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ABSTRACT: Two fluoro-bridged lanthanide-containing metal—organic frame-
works (MOFs) were synthesized using 2,2’-bipyridine-4,4’-dicarboxylic acid
(BPDC), a fluorinated modulator, and a lanthanide nitrate. The syntheses of -y
MOFs containing Gd** or Tb** and a closely related MOF structure containing "‘\Y}"“\Yr
Ho®!, Gd*, or Tb*" are presented. The presence of the fluorinated metal chains in 23 o]

these MOFs is shown through single crystal X-ray diffraction, energy dispersion X-
ray spectroscopy, F nuclear magnetic resonance, and X-ray photoelectron
spectroscopy. Magnetic measurements reveal weak antiferromagnetic exchange
between the Ln®" ions mediated by fluoride anions along the zigzag ladder chains

present in the crystal structures of these MOFs.

B INTRODUCTION

Metal—organic frameworks (MOFs) comprise a group of
permanently porous crystalline materials.”> MOFs contain
metal ions or clusters connected through organic linkers' and
have been extensively studied for gas separations,® gas
adsorption,* catalysis,” drug delivery,® and sensors.” Lantha-
nide MOFs exhibit a large range of topologies due to their low
stereochemical preferences and high coordination numbers.®
Many lanthanides such as Eu® and Tb*>" have distinct
excitation and emission peaks,” which make them attractive
for applications that involve luminescence.'® Other lanthanides
are known for their enhanced magnetic properties."’

The popular modulator, 2-fluorobenzoic acid (2-fba), has
been widely used to create lanthanide MOFs containing
nona-,'?*® hexa-,"*7¢ and triclusters.” The formation of such
clusters can increase the chemical and thermal stability of the
Ln MOFs.”"*'¢ Recently, it was reported that lanthanides
react with the 2-fba and extract fluoride,"”'® which becomes
incorporated into the MOF structures as fluoro-bridges
between the metal ions.””~>° For example, Ho-UiO-66
contains a fluoro-bridged hexanuclear cluster when prepared
using 2-fba.'®

Lanthanide MOFs are known for their selectivity toward
COZ.26 The Lewis acidic nature of lanthanides and open metal
sites favor the adsorption of and selectivity for CO,.”” Fluoride
groups on the linker as well as bonded to the metal ion
increases the MOF selectivity for CO,.”*™*° Additionally, the
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overall thermal stability of these structures may be enhanced
by addition of the fluoro-bridges.*!

The formation of these fluoro-bridged metal clusters allows
for closer interactions between the metal centers within the
structure. In the absence of fluorinating agents, the lanthanide
MOFs typically contain metal dimers with distances further
than 4 A between the nodes, meaning there is very little
interaction between the metal ions.**™>* The formation of
metal clusters reduces the m—m distance. The addition of
fluoro-bridging in the cluster further decreases the distance
between metal ions as the metal-fluoride bond is on average

d.>>3¢ There have been

shorter than the metal—oxygen bon
several studies on how the addition of fluoro-bridging within
lanthanide complexes changes the magnetic coupling between
the lanthanide ions.*”*® Additionally, clusters increase the
concentration of the metal ions and help increase the overall
magnetic susceptibility of the MOF.* In this regard, the Gd*,
Tb**, and Dy®" ions possess the highest magnetic moments
among lanthanides and typically allow realization of interesting

; fag : . 1. 40—43
magnetic properties in various molecule-based materials.
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Figure 1. Comparison between Gd-BPDC-1 shown along the a-axis (a), Ho-BPDC-2 shown along the c-axis (b), the extended metal chain for Gd-

BPDC-1 (c), and the extended metal chain for Ho-BPDC-2 (d).

Herein the synthesis, structure, and properties of a fluoro-
bridged Gd** MOF, Gd-BPDC-1
(Gd,F,(C;,HgN,0,),(C;H,NO),), and Tb** MOF, Tb-
BPDC-1 (Tb,F,(C,,H¢N,0,),(C;H,NO),), isostructural
with the Ho-BPDC MOF that has been reported recently.'®
The discovery of a new MOF containing either Ho**, Gd**, or
Tb* was labeled as Ho-BPDC-2 (HoF(C;,H¢N,0,)(H,0)),
Gd-BPDC-2 (GdF(C;,HN,0,)(H,0)), and Tb-BPDC-2
(TbF(C},HgN,0,)(H,0)), respectively. MOFs Gd-BPDC-1
and Tb-BPDC-1 were formed using 2-tba while MOFs Ho-
BPDC-2, Gd BPDC-2, and Tb-BPDC-2 were synthesized
using 2,6-difluorobenzoic acid (2,6-dfba) or 2-fba. The
presence of fluoro-bridged metal chains was verified by single
crystal X-ray diffraction (SC-XRD), "F nuclear magnetic
resonance ('’F NMR), X-ray photoelectron spectroscopy
(XPS), and energy dispersive X-ray spectroscopy (EDS). The
thermal stability, porosity, and physical and chemical
characteristics of these MOFs, as well as their magnetic
properties are presented.

