co-ordination with two M ">
atoms in monodentate fashion (See Scheme 1 in Supporting
Information for a detailed representation of the connectivity of
hfbba®"). Although the co-ordination mode is same in all HF-
MOFs, their dimensionality, SBU, and resultant frameworks are
totally different from each other. It seems that the solvent of
synthesis and the conditions for reaction are affecting the net-
work structures. Co-HFMOF-D and Mn-HFMOF-D synthesized
from DMF have the 2-D structure, whereas Co-HFMOF-W [flack
parameter: 0.01(2)] and Mn-HFMOF-W [flack parameter: 0.04-
)17 synthesized from H,O have the isostructural 3-D archi-
tecture with an octahedral SBU in the same Prna2, space group as
shown in Figure 5. The adoption of a noncentrosymmetric space
group and 2; screw axis by these two HF-MOFs could be
attributed to the bent nature of the hfbba link.*® But Co-
HFMOF-D and Mn-HFMOF-D synthesized from DMF have
different structures (Co-HFMOF-D, octahedral SBU with pad-
dlewheel; Mn-HFMOE-D, octahedral and square planar SBU in
same structure) with different space groups (C2/c in Co-
HFMOF-D and C2 in Mn-HFMOF-D). Although combination
of hfbba®>~ with M can produce 10 possible brldgmg modes of
hfbba®~, we observe only one co-ordination mode (‘uz 0CO)
along this series (Figure 4), even we changed solvent and
synthetic conditions. Tetradentate bridging mode of hfbba®~

results in the formation of bimetallic tetracarboxylate clusters in
all the HF-MOFs, where apical positions are occupied either by
3-methyl pyridine or coordinated H,O molecules (Figure S).
Within these HF-MOFs, Co-HFMOEF-D and Mn-HFMOF-D
show formation of 2-fold parallel 2-D—2-D interpenetration
with a 1-D channel through the crystallographic ac plane (Figures 1d
and 2d). Co-HFMOF-W and Mn-HFMOF-W on the other hand

) H20

Co-HFMOF-D

Co-HFMOF-W

d)
b)

Muo-HFMOF-D Mn-HFMOF-W

Figure S. Different types of SBUs observed in all the HF-MOFs
reported in the paper.

show formation of a 3-D framework with interdigited 3-methyl
pyridine molecules (Figures 3a and 3d). Also, in these two HF-
MOFs open metal sites can be observed as they contain the
coordinated H,O molecules which could be removed by strong
evacuation.

Thermal Stability, PXRD Analysis. To examine the architec-
tural and thermal stability of HF-MOFs reported in this paper, we
prepared them at the gram scale to allow detailed investigation of
the aforementioned properties. TGA performed on the as-
synthesized Co-HFMOF-D, Co-HFMOF-W, Mn-HFMOF-D,
and Mn-HFMOEF-W revealed that these compounds have high
thermal stability (see Section S3 in the Supporting Informa-
tion for all data and interpretations regarding guest mobility
and thermal stability of these HF-MOFs). The TGA trace for
Co-HFMOF-D showed a gradual weight-loss step of ~13.5%
(15—200 °C), corresponding to escape of all DMF in the pores
(3 DMF; caled. ~14%) followed by a sharp weight loss (200—
450 °C) probably because of the decomposition of the coordi-
nated 3-methyl pyridine molecules before decomposition of the
framework. The TGA of Mn-HFMOEF-D and Mn-HFMOE-W
shows the sharp weight loss of ~4.5% (15—100 °C) correspond-
ing to escape of all H,O molecules in pores (1 H,O; calcd.
~3.5% for Mn-HFMOF-W and ~2.7% for Mn-HFMOF-D)
followed by a plateau before a sharp weight loss (200—300 °C)
probably because of the decomposition of the coordinated
3-methyl pyridine molecules. After 300 °C, the framework
decomposes completely giving a 40% residue. The TGA of
Co-HFMOF-W shows a gradual weight loss step of ~11.5%
(15—125 °C) corresponding to the loss of coordinated and
framework water molecules (1 H,Oj; calcd. ~4.5%) followed by
the decomposition of the framework probably because of decom-
position of 3-methyl pyridine molecules and escape of coordi-
nated H,O molecules.

