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ABSTRACT: Metal−organic frameworks (MOFs) are an emerg-
ing class of microporous materials that have potential applications
in a wide range of areas. As a subclass of MOFs, ionic MOFs, espe-
cially charge-separated MOFs, have been relatively less studied but
possess unique features including strong host−guest interactions
from the exposed charged centers. We report the synthesis and
single-crystal structural characterization of five new charge-separated
MOFs (UNM 1−5) based on two tetrapodal borate ligands:
tetrakis(4-(4-pyridineethynyl)-2,3,5,6-tetrafluorophenyl)borate
(T1) and tetrakis(4-(4-pyridyl)-2,3,5,6-tetrafluorophenyl)borate
(T2) having rigid arms of different lengths and pyridine groups
at the end of each arm. Coordination of these tetrapods with
Cu(I), Cu(II), and Ag(I) ions under specific conditions led to a series of new charge-separated MOFs in single crystalline forms.
UNM-1 and UNM-2/UNM-3, which crystallize respectively in tetragonal I4̅ space group and monoclinic C2/c space group, are
derived from Cu(CH3CN)4BF4 and Cu(NO3)2 upon coordination with T1. On the other hand, coordination of T2 with
Cu(CH3CN)4BF4 and AgBF4 respectively yielded UNM-4 and UNM-5 in the monoclinic I2/a space group. All these MOFs possess
several degrees of interpenetration that are correlated with the arm lengths of ligands. Noticeably, UNM-1 is 4-fold interpenetrated,
leading to the highest stability among all five MOFs, while still displaying an impressive Brunauer−Emmett−Teller (BET) surface
area (SABET) of ca. 621 m2/g. Our findings highlight the versatility of tetrapodal borate ligands in engineering charge-separated
MOFs with diverse structures and controlled functionality.

■ INTRODUCTION
Crystal engineering is known as a scientific branch of exploring
and understanding intermolecular interactions in the solid state
and a powerful tool to design and construct ordered crystals
with tailored properties.1 Since the late 20th century, crystal
engineering has expanded into organic/inorganic hybrid
materials and has led to the discovery of a new class of crys-
talline compounds known as metal−organic frameworks
(MOFs) or porous coordination polymers (PCPs).2−6 MOFs
are formed by coordination of rigid organic ligands to metal
ions or clusters, leading to precisely controlled microporous
crystals possessing large surface areas, tunable pore sizes and
pore volumes, and versatile pore surface chemistry through
articulate ligand designs.7−9 These unique properties make
MOFs ideal candidates in a variety of applications including
gas separation and storage,10−13 catalysis,14−16 chemical sen-
sors,17,18 medicines,19−21 and electronics,22−24 among many
others. The majority of MOF research has been concentrated
on the design and combination of different organic ligands and
metals for the construction of new MOF materials with
tailored structures and properties. By the judicious selection of
metal nodes and ligand functionalities, a vast number of prom-
ising MOF materials with different dimensionalities and topol-
ogies have been created in the past.25−30 Most existing MOFs

are considered charge neutral in that the positive charges of
metal ions are immediately balanced by surrounding anionic
ligands, leading to the lack of accessible isolated ionic species
within the pore volume or on the pore surfaces.
As a subclass of MOF materials, ionic MOFs contain exposed