B RESULTS AND DISCUSSION

Synthesis. The reaction of Ln(III) nitrate (Ln = Gd*" and
Tb*"), 2,2'-bipryidine-4,4'-dicarboxylic acid (BPDC), and 2-
fba in a solution of N,N-dimethylformamide (DMF) and water
resulted in the formation of MOFs Gd-BPDC-1 and Tb-
BPDC-1. The modulator, 2,6-dfba or 2-fba, was reacted with
Ln(III) nitrate (Ln = Gd*, Ho*', and Tb*") and BPDC in a
solution of DMF to produce pure MOF 2. Nitric acid was
added to the solution to slow the crystallization of the MOFs.

Single Crystal XRD. The crystal structure of Gd-BPDC-1
contains two crystallographically unique 8-coordinate Gd
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metal centers with a distorted square antiprism-shaped local
coordination environment. The coordination of both Gd metal
centers includes four carboxylate oxygen atoms from the
BPDC linkers, three ;-F linkers, and one oxygen atom of a
DMF ligand. The bond lengths are shown in Tables S1—S3.

The closest Gd---Gd interatomic distances are Gd1—-Gdl
3.7792 (7) A, Gd2—Gd2 3.8114 (7) A, and Gd1-Gd2 3.9519
(7) A. The two shortest Gd--Gd interatomic distances are
between Gd metal centers crystallographically equivalent by
symmetry and bridged by both y;-F linkers and BPDC linkers.
The longer Gd---Gd interatomic distance is between Gd metal
centers that are crystallographically unique and are bridged
only by u;-F linkers. Excluding all the other element types, the
Gd and F atoms coordinate to form wavy zigzag ladders that
propagate along the crystallographic a-axis. The overall MOF
structure is formed by cross-linking these ladders through the
BPDC linkers.

For the crystal structure of the Ho-BPDC-2, there is only
one crystallographically unique, 8-coordinate Ho metal center
with a distorted square antiprism-shaped local coordination
environment. Similar to the crystal structure described above,
this coordination environment includes four carboxylate
oxygen atoms from the BPDC linkers, three y;-F linkers, and
one oxygen atom of a H,O ligand. The bond lengths are shown
in Tables S4—S6.

The closest Ho---Ho interatomic distances are 3.7410 (7)
and 3.8115 (8) A. The shortest Ho---Ho interatomic distance
is between Ho metal centers that are bridged by both p;-F
linkers and BPDC linkers while the longer Ho---Ho
interatomic distance is between Ho metal centers that are
only bridged by p;-F linkers. Similar to the crystal structure of
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Gd-BPDC-1, the Ho and F atoms coordinate to also form
wavy zigzag ladders that propagate along the crystallographic c-
axis and are cross-linked by the BPDC linkers into a framework
material.

The differences between the crystal structures of Gd-BPDC-
1 and Ho-BPDC-2 can be seen best in the unit cell
representations. The relationship between the structures can
be best seen when the crystal packing of Gd-BPDC-1 is viewed
along the a-axis and that of Ho-BPDC-2 is viewed along the c-
axis, as shown in Figure 1. The view along the b-axis is similar
in both MOFs as shown in Figure S2 and shows the wavy
zigzag ladders that appear in both MOFs (Table 1).

Determining Thermal Stabilities. The thermal stabilities
of MOFs 1 and 2 were determined through thermogravimetric
analysis (TGA, Figure S3). All five MOFs are thermally stable
up to 480 °C, at which point they begin to decompose to
oxides. The TGA curves are very similar, revealing the initial
mass loss from absorbed water and any uncoordinated DMF

Table 1. Single Crystal Data for Gd-BPDC-1 and Ho-
BPDC-2

Gd-BPDC-1 Ho-BPDC-2
CCDC 2090144 2090145
number
chemical Gd,F,(C,H¢N,0,),(C;H,NO), HoF(C,,H(N,0,)
formula (H,0)-2(C,H(0)-
H,
formula weight ~ 983.07 554.28
(g/mol)
T (K) 105 105
crystal system triclinic monoclinic
space group Pl P2/c
a (A) 8.4385 (16) 16.593 (4)
b (A) 14.090 (3) 14.005 (3)
¢ (A) 16.497 (3) 8.5357 (13)
a (deg) 81.641 (6)
B (deg) 88.678 (6) 91.037 (12)
7 (deg) 79.384 (10)
V (A%) 1907.4 (7) 1983.3 (7)
z 2 4
crystal size 0.15 X 0.08 x 0.07 0.15 X 0.03 X 0.03
(mm)
F (000) 948 1088
M 983.07 554.28
A1 (A) 0.71073 0.71073
u (Mo Ka) 3.51 4.04
(mm™)
reflections 11,669 57,806
measured
independent 11,669 6090
reflections
reflections 10,194 4940
with
1> 20(I)
parameters 456 263
Ry 0.050 0.076
final R value 0.030 0.032
(I > 26(1))
final R,, (F*) 0.078 0.056
(I > 26(1))
final R value 0.040 0.049
(all data)
final R, (F?) 0.081 0.061
(all data)
goodness of fit  1.10 1.03