To confirm the phase purity of the bulk materials, PXRD
experiments were carried out on all complexes. The PXRD of
experimental and computer-simulated patterns of all of them are
shown in the Supporting Information (Figure S1 to S4 in ESI).
As shown in the figures, all major peaks of the experimental
PXRD patterns of compounds Co-HFMOEF-D, Co-HFMOEF-W,
Mn-HFMOFE-D, and Mn-HFMOF-W match quite well with that
of simulated PXRDs, indicating their reasonable crystalline phase
purity. The experimental pattern of Co-HFMOEF-D has a few
diffraction lines that are unindexed and some that are slightly
broadened in comparison with those simulated patterns. This is
probably due to the loss of DMF molecules from the lattice
because of grinding during the analysis.
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Gas Adsorption Experiments. The crystal structures of these
HE-MOFs confirmed that all of them have small pores of 3—4 A
in diameter, so we concentrated on the gas adsorption studies of
these HF-MOFs. Recently researchers investigated that open
metal sites and solvent free frameworks are more useful for gas
adsorption. So as-synthesized samples of Co-HFMOEFE-D, Co-
HFMOF-W, Mn-HFMOF-D, and Mn-HFMOF-W were im-
mersed in dry chloroform at ambient temperature for 72 h,
evacuated at ambient temperature for 24 h, then at an elevated
temperature 100 °C for 36 h under ultrahigh vacuum (10®
mbar) overnight, to create a solvent free framework. Samples

a)

O.BR} Hz2, 77K

~@-Co-HFMOF-p =8 Ma-HFMOF-D
8- M HFMOF-W =8 Co-HFMOE-W

n 1 1
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1.6
b} CO2, 293K
o
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g’ 04
{ =@=Co-HFMOF-D =8 Mn-HFMOF-D
1 == Mn-HFMOF-W = 8= Co-HFMOF-W
0 200 400 600 800
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Figure 6. H, (77 K) and CO, (298 K) isotherm of the HF-MOFs
reported in the paper. Filled and open symbols represent adsorption and
desorption branches, respectively.

thus obtained were optimally evacuated, as evidenced by their
well-maintained PXRD patterns and the long plateau (ambient
temperature to 350 °C) in their TGA traces.

All of these four HF-MOFs are nonporous to N, as they have a
lesser aperture size than the kinetic diameter of N, (3.6 A);
however, these HF-MOFs are able to take the H, (2.89 A) and
CO, (3.4 A) as they have a lesser kinetic diameter. Furthermore,
the low kinetic energy of the N, molecules at 77 K result in N,
molecules being unable to effectively enter small pores.”” All
these HF-MOFs show reversible type I H, and CO, adsorption
isotherms at 77 K and 298 K, respectively. Co-HFMOF-D
showed highest reversible type I H, and CO, adsorption in this
series, that is, 0.78 wt % and 1.48 mmol/g as pressure approaches
to 1 atm as shown in Figure 6. Iso-structural Co-HFMOF-W and
Mn-HFMOEFE-W show nearly the same 0.67 and 0.72 wt % of H,
uptake, and 1.20 and 1.34 mmol/g of CO, adsorption. Mn-
HFMOF-D shows the lowest H, (0.60 wt %) and CO, (1.06
mmol/g) adsorption. This result is well anticipated as Co-
HFMOEF-D contains the robust paddle-wheel Co(Il) motif with
3-methyl pyridine pointing outward of the pore. As a result the
pores are accessible to gases. On the other hand Co-HFMOF-W
and Mn-HFMOF-W have 3-methyl pyridine molecules blocking
the pore. Although H, adsorption for these HF-MOFs are
somewhat moderate, they still are comparable with the H,
adsorption of the highest capacity zeolites, some carbon materi-
als, and some other HF-MOFs reported in the literature'* 3
(see Table 2 for detailed comparison of H, and CO, uptake of F-
MOFs reported so far). It is noteworthy that these materials
show much higher volumetric H, and CO, uptake because of
their high material density (see section S4 in the Supporting
Information for a detailed description of volumetric H, and CO,
uptake of the HF-MOFs reported).

Magnetic Properties. Magnetic interaction arises from the
effective coupling of the paramagnetic centers through bridging
groups of the crystal framework. Here we have shown how
magnetic interaction changes with the distance between para-
magnetic metal centers. The temperature dependence of the
magnetic susceptibility ()) and the effective magnetic moment
(Uef) for Co-HFMOF-D and Co-HFMOF-W is shown in
Figure 7, panels a and b. At 300 K, u.g values were calculated as

Table 2. Hydrogen and Carbon Dioxide Uptake Data of HF-MOFs Reported so Far

name of MOF’

[Zn,(tfbdc), (dabco)]''f

[Cos(hfbba)s (phen),] 12

[Cuy(hfbba), (3-mepy),] - (DMF), (3-mepy)'>®
[Zns(triazole)s (tfbdc),(H,0),] - (4H,0)'™*
[Cu(hfipbb) (Hhfipbb)os]"'
[Co,(hfbba),(3-mepy),] - (DMF); (Co-HFMOF-D)
[Mn(hfbba)(3-mepy)(H,0)] (Mn-HFMOF-W)
[Co(hfbba)(3-mepy)(H,0)] (Co-HFMOF-W)
[Mn, (hfbba),(3-mepy)] - (H,O) (Mn-HFMOE-D)
[Zn,(hfipbb), (bpdab)]-2DMF" '