charged species within the pore environment, which can poten-
tially lead to enhanced host−guest interactions caused by electric-
field induced polarization of guest molecules and electrostatic and
coordination interactions.31−34 The majority of existing ionic
MOFs, containing a single type of charge covalently attached
onto the pore surfaces, are built from charged organic ligands,
either cationic or anionic, in addition to the neutral metal−
ligand clusters, or secondary building units (SBUs). In order to
ensure overall charge neutrality within these ionic MOFs, free
charge-balancing counterions are commonly present within the
pores, which will unavoidably reduce the pore sizes and make
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inclusion of guest molecules more difficult. One clever solution
is to incorporate both positive and negative charges at precise
locations with fixed separation distances within the MOF frame-
work that is known as charge-separated or zwitterionic MOFs.
The use of zwitterionic ligands containing both positive and
negative species to bridge the metal ions is one of the most
applied methods to prepare such MOFs. For example, existing
charge-separated MOF materials have employed zwitterionic
ligands containing both cationic (pyridinium,35−45 imidazo-
lium,46,47 metalloporphyrin48 or, ammonium49) and common
anionic moieties (e.g., carboxylate and sulfonate) to bind
metals in different oxidation states, leading to charge-separated
MOFs with or without the need for charge balancing free ions.
Furthermore, anionic tetra(imidazolyl)borate ligands have
been applied by Ziegler and co-workers for the synthesis of
charge-separated MOFs for enclathration and anion exchange
applications.50−53 Borate ligands, being tetrahedral in geome-
try, are expected to result in three-dimensional materials upon
metal binding, and the negative charge of borate anion can
fully or partially compensate for the positive charges of metal
ions, depending on their oxidation states.54 In these structures,
the offset angles between B−N and N-metal bonds of ca. 145°,
as well as the rotational freedom of single bonds, can make con-
struction of three-dimensional (3-D) structures difficult and hard
to predict.55 We have recently reported the synthesis of a tetra-
podal borate ligand (T1, Scheme 1) having linear arms that
successfully led to a charge-separated MOF (UNM-1) upon
coordination with Cu+ ions.56 UNM-1 possesses 4-fold inter-
penetration, likely a result originating from the relatively large

arm lengths, which we believe can be alleviated by shortening
the arms of the borate ligand.
In this paper we report the synthesis of a new borate ligand

with shorter arms (T2, Scheme 1) and systematic studies of
their coordination behaviors with different metals at different
oxidation states. In addition to UNM-1, four single crystalline
charge-separated MOFs are obtained by combining T1 or T2
with Cu(I), Cu(II), or Ag(I) metal cations. T2 indeed led to
MOFs with fewer degrees of interpenetration but not neces-
sarily with increased surface areas or stability. The uniqueness
of our approach is the anionic borate ligand with straight arms
for metal coordination, which can lead to predictable MOF
structures in three dimensions, and the negative charges on
borate centers that can counter balance the positively charged
metal ions as well as form charge separation with fixed but
tunable distances, i.e., the arm lengths of the borate ligands.
These findings give us useful insights into the important relation-
ships between ligand design and choices of metals and crystal
structures and functions of charge-separated MOFs.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of T1 and T2. T1 and

compound 1 (Scheme 2) were synthesized according to
previously reported procedures,56−58 and the synthesis of T2
was accomplished in three steps as shown in Scheme 2, the
details of which are provided in the Supporting Information.
T2 is fully characterized by 1H, 13C, 11B, and 19F NMR spectro-
scopy (Supporting Information). Briefly, the presence of one
tetrabutylammonium cation per borate center, i.e., per four

Scheme 1. Chemical Structures of Borate Ligands T1 and T2

Scheme 2. Synthesis of T2
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Table 1. Summary of Crystallographic Data and Selected Properties for UNM-1, UNM-2, and UNM-3

parameters UNM-1 UNM-2 UNM-3

solvent of crystallization CH2Cl2/CH3CN CH2Cl2/CH3OH H2O/DMF
crystal yield (%) 74.4 74 27
complex with Cu(CH3CN)4BF4 Cu(NO3)2·XH2O Cu(NO3)2·XH2O
color yellow blue blue
shape needle rod rod
chemical formula C52H16BCuF16N4 C52H18BCuF16N4O C110H54B2CuF32N10O6

formula weight, g/mol 1075.04 1093.05 2304.79
temperature (K) 100(2) 100(2) 100(2)
crystal system tetragonal monoclinic monoclinic
space group I4̅ C2/c C2/c
a (Å) a = 23.5586(7) a = 29.313(3) a = 36.891(3)
b (Å) b = 23.5586(7) b = 20.394(2) b = 21.6194(16)
c (Å) c = 24.6516(9) c = 38.674(4) c = 16.2556(13)
α (deg) 90 90 90
β (deg) 90 90.874(5) 103.126(5)
γ (deg) 90 90 90
V (Å3) 13681.8(10) 23117.(4) 12626.1(17)
Z 8 8 4
Dcalc (g/cm