on F*
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until 150 °C. The secondary drop, present in all curves from
220 to 330 °C, most likely is caused by uncoordinated linker,
coordinated solvent, and trapped 2-fba. The possible presence
of trapped 2-fba is demonstrated through '’F NMR. Figure S4
shows the presence of 2-fba with a peak at —112.28 ppm in the
dissolved MOF Ho-BPDC-2 in the as-synthesized sample. The
removal of 2-fba once activated at 220 °C is demonstrated in
Figure SS. The '"H NMR spectra for activated Gd-BPDC-1
and Gd-BPDC-2 are shown in Figures S6 and S7. They do not
show the presence of excess 2-fba in the samples.

The phase purity and thermal stability were determined by
powder XRD and TGA. Figure 2 shows the experimental and

Tb BPDC-1

L MA dr A At A A rbia ittt At
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Figure 2. Experimental PXRD of Gd-BPDC-1 and Tb-BPDC-1
compared with the simulated pattern.

simulated patterns for MOFs Gd-BPDC-1 and Tb-BPDC-1,
which match without any additional peaks, indicating high
purity. After the MOFs were washed and activated to 130 °C
(the first weight loss shown in the TGA), there is no change in
the structure, as shown in Figures S8 and S9. However, there is
a change in the structure when the two MOFs are heated to
220 °C (the final drop in the TGA before decomposition).

The XRD patterns of Ho-BPDC-2, Gd-BPDC-2, and Tb-
BPDC-2 match the one simulated by using the Ho MOF
structure, as shown in Figure 3, thus indicating the
isostructural nature of these Ho, Gd, and Tb MOFs. The
three structures are stable after washing with DMF and
activated at 130 °C to remove the excess DMF and 2-fba from
the pores. However, when heated to 220 °C, there is a
structural change, as shown in Figures S10—S12.

Presence of Fluorine. The presence of fluorine in the
MOFs was verified by energy dispersion spectroscopy (EDS).
The EDS spectra for the as-synthesized and activated MOFs
are shown in Figures S13—S17. The activated samples were
washed with DMF several times over the course of two to
three days and then heated to 130 °C under vacuum. This
process was used to remove any 2-fba remaining in the pores.
All three MOFs show the presence of fluorine in both as-
synthesized and activated samples. All as-synthesized samples
show an excess amount of fluorine, which can be attributed to
2-fba remaining in the pores. For Gd-BPDC-1, the theoretical
ratio of gadolinium to fluorine is 8.3. The experimental ratio of
11.3 was found in the activated sample, indicating that there is
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Figure 3. PXRD patterns of Ho-BPDC-2, Gd-BPDC-2, and Tb-
BPDC-2 compared to the simulated pattern.

a mixture of OH and F bridging. A similar trend is found in the
other four MOFs as shown in Tables 2 and 3. Previously,
several papers have indicated the possible presence of a mixed
hydroxy-bridged and fluoro-bridged cluster.”**~*” The ratios
found from EDS do not give any indication that there is a lack
of fluorine due to replacement of fluorides with hydroxides in
MOFs Ho-BPDC-2, and Tb-BPDC-2. Gd-BPDC-1, Gd-
BPDC-2, and Tb-BPDC-1 show a minor deficiency in fluorine
content, which indicates that some hydroxy/oxy bridges might
be present.

The presence of possible hydroxy-bridging was analyzed
through Fourier-transform infrared spectroscopy (FT-IR)
spectroscopy. When hydrogen bonding is removed a shaap
peak for OH will appear between 3630 and 3680 cm™'.***
When the activated samples of MOFs 1 and 2 were prepared as
dried IR pellets, they produced the FT-IR spectra shown in
Figure S18. These spectra do not show a sharp peak for
hydroxy-bridging. However, EDS and FT-IR have limited
sensitivity, and there is a possibility of a small fraction of oxy-
or hydroxy-bridging present in all samples, which can be
verified by X-ray photoelectron spectroscopy (XPS).