[Cd,(hfipbb), (DMF),]-2DMF'
[Zny(hfbba), 5]+ (DMF) -2(H,0) "'
[Cu(hfipbb) (Hhfipbb), s]**
[Ag: (Ags-Tze)]™

H,* wt % CO, mmol/g
1.78 wt %
0.90 wt %
0.58 wt %
0.43 wt %
0.23 wt %
0.78 wt % 1.48 mmol/g [298 K]
0.72 wt % 1.34 mmol/g [298 K]
0.67 wt % 1.20 mmol/g [298 K]
0.60 wt % 1.06 mmol/g [298 K]

0.87 wt % [20 atm]
0.57 wt % [20 atm]

2.67 mmol/g [195K]
1.83 mmol/g [195 K]
1.04 mmol/g [293 K]
1.1 wt % [48 atm]

2.33 wt % [64 atm]

“Here it should be noted that wherever pressure and temperature are not mentioned, there the pressure is 1 atm and the temperature is 77 K. ” tfbdc =
Tetrafluoroterephthalic acid, dabco = 1,4-diazabicyclo[2.2.2]octane, hfbba = 4,4’-(Hexafluoroisopropylidene) bis(benzoic acid), phen = 1,10-
phenanthroline, 3-mepy = 3-methyl pyridine, triazole = 1,2,4-triazole, Tz = 3,5-bis(trifluoromethyl)-1,2,4-triazole.
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5.5 and 4.4 up for Co-HFMOE-D and Co-HFMOF-W, respec-
tively, which are appreciably lower than the theoretical value of
7.7 ug for two Co™" ions in an octahedral crystal field environ-
ment with 6 uncoupled spins. It can be noted from Figure 7,
panels a and b, that the temperature dependent decreasing trend
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Figure 7. Temperature dependence of the magnetic susceptibility
(left axis), the effective magnetic moment 4 ¢ (right axis) for (a) Co-
HFMOF-D and (b) Co-HFMOF-W. Insets show ball and stick repre-
sentation of the SBU of respective HF-MOFs showing the distance
between two neighboring Co*" atoms as 2.746 A and 4.494 A in Co-
HFMOF-D and Co-HFMOF-W, respectively. (c) Field dependence of
the magnetization for Co-HFMOF-D and Co-HFMOF-W at S K. Inset
shows the opening of the hysteresis loop at 5 K for Co-HFMOF-D.

of up is not the same for Co-HFMOEF-D and Co-HFMOEF-W.
Moreover, the T is also larger for Co-HFMOEF-D than Co-
HFMOE-W for the same number of Co>* spins per molecular
cluster unit. The reason could be the presence of intercluster
coupling which is possible in the Co-HFMOF-D because of a
relatively smaller intercluster Co™" center distance (Co—Co
distance = 2.746 A). This also indicates the presence of short-
range magnetic interactions. The continuous decrease of the y T
product with decreasing T from room temperature values of 3.8
and 2.4 emu K/mol Oe to the lowest measured values of 0.8 and
0.6 emu K/mol Oe for Co-HFMOF-D and Co-HFMOE-W,
respectively, indicates the presence of antiferromagnetic ex-
change interaction between the two Co”" (S = 3/2) metal
centers within a cluster.®’ At 5 K, a magnetic moment of 1.3
and 1.15 ug per Co” " center is observed for Co-HFMOF-D and
Co-HFMOF-W, respectively. These values are less than the spin
only values for one unpaired electron (1.73 ug) for Co”*. The
field dependence of the magnetization at S K for Co-HFMOF-D
and Co-HFMOEF-W is shown in Figure 7c. In the case of Co-
HFMOF-D we observed nonlinearity in the curve, but in Co-
HFMOF-W, it is close to linear (or nonlinearity is quite small).
The presence of nonlinearity and coercivity of 35 Oe in the
magnetization versus field shows the presence of short-range
interactions at low temperature in Co-HFMOEF-D, which could
be due to the short inter Co*" ion interaction.