3) 1.044 0.628 1.212
total reflections 31438 51445 47295
unique 12964 [R(int) = 0.0408] 9047 [R(int) = 0.1971] 9091 [R(int) = 0.0846]
function minimized Σw(Fo2 − Fc

2)2 Σw(Fo2 − Fc
2)2 Σw(Fo2 − Fc

2)2

data/restraints/parameters 12964/0/668 9047/603/679 9091/0/732
goodness-of-fit on F2 0.937 1.214 1.007
R1 (I > 2σ(I), wR2 0.0314, 0.0657 0.1014, 0.2471 0.0603, 0.1552
R1, wR2 (all data) 0.0459, 0.0697 0.2338, 0.3117 0.1183, 0.1862
surface area (m2/g) 621 40 N/A

Figure 1. Single crystal X-ray structure of UNM-1: (A) partial view of crystal structure showing coordination environment around copper;
(B) partial view of crystal structure showing coordination environment around boron; (C) space-filling model of a 2 × 2 × 2 unit cell viewed from
the Y-axis; and (D) space-filling model of a 2 × 2 × 2 unit cell viewed from the Z-axis, all showing 4-fold interpenetration as revealed by the red,
green, gray, and magenta color coding. Carbon atoms appear in gray, nitrogen in blue, boron in yellow, fluorine in green, and copper in cyan.
Hydrogen atoms are omitted for clarity.
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pyridine groups, is confirmed by proton NMR integration. 11B
NMR shows a sharp signal at −16.3 ppm, consistent with the
tetra-coordinated environment on the boron atom. 19F NMR
displays two sharp signals at −129.9 and −146.8 ppm, con-
sistent with those from ligand T1. In the 13C NMR spectrum,
the F4-phenyl carbon atoms ortho- and meta- to the boron
center appears as two sets of doublets at 147.8 and 142.4 ppm
having 1JCF coupling constants of 252 and 251 Hz, respectively.
The broad signal ranging from 132 to 134 ppm is assigned to
the ipso-carbon atom that is split by 1J boron and 2J fluorine
coupling, respectively. The triplet at 113.1 ppm is then assigned
to the F4-phenyl carbon para to the boron center with a 2JCF
coupling constant of 15 Hz. The sharp signals with large inten-
sities at 149.9, 137.4, and 124.9 ppm are from the pyridine
rings, while all other carbons from tetrabylammonium group
are observed in between 13 and 59 ppm.

We then attempted crystallization experiments by using T1
and T2 as ligands in combination with Cu(I), Cu(II), and
Ag(I) ions under various conditions. While not all combina-
tions led to X-ray quality single crystals, we were able to obtain
five different crystals with distinct structures and physical
characteristics. We discuss and compare the synthesis and
structures of each of these MOF crystals in the following
sections.

Synthesis and Structural Analyses of UNM-1. Yellow,
needle-shaped single crystals of UNM-1 were obtained by slow
diffusion of an acetonitrile solution of Cu(CH3CN)4BF4 into a
dichloromethane solution of T1 over a period of 48 h at room
temperature. Since the coordination environment around both
boron and Cu(I) atoms is tetrahedral, we expected the forma-
tion of a diamondoid like 3-D network containing alternating
positively charged Cu(I) and negatively charged boron nodes,