XPS was used to determine the presence of elements and
their chemical states in the MOFs. XPS spectra were taken
from the activated samples of each MOF. The XPS survey
spectrum for each MOF, as shown in Figure S19, indicates the
presence of C, F, O, N, and Ln (Ln = Ho, Gd, and Tb). As
shown in Figure 4a, the high-resolution F 1s spectrum for Gd-
BPDC-1 has a binding energy of 684.8 eV. This value is the
same as the binding energy of GdF; and lower than the
binding energy of 688.5 eV for the C—F bond found in 2-

fba.*>*° This indicates that the F~ anion is bound to the Gd**
and not carbon. The F 1s spectra for MOFs Tb-BPDC-1, Ho-
BPDC-2. Gd-BPDC-2 and Tb-BPDC-2 also show the
presence of this metal-fluoride bond as seen in Figure S20.
The F 1s spectrum for Tb-BPDC-2 is very similar to that of
Gd-BPDC-1 with a binding energy of 685.6 eV. The F 1s
spectra for Ho-BPDC-2, Gd-BPDC-2, and Tb-BPDC-2 show
similar binding energies of 685.2, 684.8, and 685.3 eV,
respectively. These signals correspond to fluorine incorporated
into the cluster and not to fluorine from 2-fba in the pores or
MOFs. The high-resolution O 1s spectra were also acquired for
all samples as shown in Figures 4 and S21. As shown in Figure
4b, Gd-BPDC-1 does not show any indication that there is
M—-O—-M bonding within the structure, within the XPS
sensitivity limit.”* The most prominent peak in the O Is
spectrum is from the C—O—M bond from the carboxylic group
binding to the metal. However, spectra of MOFs Tb-BPDC-1,
Ho-BPDC-2, Gd-BPDC-2, and Tb-BPDC-2 reveal a small
peak between 525 and 530 eV that is indicative of M—O—M
binding. The presence of a mixture of OH/F bridging found
within these MOFs formed with 2-fba has been observed with
other MOFs and appears to be dependent on the metal ion,
linkers, and type of organofluorine modulator used.”**"*°

Gas Adsorption. The pores of the MOFs were probed by
using CO, and N,. The five MOFs have one-dimensional (1D)
cylindrical pores. When using nitrogen gas, there is very little
adsorption in all five MOFs, with Brunauer—Emmett—Teller
(BET) surface areas only reaching 12.6 + 0.2, 6 + 0.1, 16.1 +
0.2, 24.0 + 0.2, and 2.88 + 0.06 mz/g for Gd-BPDC-1, Tb-
BPDC-1, Ho-BPDC-2, Gd-BPDC-2, and Tb-BPDC-2,
respectively. This small surface area indicates that the nitrogen
is not easily absorbed into the pores. When the pores were
probed with CO,, as shown in Figure S, the BET surface areas
of 178 + 3, 162.1 + 0.8, 98 + 2, 171 + 1, and 223 + 2 m’/g
were measured for MOFs Gd-BPDC-1, Tb-BPDC-1, Ho-
BPDC-2, Gd-BPDC-2, and Tb-BPDC-2, respectively. The
amount of CO, absorbed within these MOFs is 3.3 wt % for
Gd-BPDC-1, 4.0 wt % for Tb-BPDC-1, 3.9 wt % for Ho-
BPDC-2, 4.3 wt % for Gd-BPDC-2, and 5.0 wt % for Tb-
BPDC-2."'

Magnetic Properties. The temperature dependence of
magnetic susceptibility (y) was measured on microcrystalline
nonactivated samples of Gd-BPDC-1, Tb-BPDC-1, Gd-
BPDC-2, and Tb-BPDC-2. At higher temperatures, all
samples showed nearly temperature-independent values of
the T product (Figure 6a) and linear dependences of 1/y vs T
(Figure S27). The latter was fit to the Curie—Weiss law, 1/y =
(T — 0)/C, where 0 is the Weiss constant, related to the
nearest-neighbor magnetic exchange coupling, and C is the
Curie constant, defined as

Table 2. EDS Weight Percentages of Each MOF before Activation

elements Gd-BPDC-1 wt % Tb-BPDC-1 wt %
C 41.8 55.9
N 6.3 16.7
(¢} 16.0 5.9
F 4.7 3.1
Ln 31.2 18.4
total 100.0 100.0
Ln:F 6.7 5.9

