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ature is around 250 °C.

Three metal-organic frameworks (MOFs) have been isolated using an orthogonal tetrakis(tetrazolate)
ligand, ttbf (the tetra-anion of 2,2',7,7'-tetrakis(2H-tetrazol-5-yl)-9,9’-spirobi[fluorene], Httbf). These
three MOFs were constructed using only (ttbf)*~ and Cd®" by changing metal:ligand ratio, solvent, and
source of anions. MOF 3 contains a very rare square-planar Cd4 cluster bridged by a ps-Cl atom. MOFs
1 and 3 have saturated metal centers prior to drying and do not thermally decompose until 315 °C.
MOF 2, however, has an unsaturated metal center prior to drying and its thermal-decomposition temper-

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

There are numerous potential applications of metal-organic
frameworks (MOFs) [1-7]. Controlled synthesis into “designed”
3D supramolecular structures remains an elusive goal [8-11].
Herein we demonstrate how to control the assembly of some MOFs
with a tetrakis(tetrazolate) ligand by tuning three conditions: me-
tal:ligand ratio, solvent, and source of anions.

Carboxylate ligands have been used for the construction of MOFs
since the mid-1990s because they allow for a variety of structural
motifs, and frequently provide good stability and permanent poros-
ity [12-24]. Tetrazole ligands, on the other hand, have been used for
medicinal purposes as far back as 1949 [25-30]. They have been used
as analogs to carboxylic acids in synthesis [11,28-31] because of
their low pka (~4), and have even been examined via computational
methods [25]. They have only become an interesting aspect of MOF
chemistry, however, in the last 3-5 years [10,11,32-41]. The work
herein also confirms the success of substituting carboxylic acids
with tetrakis(tetrazolate) ligands in the synthesis of MOFs.

2. Experimental
2.1. Materials and methods

All commercially available chemicals were used without further
purification. Elemental analyses (C, H, and N) were conducted by
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Canadian Microanalytical Service, Ltd. Thermal gravimetric analy-
ses were performed under N, on a PerkinElmer Delta Series TGA
7 instrument. Gas sorption measurements for N, were performed
at 77 K on a Beckman-Coulter SA 3100 surface analyzer. Infrared
absorption spectra were obtained using a PerkinElmer Spectrum
One FT-IR with a universal diamond ATR sampling accessory in
the 650-4000 cm™! region. Solution NMR data were collected on
a Bruker 200 MHz spectrometer. Luminescence (excitation and
emission) spectra for the solid samples were obtained with an
AMINCO Bowman Series 2 luminescence spectrophotometer.

2.2. Synthesis of 2,2',7,7'-tetrakis(2H-tetrazol-5-yl)-9,9'-
spirobi[fluorene] (Httbf)

By following Scheme 1, compound E (3.80 g, 9 mmol) was dis-
solved in 150 mL dried DMF and NEt;-HCI (6.80 g, 50 mmol) and
NaNs3 (3.30 g, 50 mmol) were added under N, and refluxed for
20 h. After filtration, the solution was acidified with diluted HCI
to a fine white precipitate. The solid was filtered again and washed
with water several times. Yield: 3.23 g (85%). 'H NMR (DMSO,
200 MHz) & 8.5 (d, 4 H), 8.3 (d, 4 H), 7.4 (s, 4H).

2.3. Synthesis of metal-organic frameworks

2.3.1. Cdy(ttbf)(CHs0H)s-3H,0 (1)

A mixture of Cd(NOs),-4H,0 (10.0 mg, 32.4 umol) and Huttbf
(10.0 mg, 17.1 pmol) in MeOH (2 mL) was sealed in a Pyrex tube
under vacuum. The tube was heated at 115 °C for 2 days, and then
cooled to room temperature at a rate of 0.1 °C/min. The resulting
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Scheme 1. Synthetic scheme of Hattbf.

colorless crystals were washed with MeOH to give pure compound
1; the crystals were also suitable for single-crystal X-ray diffraction
studies. Yield: 5.9 mg (34%). Anal. Calc. for C34H33N;505Cd;: C,
39.89; H, 3.75; N, 21.90. Found: C, 39.97; H, 3.20; N, 20.15%. vmax(-
neat)/cm~! 1615m, 1520w, 1446m, 1420s, 1257w, 950m, 829s,
762s, 742vs.