Figure 2. Single crystal X-ray structure of UNM-2. (A) Partial view of the crystal structure showing coordination environment around copper;
(B) coordination environment around boron; (C) space-filling model of a 2 × 2 × 2 unit cell viewed from the X-axis; (D) space-filling model of a
2 × 2 × 2 unit cell viewed from the Y-axis; and (E) space-filling model of a 2 × 2 × 2 unit cell viewed from the Z-axis, all showing 2-fold
interpenetration as revealed by the red and gray color coding. Atoms of carbon appears in gray, nitrogen in blue, boron in yellow, fluorine in green,
oxygen in red, and copper in cyan. Hydrogen atoms are omitted for clarity.
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leading to a charge-separated MOF without free ions. This
hypothesis is confirmed by detailed single crystal X-ray
analysis, and the results are summarized in Table 1, Figure 1,
and Figure S9. The composition of the crystal was found to be
C52H16BCuF16N4, which is consistent with the proposed coor-
dination structure. The crystal system of UNM-1 is tetragonal
with space group I4̅. The dihedral angles around boron centers
range from ca. 101° to 116° and those around copper centers
from ca. 100° to 121° indicating that the coordination environ-
ment around both Cu(I) and boron atoms is approximately
tetrahedral (Figure 1A,B). The average boron−copper distance
is measured at ca. 13.3 Å, which is long enough to result in the
4-fold interpenetration as shown in Figure 1C,D. Channels
with two different sizes are revealed from the space filling models.
The larger pores with a diameter of ca. 7.4 Å are seen along the
X or Y axis, while viewing along the Z axis shows pores with a
diameter of ca. 2.7 Å. UNM-1 is stable upon solvent removal as
confirmed by powder XRD (PXRD) measurements as shown
in Figure S15, in which the PXRD patterns of UNM-1 after
treatment under high vacuum closely match those from simu-
lation. About 100 mg of UNM-1 was outgassed at 60 °C under
a vacuum with durations determined by the gas analyzer’s
protocol before conducting the Brunauer−Emmett−Teller
(BET) gas adsorption analyses. Despite the 4-fold inter-
penetration, the surface area of UNM-1 is found to be ca. 621
m2/g, which is one of the highest among 4-fold interpenetrated
networks59,60 and is likely a result of the absence of free ions.
Synthesis and Structural Analyses of UNM-2. Two

different crystal systems, namely, UNM-2 and UNM-3, were
obtained by combining T1 and Cu(NO3)2 depending on the

solvents used during synthesis. Slow diffusion of a methanol
solution of Cu(NO3)2 into a dichloromethane solution of T1
during the course of 48 h at room temperature resulted in the
formation of blue rod shaped crystals, i.e., UNM-2. Crystallo-
graphic data and crystal structures of UNM-2 are presented in
Table 1, Figure 2, and Figure S10. UNM-2 has an approximate
composition of C52H18BCuF16N4O and crystallizes in a mono-
clinic crystal system with a space group of C2/c. As shown in
Figure 2, the copper atoms in UNM-2 are coordinated to
4 pyridyl units from different borate ligands and one water
molecule, resulting in a square pyramidal geometry. Since the
copper atoms in UNM-2 are in +2 oxidation state and the
equally numbered borate units possess a −1 charge, there must
be one −1 charged counterion, likely NO3

− ions, per Cu(II)
atom within the framework in order to ensure the overall
charge neutrality. Because these nitrate ions are disordered and
potentially mobile, they could not be resolved in the single
crystal X-ray analyses. To further confirm the existence of the
NO3

− counterions, we first performed elemental analysis on
UNM-2 (Supporting Information). Despite relatively large
errors in H content, the found C (53.57%) and N (5.75%)
contents respectively match better with those calculated for
C52H18BCuF16N5O4 (C 54.07%, N 6.06%), i.e., including one
NO3

− ion per Cu atom, than those calculated for
C52H18BCuF16N4O (C 57.14%, N 5.13%) without including
the NO3

− ion. We have also performed IR spectroscopy measure-
ments on UNM-2 powders in KBr pellets, and the result is shown
in Figure S14 (Supporting Information). A sharp peak with
intermediate intensity at ca. 1384 cm−1 is observed, which
corresponds to the N−O stretching mode of the NO3

− ion.