Ho-BPDC-2 wt % Gd-BPDC-2 wt % Tb-BPDC-2 wt %
40.5 41.0 44.0
6.8 4.8 8.6
15.3 13.1 17.0
5.6 7.2 4.1
31.8 339 26.3
100.0 100.0 100.0
5.7 4.7 6.4
222 https://doi.org/10.1021/acs.inorgchem.3c03064
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Table 3. EDS Weight Percentages of Each MOF after Activation

elements Gd-BPDC-1 Act wt % Tb-BPDC-1 Act wt % Ho-BPDC-2 Act wt % Gd-BPDC-2 Act wt % Tb-BPDC-2 Act wt %
C 54.7 41.5 45.0 38.8 41.4
N S.S 6.5 5.9 6.8 7.9
0 18.6 15.4 16.0 15.1 16.5
F 1.7 2.1 3.8 2.9 3.8
Ln 19.6 34.5 293 364 30.5
total 100.0 100.0 100.0 100.0 100.0
Ln:F 1.5 16.4 7.7 12.6 8.0
(a) F1s (b) O1s
o Experimental o Experimental
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Figure 4. These XPS spectra show the high-resolution spectra for the F 1s (a) and the O 1s (b) for MOF Gd-BPDC-1.
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Figure 5. CO, Adsorption data for the MOFs Gd-BPDC-1 and Tb-BPDC-1 (), and (b) shows the CO, adsorption data for MOFs Ho-BPDC-2,

Gd-BPDC-2, and Tb-BPDC-2.

_ NupgJU+ 1)
3k

¢ (1)

where N is Avogadro’s number, y is Bohr magneton, g is the
Lande g-factor, k is the Boltzmann constant, and ] is the total
angular momentum in the ground state of the corresponding
Ln** ion. The best-fit C values are in good agreement with
those expected for the Ln®" ions in the free-ion approximation
(Table 4). The field-dependent magnetization measured at 1.8
K (Figure 6b) shows saturation values close to the expected 7
up for the Gd* ions in the case of Gd-BPDC-1 and Gd-
BPDC-2, while for Tb-BPDC-1 and Tb-BPDC-2, the
maximum magnetization observed at 7 T is substantially
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lower than the 9 yy expected for the Tb* ion (Table 4). This
discrepancy will be discussed below.

The Gd-containing MOFs Gd-BPDC-1 and Gd-BPDC-2
show a decrease in ¥T only at very low temperatures (Figure
6a), suggesting weak antiferromagnetic (AFM) coupling
between the Gd** ions. The magnetic behavior can be
modeled by considering the zigzag ladders of fluoride-bridged
Gd*" ions, observed in the crystal structures of Gd-BPDC-1
and Gd-BPDC-2, as infinite chains of S = 7/2 magnetic
moments. Despite the presence of two crystallographically
unique Gd centers, the Gd---Gd distances along the chain are
comparable and the magnetic interactions can be approxi-
mated by a single magnetic exchange constant J,, (Figure 7).
The temperature dependence of y was fit to the Bonner—
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Inorg. Chem. 2024, 63, 219-228


https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03064?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03064?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03064?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c03064?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c03064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC

124(a) 0000000000000900000uy 84(b) . .

™ - | - | -
. | ] ]

10 7 f. I‘A“A“AAAAAAAAAAA
= 6 - A e
= u eoe®
§ 8 —~ 51 ."A’.nnnnﬂ:::"'"'
2 o S
b =
; 4 3 1
= 4

- Gd-BPDC-1 , ] -Gd-BPDC-1

+« Tb-BPDC-1 +«Th-BPDC-1

21 AG:-BPDC-Z 1 2Gd-BPDC-2
*Th-BPDC-2 +Tb- -

0 T T T T T T 0 L) T T T T T Tb BIPDC I2

0 50 100 150 200 250 300 0 10 20 30 40 50 60 70

Temperature (K)

Magnetic Field (kOe)

Figure 6. Magnetic properties of Gd-BPDC-1, Tb-BPDC-1, Gd-BPDC-2, and Tb-BPDC-2: the temperature dependence of yT measured under
an applied magnetic field of 1000 Oe (a) and the field dependence of the magnetization measured at 1.8 K (b).

Table 4. Summary of Magnetic Properties for Gd-BPDC-1, Tb-BPDC-1, Gd-BPDC-2, and Tb- BPDC-2

C (emu-K/mol)

compound ground state of the Ln** ion theoretical experimental 0 (K) M, at 70 kOe 1.8 K (u3)
Gd-BPDC-1 5., 7.875 8.383(9) 1.5(2) 7.59
Tb-BPDC-1 "Fg 11.82 11.90(6) 4(1) 5.96
Gd-BPDC-2 5, 7.875 7.554(1) ~2.36(4) 6.67
Tb-BPDC-2 7E, 11.82 11.99(2) 0.9(4) 553
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Figure 7. Temperature dependence of y for Gd-BPDC-1 (a) and Gd-BPDC-2 (b). The empty black circle represents experimental data points,
while the solid red lines show the best fit to the Bonner—Fisher model (eq 2). The insets show the low-temperature region of the y vs T curves.

Fisher model for the infinite spin chain, which also was applied

to other Gd-containing chain compounds.