The Curie—Weiss fit of the inverse molar susceptibility ' in the
temperature regime 165—350 K yields 6 = —278 and — 55 K for Co-
HFMOF-D and Co-HFMOEFE-W, respectively. The negative sign of
the Weiss constant further suggests the presence of antiferromagnetic
interaction between near neighbors, although the anisotropy of the
octahedral Co®" will also contribute to these values.*” The lower value
of the Weiss constant for Co-HFMOF-W than for Co-HFMOE-D can
be attributed to a larger inter Co”" ion distance in Co-HFMOF-W
than in Co-HFMOF-D which reduces the inter cluster magnetic
interaction as indicated above. At temperatures below 100 K, in
the cases of Co-HFMOF-D the inverse molar susceptibility
deviates from a linear segment showing the characteristic of an
antiferromagnetic system because of short-range interaction only.
The straight line fit of the inverse molar susceptibility y " in this
temperature regime in both the structures yields a Weiss constant
0 value near to 0 K. This magnetic behavior gives a picture where
the spins come to a halt because of spin frustration while aligning
in an antiparallel fashion with decreasing thermal motion. We did
not observe any divergence between the zero-field-cooled (ZFC)
and field-cooled (FC) data in both the samples.

The temperature dependence of magnetic susceptibility and effec-
tive magnetic moment for Mn-HFMOEF-D and Mn-HFMOF-W is

a) 1
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Figure 8. Temperature dependence of the magnetic susceptibility  (left axis), the effective magnetic moment /.« (right axis) for (a) Mn-HFMOF-D
and (b) Mn-HFMOF-W. Insets show ball and stick representation of the SBU of respective HF-MOFs showing the distance between two neighboring
Mn*" atoms, 3.732 A and 4.616 A, in Mn-HFMOEF-D and Mn-HFMOE-W, respectively.
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shown in Figure 8. At 300 K, the effective magnetic moment of
8.3 and 8.0 ug for Mn-HFMOEF-D and Mn-HFMOF-W respec-
tively is once again appreciably lower than the theoretical value of
11.8 ug for two Mn>" ions with 10 uncoupled spins. At 5 K, a
magnetic moment of 2.55 and 2.5 up per Mn>" center is
observed, a value slightly higher than the spin only value for
one unpaired electron (1.73 ig). The extrapolation of the inverse
molar susceptibility y " in the temperature region (175—350 K)
yields @ = —30 K for Mn-HFMOEF-D. The inverse molar
susceptibility %' for Mn-HFMOE-W shows the paramagnetic
nature in the whole measured temperature range with a Weiss
constant @ value near 0 K. As in the case of Co-HFMOF-W, there
is no long-range magnetic ordering in the measured temperature
region in Mn-HFMOEF-D and Mn-HFMOF-W. The degree of
spin frustration, f, in Mn-HFMOE-D is higher than 10, indicating
strong frustration, but there is no spin frustration in Mn-HFMOEF-
W, since magnetic ordering is a cooperative effect which is
determined by the magnetic coupling between paramagnetic
centers through the bridging ligands. The framework structure
gives the advantage of tailoring the magnetic property of the
MOF by changing the paramagnetic metal center to center
distance by changing the ligand, whereas in case of inorganic
molecules this cannot be done.”® In MOFs we can have designer’s
materials according to the required property.

Il CONCLUSION

A new series of partially fluorinated MOFs has been synthe-
sized solvothermally, using bent ligand hfbba®~ and divalent
metal ions Co”" and Mn”", along with terminal ligand 3-methyl
pyridine. The bridging tetradentate mode of hfbba®~ produces
the bimetallic tetracarboxylate clusters in the all HF-MOFs. Co-
HFMOE-D and Mn-HFMOE-D, synthesized from DMF, show
formation of 2-fold parallel 2-D—2-D interpenetration with a
1-D channel whereas Co-HFMOF-W and Mn-HFMOEF-W,
synthesized from H,O, show formation of a 3-D framework
with interdigited 3-methyl pyridine molecules in pores. These
results show that other factors like the solvent of synthesis, pH,
and reaction temperature also play an important role on the
adoption of the resulting MOF structure. In is noteworthy that
previous work on partially fluorinated MOFs and an explicit
comparison with nonfluorinated analogues imparted a disadvan-
tage for fluorination. On the other hand, our results suggest that
perfluorination is advantageous, which reinforces arguments
made by Yang et al. and Cheetham and co-workers. All the
HF-MOFs along this series shows comparable H, and CO,
adsorption with other reported F-MOFs, and it is hard to prove
or speculate on the adsorption data for the closest nonfluorinated
MOF analogues of the MOFs we have reported in the paper. In
our opinion significant research activity is necessary before we
accept/discard the effect of exposed fluorine atoms regarding gas
adsorption. The Co”* show dominantly antiferromagnetic cou-
pling followed by the appearance of short-range interaction at
low temperature in the case of Co-HFMOF-D which could be
due to the shorter inter Co>" ion distances compared to those
of Co-HFMOF-W. Likewise, Mn-HFMOF-D shows a domi-
nantly antiferromagnetic nature whereas Mn-HFMOF-W shows a
paramagnetic nature in the whole measured temperature range.
We are continuing to utilize the other neutral bridging coligands
along with H,htfbba to design the new HF-MOFs with specific
structures and properties.
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