Figure 3. Single crystal X-ray structure of UNM-3; (A) framework structure showing a chainlike structure; (B) a crystalline unit showing
coordination environment around the boron (C) coordination environment around copper and hydrogen bonding between solvent molecules;
(D) space-filling model of a 2 × 2 × 2 unit cell viewed from the X-axis; (E) space-filling model of a 2 × 2 × 2 unit cell viewed from the Y-axis; and
(F) space-filling model of a 2 × 2 × 2 unit cell viewed from the Z-axis. Atoms of carbon appear in gray, nitrogen in blue, boron in yellow, fluorine in
green, oxygen in red, and copper in cyan. Hydrogen atoms are omitted for clarity.
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The N−Cu−N bond angles average at ca. 116°, and the
N−Cu−O bond angles are at ca. 96°. The bond angles around
boron atoms range from 100° to 116°, similar to those found
in UNM-1. The Cu−OH2 bond length in UNM-2 is found at
ca. 2.52 Å, and the Cu−N distances range from 2.02 to 2.09 Å.
The boron−boron and boron−copper distances are measured
at about 21.2 and 13.25 Å, respectively. Despite the same
ligand arm lengths as in UNM-1, UNM-2 is found to be 2-fold
interpenetrated as shown in Figure 2C−E. The reduced degree
of interpenetration is likely caused by the inclusion of the
nitrate ions in the framework, which also possibly led to a
relatively small BET surface area of ca. 40.3 m2/g despite the
pore sizes of 10.7 Å (viewed from X-axis), 10.27 Å (viewed
from Y-axis) and 14.06 Å (viewed from Z-axis) (Figure 2C−E).
To be noticed, about 100 mg of UNM-2 was outgassed at 60 °C
under a vacuum with durations determined by the gas analyzer’s
protocol before conducting the BET gas adsorption analyses.
In addition, UNM-2 is not stable upon solvent removal under a
high vacuum as confirmed by PXRD measurements as shown
in Figure S16.
Synthesis and Structural Analyses of UNM-3. When a

DMF solution of T1 and a water solution of Cu(NO3)2 were
slowly mixed and was left to stand undisturbed for 15 days at
room temperature, light blue rod shaped crystals of UNM-3
were obtained. Crystallographic data and crystal structures are
presented in Table 1, Figure 3, and Figure S11. The approxi-
mate crystal composition of UNM-3 is C110H54B2CuF32N10O6,
indicating the presence of water and DMF molecules within
the crystal structures. The crystal system of UNM-3 is mono-
clinic with a space group of C2/c. The Cu2+ center is coordinated
to four pyridyl groups from different ligands and to two water
molecules in trans positions, resulting in an octahedral
geometry as shown in Figure 3. The C−B−C angle around
the boron atom ranges from ca. 100° to 114°, consistent with
the tetrahedral coordination environment of boron atoms. The
cis N−Cu−N angle and N−Cu−O angle around the copper
center ranges from ca. 87−92° and ca. 88−94° respectively. All
the Cu−N bond lengths are normal as found in other copper
pyridyl complexes (2.017 and 2.027 Å).61−63 However, the
diaxial Cu−OH2 bond length in UNM-2 is ca. 2.45 Å and
lengthened, demonstrating possible Jahn−Teller distortion
because of the d9 configuration of Cu(II) in UNM-3. The
length of diaxial Cu−O bond in UNM-3 is compared with the
Cu−O bond length (2.014−2.084 Å) in hexaaquacopper(II)
complexes without the Jahn−Teller effect.64,65 Although the
ligand T1 is tetrahedral in shape and expected to form 3D
MOF structures upon coordination with metal centers, UNM-
3 is found to be a one-dimensional coordination polymer.
In UNM-3, only two out of the four pyridine arms of each T1
ligand are coordinated to the copper atoms, leaving the other
two dangling, which leads to a chain-like structure. Because of
the extensive H-bonding interactions between the ligand N
atoms and coordinated solvent molecules, the crystal structure
of UNM-3 is not continuous in all three dimensions, but
instead forms one-dimensional chain-like structures. As shown
in Figure 3C, two of the four pyridine N atoms (N1 and N4)
coordinating to copper sit on a 2-fold rotation axis. A third
pyridine N (N2) is hydrogen bonded to the water molecule
(O1) that is also coordinated to copper. This O1 water mole-
cule also hydrogen bonds to an uncoordinated water (O3),
and the uncoordinated water makes a hydrogen bond to a
DMF molecule (O2). The fourth and final pyridine N3 and the
hydrogen atoms on the nearby O3 water molecule do not