52,53

| Nuyg®s(s + 1) [1 +u}_£[1 +u}
d 3kT 1—u TI1—u
2] S(S+ 1) kT

whereu = coth

which resulted in the best-fit values J,,

kT

|

2 S(S+ 1) )

—0.00085(1) cm™

and g = 2.027(1). The g-factor is slightly higher than the 1.99—
2.01 typically observed for the Gd** ion.”* Therefore, the value
of g was fixed at 2, and the modified fit was performed by
introducing a scaling factor, (1 + b), as a multiplier in eq 2.
The best-fit values obtained were J,, = —0.00245(8) cm™"' and
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b = 0.05, which correspond to ~5% of paramagnetic impurity.
The presence of such an impurity can also be deduced from
the slight increase in the yT value at the lowest experimental
temperatures, as can be seen in the inset of Figure 7, and from
the saturation magnetization of 7.59 pujy slightly exceeding the
theoretically expected value of 7 yj for the Gd** ion.

The same model was used to describe the magnetic behavior
of Gd-BPDC-2, giving the best-fit values ], = —0.01002(3)
em™' and g = 1.9163(3). In this case, the g-factor value is
notably lower than 2, suggesting the presence of a diamagnetic
impurity. Similar to the procedure described above, the g value
was fixed at 2 and the scaling factor was introduced in eq 2.
The best-fit values obtained from such a modified fit were J,, =
—0.01266(5) cm™ and b —0.05, indicating ~5% of
diamagnetic impurity (Figure 7a), which is also in agreement
with the maximum magnetization value of 6.67 ug (at 70 kOe
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and 1.8 K) being slightly lower than the value of 7 yi expected
for the Gd** ion.

The results of magnetic modeling for MOFs Gd-BPDC-1
and Gd-BPDC-2 indicate the presence of weak AFM exchange
between the Gd*" ions along the zigzag ladder. The interaction
between the chains is expected to be substantially weaker,
essentially negligible, given that the nearest interchain Gd---Gd
distance is 13.414 A. We note that the antiferromagnetic
exchange constants of the same order of magnitude were
reported for interactions between fluoride-bridged Gd** ions in
a molecular Gd, dimer (J,, = 0.062 cm™!)*° and in a
pentanuclear Gd;Ga, complex (J,, = 0.028 cm™).*° The
slightly stronger antiferromagnetic interaction in the former
might be explained by a nearly linear Gd—F—Gd angle, which
should allow for a better delocalization of spin density across
the fluoride bridge.

The yT values for Tb-containing MOFs Tb-BPDC-1 and
Tb-BPDC-2 also remain relatively constant at higher temper-
atures (Figure 7a) but decrease faster below 70 K as compared
to those for Gd-BPDC-1 and Gd-BPDC-2. The maximum
magnetization values reached at 70 kOe and 1.8 K are 5.96 py
for Tb-BPDC-1 and 5.33 uy for Tb-BPDC-2, which are
substantially lower than the 9 yi expected for the free Tb*" ion.
It is unlikely that the faster decrease in yT and the suppressed
magnetization in the ground state, observed at the lowest
experimental temperature, are caused by strong antiferromag-
netic exchange since there is an obvious reason why the
exchange in the case of these Tb-containing MOFs should be
by orders of magnitude stronger than in the isostructural Gd-
containing MOFs. Therefore, it is reasonable to attribute these
differences in the magnetic behavior to crystal field effects. In
contrast to the magnetically isotropic 4’ Gd** ion, the 4f° Tb*"
ion is known to exhibit strong magnetic anisotropy and
appreciable crystal field splitting of the ] = 6 ground state.”’”
Modeling the magnetic behavior of this ion requires a more in-
depth theoretical analysis, including calculations and measure-
ments of the crystal field splitting pattern, which are beyond
the scope of the present work.

B CONCLUSIONS

The compounds 2-fluorobenzoic acid and 2, 6-difluorobenzoic
acid, have been widely used as modulators for Ln-based MOFs.
However, it is clear that rare earth ions can extract fluorine
from a growing list of organofluorine molecules, which can
result in bridging fluorides in a MOF structure. The adsorption
isotherms for each MOF were collected and indicated that
these MOFs could be used for CO,/N, separation. Magnetic
measurements of the Gd- and Tb-containing MOFs reveal
weak antiferromagnetic interactions between the metal centers
along the zigzag ladders of the fluoride-bridged Ln" ions.