2.3.2. Cd,0(H,ttbf)(CsH;NO),-CH30H-4H,0 (2)

A mixture of Cd(NOs3),-4H,0 (10.0 mg, 32.4 umol) and Hyttbf
(20.0 mg, 34.2 umol) in a 1:1 DMF/MeOH (2 mL) mixture was
sealed in a Pyrex tube under vacuum. The tube was heated at
80 °C for 2 days, and then cooled to room temperature at a rate
of 0.1 °C/min. The resulting small colorless crystals were washed
with DMF and then MeOH to give pure compound 2; the crystals
were also suitable for single-crystal X-ray diffraction studies.
Yield 6.7 mg (18%). Anal. Calc. for C3gH42N1305Cd,: C, 40.05; H,
3.92; N, 23.35. Found: C, 40.21; H, 3.55; N, 22.79%. vmax(neat)/
cm~! 1616w, 1520w, 1447m, 1419s, 1232w, 951w, 828s, 761s,
742vs.

2.3.3. Cd,Cl(Httbf)(CsH,NO)(H,0)-CH30H-3H,0 (3)

Three drops of 1.0M HCl was added to a mixture of
Cd(NOs3),-4H,0 (10.0 mg, 34.2 umol) and Hyttbf (20.0 mg,
34.2 umol) in a 1:1 DMF/MeOH (2 mL) mixture and the reaction
mixture was sealed in a Pyrex tube under vacuum. The tube was
heated at 80 °C for 2 days, and then cooled to room temperature

at a rate of 0.1 °C/min. The resulting large colorless crystals were
washed with DMF and then MeOH to give pure compound 3; the
crystals were also suitable for single-crystal X-ray diffraction stud-
ies. Anal. Calc. for C33H3,N{706CICd;: C, 38.74; H, 3.15; N, 23.28.
Found: C, 36.29; H, 3.18; N, 21.62%. Yield: 14.0 mg (40%). vmax(-
neat)/cm~! 2923m, 2851w, 1615vw, 1457m, 1420s, 1232w,
1180w, 957w, 826s, 760s, 743vs.

2.4. Crystallographic studies

Single-crystal X-ray diffraction studies for 1 and 2 were per-
formed on a Bruker Apex D8 CCD diffractometer equipped with a
fine-focus sealed-tube X-ray source [graphite monochromated
MoK, radiation (/. =0.71073 A)] operating at 40 kV and 40 mA.
Crystals of 1 and 2 were mounted on glass fibers and maintained
under a stream of N, at 213 K. The structure of 3 was determined
using a specially configured diffractometer based on the Bruker-
Nonius X8 Proteum using focused CukK, radiation (1 =1.54178 A).
Crystals of 3 were mounted on glass fibers and maintained under
a stream of N, at 90 K. Raw data collection and cell refinement
were done using SMART; data reduction was performed using
SAINT+ and corrected for Lorentz and polarization effects [42].
Structures were solved by direct methods using SHELXTL and were
refined by full-matrix least-squares on F?> using SHELX-97 [43].
Non-hydrogen atoms were refined with anisotropic displacement
parameters during the final cycles. Hydrogen atoms were placed
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in calculated positions with isotropic displacement parameters set
to 1.2 x Ueq of the attached atom.

3. Results and discussion
3.1. Structural description of 1

The solvothermal reaction between Cd(NOs),-4H,0 and Hjttbf
in a 1:1 ratio carried out in methanol yields colorless block crystals
of Cd,(ttbf)(CH30H)s-3H,0 (1) which are suitable for X-ray diffrac-
tion studies. Crystal structure and refinement data are summarized
in Table 1. Single-crystal diffraction analysis shows that 1 crystal-
lizes in space group P2¢/c and has two non-identical six-coordinate
cadmium atoms that make up a dinuclear SBU (secondary building
unit, Fig. 1).