appear to form hydrogen bonds nor coordinate to anything.
Attempts to determine the porosity of UNM-3 failed to
generate any meaningful results since solvent removal under
high vacuum resulted in amorphous materials by PXRD anal-
ysis (Figure S17). From a single crystal structure, the frame-
work appears nonporous along the X and Y-axis while along
the Z-axis the pore size is ca. 9.26 Å.

Synthesis and Structural Analyses of UNM-4. Slow
mixing of a T2 solution in dichloromethane and a Cu-
(CH3CN)4BF4 solution in acetonitrile followed by standing
still for 48 h at room temperature afforded needle-shaped
yellow crystals of UNM-4 that were big enough to be charac-
terized by single crystal X-ray diffraction. The three-dimensional
framework formed by bridging of copper(I) to anionic borate
formed a charge neutral framework with an approximate
composition of C44H16BCuF16N4. Crystallographic data and crystal
structures are presented in Table 2, Figure 4, and Figure S12.
UNM-4 is in a monoclinic crystal system with a space group of
I2/a. The use of T2 without the triple bonds led to UNM-4
with 2-fold interpenetration, which is half that of UNM-1 and
supports our hypothesis that shorter ligands can lead to fewer
degrees of interpenetration. The separation distance between
the boron centers of two ligands sharing a common copper
atom is ca. 17.64(7) Å, and the boron−copper distance is ca.
10.8 Å, which is large enough to accommodate such 2-fold
interpenetration. A space filling model of 2 × 2 × 2 unit
cell displaying interpenetration is shown in Figure 4C−E.
In UNM-4, both boron and copper have a tetrahedral coor-
dination environment. Each copper atom is coordinated to
four pyridyl units from different borate ligands and vice versa,
and the Cu−N distances are between 2.01 and 2.03 Å. The

Table 2. Summary of Crystallographic Data and Selected
Properties of UNM-4 and UNM-5

parameters UNM-4 UNM-5

solvent of crystallization CH2Cl2/CH3CN CH2Cl2/CH3CN
crystal yield (%) 84 77
complex with Cu(CH3CN)4BF4 Ag BF4
color yellow colorless
shape needle needle
chemical formula C44H16BCuF16N4 C44H16AgBF16N4

formula weight, g/mol 978.96 1023.29
temperature (K) 100(2) 100(2)
crystal system monoclinic monoclinic
space group I2/a I2/a
a (Å) a = 15.6357(11) Å a = 15.197(3) Å
b (Å) b = 29.2695(12) Å b = 30.954(4) Å
c (Å) c = 16.0766(7) Å c = 16.340(2) Å
α (deg) 90 90
β (deg) 98.025(2) 100.440(2)
γ (deg) 90 90
V (Å3) 7285.4(7) 7559.(2)
Z 4 4
Dcalc (g/cm

3) 0.893 0.899
total reflections 28037 54294
unique 6707 [R(int) = 0.1530] 7227 [R(int) = 0.1635]
function minimized Σw(Fo2 − Fc