B EXPERIMENTAL SECTION

Single Crystal XRD Method. On a Bruker Kappa D8 Quest
diffractometer equipped with an IuS Mo Ka radiation source, Oxford
Cryosystems cryostream, and a Photon II CPAD detector, low
temperature (T = 105 K) single crystal X-ray diffraction data sets were
collected for the structure determination of Gd-BPDC-1 and Ho-
BPDC-2. After the data collection, the data sets were processed
(integration with Bruker SAINT and scaled with either Bruker
SADABS or TWINABS using multiscan absorption correction) and
then evaluated (space group selection using Bruker XPREP).
SHELXT (intrinsic phasing method)® and SHELXL®® were used
to generate the initial structural models and further refine these
models (least-squares method), respectively. All non-hydrogen atoms
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(except in the case of disordered solvent EtOH molecules) were
refined anisotropically. The refinement of hydrogen atoms was carried
out in “riding” (AFIX) atomic sites. Note: The crystal structure of
Gd-BPDC-1 is a 2-component, nonmerohedral twin with a Twin Law
of (—0.99994, —0.00021, 0.00010, —0.60501, 1.00017, —0.23981,
—0.00087, 0.00197, —1.00023) and a final refined BASF parameter of
0.4123(8).

Powder X-Ray Diffraction (PXRD). The PXRD patterns were
collected on an Ultima IV X-ray diffractometer (Rigaku) equipped
with Cu Ka radiation (1.5406 A) from a long fine-focus copper target
by using a 285 mm goniometer scintillation counter as the detector.
They were collected using f filter and not a monochromator, with a
scan speed of 2 °/min and a step size of 0.04° in 26.

Thermogravimetric Analysis (TGA). The TGA was completed
using an SDT Q600 (TA Instruments). The samples were then
heated to 900 °C at a rate of 10 °C/min from 30 °C.

Scanning Electron Microscopy/Energy Dispersive X-ray
Spectroscopy (SEM/EDS). The SEM/EDS spectra for these samples
were performed on a Zeiss EVO LS SEM instrument and an Aztec
Instruments Oxford EDS. These samples were not coated with gold or
carbon. The samples were activated at 130 °C and washed with DMF
three times over the course of two days.

Sample Preparation of Pellets for Fourier-Transform Infra-
red Spectroscopy (FT-IR). The KBr Pellets were pressed at 10,000
psi and then heated at 130 °C for 1 day under vacuum. The samples
were immediately analyzed after removal from the vacuum to reduce
water adsorption.

NMR Instrumentation and Sample Preparation. The NMR
data was collected at 298 K using a Bruker Avance III HD 600 MHz
Spectrometer, and it was processed using TopSpin 4.0.1. Residual
solvent peaks were utilized as a reference for NMR spectra in '°F
NMR and 'H NMR. 1 mL of DMSO-ds was mixed with a 20 uL
solution of D,0—D,SO, 40%. The 500 yL DMSO-dg solution was
added to 4 mg of the sample, which was then sonicated for S min and
kept in a 60 °C oven for 4 h. After that, the solution was poured into
the NMR tube.

X-ray Photoelectron Spectroscopy (XPS). The XPS data was
collected on a PHI VersaProbe II Scanning XPS Microprobe
(Physical Electronics Inc., Chanhassen, Minnesota) equipped with
an Al K,, X-ray source (Ep = 1486.7 eV) at pressure 1.6 X 107° Torr.
The high-resolution spectra were collected at the pass energy of 23.5
eV with a step size of 0.2 eV. Photoelectron spectra were obtained
using a charge compensation of 2 mA using an electron flood gun.
The sample surface was cleaned by sputtering a gas-cluster ion beam
(GCIB) with an energy of 10 kV and a cluster size of 2500 atoms. The
data was processed with the software CasaXPS and energies were
calibrated to adventitious C,; at 284.8 eV and Au 4f;,, at 83.95 eV.

Gas Adsorption Analysis and Sample Preparation. The
samples were prepared for the surface area analysis by submerging
them in fresh DMF four times over the course of three days and then
activated in a vacuum at 135 °C overnight. The samples were further
activated on a micrometrics ASAP 2020 surface area and porosity
analyzer for 12 h at 120 °C. The N, adsorption isotherms were taken
at 77 K using ultrahigh purity (99.999%) nitrogen. The CO,
adsorption isotherms were taken at 273 K using ultrahigh purity
CO, (99.999%). The surface area was calculated by the Brunauer—
Emmett—Teller (BET) method in the relative pressure (P/P,) range
of 0.05—-0.30 for N, and 0.010 to 0.025 for CO,, and pore size
distributions were calculated using the nonlocal density functional
theory (NLDFT) model.

Magnetic Measurements. Magnetic measurements were per-
formed using a magnetic property measurement system MPMS-XL
(Quantum Design) equipped with a superconducting quantum
interference device (SQUID). Each polycrystalline sample was loaded
into a polycarbonate capsule that was mounted in a plastic straw
attached to a sample transport rod. The temperature dependence of
magnetic susceptibility was measured in the range of 1.8—300 K in an
applied field of 1000 Oe. Field-dependent magnetization measure-
ments were performed at 1.8 K with the magnetic field varying from 0
to 70 kOe. The data were corrected for diamagnetism from the
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sample holder and for intrinsic diamagnetism by using tabulated
constants.