2)2 Σw(Fo2 − Fc
2)2

data/restraints/
parameters

6707/276/299 7227/0/299

goodness-of-fit on F2 0.914 1.003
R1 (I > 2σ(I), wR2 0.0726, 0.1892 0.0646, 0.1698
R1, wR2 (all data) 0.1725, 0.2319 0.1865, 0.2323
surface area (m2/g) 9 3
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bond angles around boron centers range from ca. 102° to 116°,
and those around copper centers are from ca. 101° to 119°.
Compared to UNM-1, UNM-4 has very low porosity. About
100 mg of UNM-4 was outgassed at 60 °C under a vacuum
with durations determined by the gas analyzer’s protocol
before conducting the BET gas adsorption analyses. The BET
surface area of UNM-4 is ca. 9 m2/g. On the basis of the single
crystal structure, the framework is nonporous when viewed
from the Y-axis, but when viewed from the X- and Z-axis, the
pore sizes were found as ca. 13.05 Å and ca. 11.09 Å respec-
tively. The relatively small BET surface area value is likely
caused by structural collapse during the solvent removal
process. We have thus attempted to dry UNM-4 at −78 °C
undera high vacuum for 48 h, and the PXRD pattern is shown
in Figure S18. The signals from low temperature drying
samples match the simulated pattern and appear slightly more
resolved than those dried at room temperature. However, BET
measurements still show negligible differences between
samples dried at different temperatures. This suggests that

the structure of UNM-4 is not stable upon solvent removal
even at low temperature and slow evaporation rates.

Synthesis and Structural Analyses of UNM-5. In order
to see if replacing a copper ion from the framework with a
bigger metal ion can bring any changes in the crystal structure,
a new MOF named UNM-5 was synthesized from T2 and
AgBF4. UNM-5 is a colorless, rod-shaped crystal formed by the
slow diffusion of T2 solution in dichloromethane and AgBF4
solution in acetonitrile for 48 h at room temperature. The
approximate composition of UNM-5 is C44H16BAgF16N4, and
it crystallizes in the monoclinic crystal system with a space
group of I2/a. Crystal structures and crystallographic data are
presented in Figure 5, Table 2, and Figure S13. Similar to
UNM-1 and UNM-4, it is formed as a charge neutral frame-
work as the +1 charge of silver cation is compensated by the
−1 charge of boron anion. In UNM-5, silver is coordinated
tetrahedrally to four pyridyl groups from different borate
ligands, and the bond angles around the silver atom range from
ca. 95° to 128°. The coordination environment around boron

Figure 4. Single crystal X-ray structure of UNM-4; (A) partial view of crystal structure showing coordination environment around copper;
(B) coordination environment around boron; (C) space-filling model of a 2 × 2 × 2 unit cell viewed from the X-axis; (D) space-filling model of a
2 × 2 × 2 unit cell viewed from the Y-axis; and (E) space-filling model of a 2 × 2 × 2 unit cell viewed from the Z-axis, all showing 2-fold
interpenetration as revealed by the red and gray color coding. Atoms of carbon appear in gray, boron in yellow, fluorine in green, and copper in
cyan. Hydrogen atoms are omitted for clarity.
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is also tetrahedral with C−B−C angles of ca. 101° to 115°.
The separation distance between the boron−boron of two
ligands bonded to same silver atom is ca. 18.2 Å and boron−
silver is ca. 11.09 Å, which are bigger than those of UNM-4
and are consistent with the use of larger silver atoms. UNM-5
is 2-fold interpenetrated as shown in Figure 5C−E. About 100 mg
of UNM-5 was outgassed at 60 °C under a vacuum with
durations determined by the gas analyzer’s protocol before
conducting the BET gas adsorption analyses. The BET surface
area of UNM-4 is very low as ca. 3 m2/g, indicating that the
crystals are less porous after solvent removal. The single crystal
structure of the framework appears nonporous from Y-axis, but
from X- and Z-axis, the pore sizes were found as ca. 13.73 Å
and ca. 10.56 Å respectively. The relatively small BET surface
area value is likely caused by structural collapse during the
solvent removal process. We have thus attempted to dry
UNM-5 at −78 °C under a high vacuum for 48 h, and the
PXRD pattern is shown in Figure S19. The signals from low
temperature drying samples match the simulated pattern and

appear slightly more resolved than those dried at room temper-
ature. However, BET measurements still show negligible differ-
ences between samples dried at different temperatures. This
suggests that the structure of UNM-5 is not stable upon solvent
removal even at low temperature and slow evaporation rates.

■ CONCLUSIONS

In conclusion, borate-centered tetrapodal ligands are effective
for the construction of a series of charge-separated MOFs.
By employing a solvent diffusion crystallization technique, five
different MOFs, namely, UNM-1, UNM-2, UNM-3, UNM-4,
and UNM-5, are synthesized from two borate ligands
possessing different arm lengths. All these MOFs crystallized
in different space groups depending upon the oxidation states
of metal ions. Among all MOFs, UNM-1 formed from Cu(I)
and T1 is the most stable and possesses the largest surface area
of 621 m2/g, despite the 4-fold interpenetrated structure.
Replacing Cu(I) with Cu(II) led to the formation of UNM-2
that is a 2-fold interpenetrated framework with a small surface

Figure 5. Single crystal X-ray structure of UNM-5; (A) partial view of crystal structure showing the coordination environment around copper;
(B) coordination environment around boron; (C) space-filling model of a 2 × 2 × 2 unit cell viewed from the X-axis; (D) space-filling model of a
2 × 2 × 2 unit cell viewed from the Y-axis; and (E) space-filling model of a 2 × 2 × 2 unit cell viewed from the Z-axis, all showing 2-fold
interpenetration as revealed by the red and gray color coding. Atoms of carbon appear in gray, boron in yellow, fluorine in green, and silver in light
gray. Hydrogen atoms are omitted for clarity.
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area of 40.3 m2/g, likely caused by the presence of charge-
balancing nitrate anions inside the pores. Although both
UNM-2 and UNM-3 were synthesized from the same metal
and ligand precursors and crystallized in the same space group,
the use of DMF in the crystallization process seems to lead to
large structural changes. Unlike UNM-2, UNM-3 contains one-
dimensional coordination chains loosely held together by
hydrogen bonding interactions between pyridine ligand, water,
and DMF molecules. As a result, UNM-3 is very unstable after
solvent removal due to the loss of coordinated solvents under a
vacuum. In order to reduce the degrees of interpenetration, we
removed the ethynyl bonds in T1 and synthesized a new tetra-
hedral ligand T2 with shorter arms. Indeed, when T2 is coor-
dinated with Cu(I) and Ag(I), both the resulting UNM-4 and
UNM-5 possess 2-fold interpenetration as compared with
the 4-fold interpenetration in UNM-1. Both of these materials
are crystallized in a monoclinic crystal system with a similar
space group of I2/a. Although both UNM-4 and UNM-5 are
charge neutral without the need for free charge-balancing ions,
both frameworks have relatively low surface areas and are
unstable after solvent removal, likely caused by the reduced
degrees of interpenetration. Thus, we have estimated the
amount of solvent molecules present in the channels of MOFs
based on electron density and the solvents used during
syntheses. There are up to 14 molecules of acetonitrile in the
asymmetric unit of UNM-1, up to 38 molecules of methanol in
UNM-2, and perhaps two molecules each of DMF and water in
UNM-3. For UNM-4 and UNM-5, the situation is less clear
because the solvents were mixtures of dichloromethane and
acetonitrile, and it is not possible to tell how much each solvent
was trapped in the pores. We just know that the solvent had up
to 219 electrons in UNM-4 and 318 in UNM-5. Our results
demonstrate the potential of tetrapodal anionic borate ligands
in construction of charge-separated MOFs with unique
architectures and properties. Shorter ligands expectedly lead
to lower degrees of interpenetration but not necessarily higher
stability or surface areas. The materials properties are closely
related to the crystal structural details that are sensitive to the
subtle changes in experimental condition including metal oxida-
tion states, crystallization methodologies, and solvent additives.
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