Materials. The chemicals were used as received without any
further modifications. Gadolinium nitrate hexahydrate (99.9%) was
purchased from Strem Chemicals, holmium(III) nitrate pentahydrate
(99.9%) was purchased from Strem Chemicals, terbium(III) nitrate
hydrate (99.9%) was purchased from Alfa Aesar, N,N’-dimethylfor-
mamide (DMF) was purchased from Fisher Chemical, 2,2’-
bipryidine-4,4'-dicarboxylic acid (98%) was purchased from Combi-
Bocks, 2,6-difluorobenzoic acid (97%) was purchased from AmBeed,
2-fluorobenzoic acid (97%) was purchased from Aldrich, and
concentrated nitric acid (68%) was purchased from Fisher Scientific.

CsoH,6F,GdoNsO;y (Gd-BPDC-1). Gadolinium(III) nitrate hexahy-
drate (91.4 mg, 0.202 mmol), 2,2"-bipyridine-4,4'-dicarboxylic acid
(22.5 mg, 0.0921 mmol), and 2-fluorobenzoic acid (244.4 mg, 1.60
mmol) were dissolved in a DMF (11 mL) and water (2.5 mL)
solution. Concentrated nitric acid (0.2 mL) was added to the reaction.
In a 20 mL scintillation vial, the solution was heated at 120 °C for 24
h. The resulting white rectangular crystals were cooled to room
temperature, centrifuged twice with DMF, and air-dried in an 80C
oven. This resulted in a 26.1% yield.

CsoH,6F5Tb,NgO;9 (Tb-BPDC-1). Terbium(III) nitrate hydrate
(184.8 mg, 0.4079 mmol), BPDC (55.6 mg, 0.228 mmol), and 2-
fba (487.6 mg, 3.480 mmol) were dissolved in DMF (20 mL) and
water (5 mL). Concentrated nitric acid (0.2 mL) was added to the
solution. In a 40 mL scintillation vial, the solution was heated to 120
°C for 24 h. The white crystals that precipitated out were cooled to
room temperature, centrifuged with DMF twice, and air-dried at 80
°C. This resulted in a yield of 39.0%.

C16H,FHON,,Og (Ho-BPDC-2). Holmium(III) nitrate hydrate (92.4
mg, 0210 mmol), BPDC (21.4 mg, 0.0876 mmol), and 2,6-
difluorobenzoic acid (120.3 mg, 0.7609 mmol) were dissolved in
DMF (11 mL)/H,0 (2.5 mL). Concentrated nitric acid (0.2 mL) was
added to the solution. In a 20 mL scintillation vial, the solution was
heated to 120 °C for 24 h. The yellow/pink rectangular crystals were
cooled to room temperature, centrifuged with DMF two times, and
air-dried at 80 °C. This resulted in a yield of 80.9%.

Single Crystal Synthesis of C;sH,,FHON,Og (Ho-BPDC-2). This
was formed through a single-crystal transformation. The crystals were
first formed using holmium(III) nitrate hydrate (92.4 mg, 0.210
mmols), BPDC (21.4 mg, 0.0876 mmols), and 2-fluorobenzoic acid
(243.5 mg, mmols) were dissolved in DMF (11 mL)/H,0O (2.5 mL).
Concentrated nitric acid (0.2 mL) was added to the solution. In a 20
mL scintillation vial, the solution was heated to 120 °C for 24 h. The
yellow-pink rectangular crystals were cooled to room temperature and
kept in the mother solution.

The Ho-BPDC-2 crystals were then washed with EtOH over a
period of 6 days. New EtOH was added to replace the old EtOH once
every 24 h.

C16H5,FGAN,Og (Gd-BPDC-2). Gadolinium(III) nitrate pentahy-
drate (91.3 mg, 0207 mmol), BPDC (23.3 mg, 0.0876 mmol), and
2,6-difluorobenzoic acid (119.4 mg, 0.7552 mmols). Concentrated
nitric acid (0.2 mL) was added to the solution. In a 20 mL
scintillation vial, the solution was heated to 120 °C in an oven for 24
h. The white rectangular crystals were cooled to room temperature,
centrifuged with DMF twice, and air-dried in an 80 °C oven. This
resulted in a yield of 75.4%.

Cy6H,,FTON,Og (Tb-BPDC-2). Terbium(III) nitrate hexahydrate
(185.2 mg, 0207 mmol), BPDC (54.4 mg, 0.0876 mmol), and 2-
fluorobenzoic acid (486.7 mg, 0.7552 mmols). Concentrated nitric
acid (0.4 mL) was added to the solution. In a 20 mL scintillation vial,
the solution was heated to 120 °C in an oven for 24 h. The white
rectangular crystals were cooled to room temperature, centrifuged
with DMF twice, and air-dried in an 80 °C oven. This resulted in a
yield of 72.5%.
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