Cd(1) is coordinated to four nitrogen atoms from four different
ttbf ligands and two oxygen atoms from two MeOH molecules in a
distorted octahedral geometry with Cd-N distances of 2.295-
2.415 A; Cd(2) is coordinated to three nitrogen atoms from three
different ttbf ligands and three oxygen atoms from three MeOH
molecules in a distorted octahedral geometry with Cd-N distances
of 2.293-2.329 A.

All tetrazole (-CNy4) groups of ttbf are deprotonated during the
solvothermal reaction, which is in agreement with the infrared
data: no N-H stretch characteristic of secondary amines is visible
around 3400 cm~!. Every ttbf connects four SBUs to generate a
3D non-interpenetrating (4,4)-connected net with the cooperite
(PtS) topology (Fig. 2) [44].

Framework 1 possesses pores having atom-center-to-atom-cen-
ter dimensions of 10.893 x 14.180 A that are occupied by coordi-
nated MeOH and free water molecules. A void volume after guest
removal of 45.2%, or 2052.4 A> per 4544.0 A3, is calculated using
the SOLV routine of the PLATON program [45].

3.2. Structural description of 2

The solvothermal reaction between Cd(NOs),-4H,0 and Hjttbf
in a 1:2 ratio carried out in MeOH and N,N-dimethylformamide
(DMF) yields colorless block crystals of Cd,O(H,ttbf)(CsHs.
NO),-CH30H-4H,0 (2) that are suitable for X-ray diffraction stud-
ies. Crystal structure and refinement data are summarized in
Table 1. Single-crystal diffraction analysis shows that 2 crystallizes
in space group P1 and has a novel G; symmetric cadmium tetranu-
clear SBU with Cd---Cd edge distances of 3.811 and 3.656 A (Fig. 3).

Table 1
Crystal and structure refinement data for 1, 2, and 3

1 2 3
Chemical formula C37Cd;H46N 1609 C31Cd;H2,N 1603 Cg4Cd4CiH40N3404
Fw (g mol~') 1083.70 891.45 1834.35
Space group P2,/c P1 Ccem
T (K) 293(2) 213(2) 90(2)
2 (A) 0.71073 0.71073 1.54178
a(A) 10.893(10) 12.1055(16) 19.738(2)
b (A) 23.553(15) 14.7234(19) 21.866(2)
c(A) 18.162(15) 15.2615(19) 26.821(2)
o (°) 90.00 66.228(2) 90.00
B(°) 102.80(3) 66.188(2) 90.00
y(°) 90.00 83.164(3) 90.00
V(A 4544(6) 2309.6(5) 11575.7(18)
z 4 2 4
pu(mm™) 1.004 0.965 6.397
R1,2WR,,” (%) 0.073, 0.20 0.084,0.24 0.11,0.31
GOF (F?) 1.073 0.911 1.089

* Ry = Z||Fo| — [Fl|/ZIF|.
> WR, = (E[W(F.? — FARNZIWE2P1}: w=1/[ oX(F2) + (aP + bP], P=[max(F.?
or 0) + 2(F2)]/3.

Fig. 1. The coordination environment of cadmium in 1.

Fig. 2. View of the 3D net along c-axis in 1. Solvent molecules have been omitted
for clarity.
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Fig. 3. View of the binuclear zinc SBU in 2. Solvent molecules on Cd(2) and Cd(4)
have been omitted for clarity.

The two p3-0 atoms within the SBU seem to serve two purposes
in the formation of 2. As an anion source, it balances the charges
caused by partially deprotonated ligands, and it bridges Cd(1) to
Cd(2) and Cd(3) and likewise, Cd(3) to Cd(2) and Cd(4). Each ttbf
ligand connects three tetranuclear cadmium SBUs to generate a
3D non-interpenetrating (3,6)-connected net with the rutile
(TiO,) topology [44] (Fig. 4).

The four cadmium atoms are not coordinatively identical: Cd(2)
and Cd(4) have distorted octahedral geometries, Cd(1) and Cd(3)
are unsaturated metal centers (UMCs) with square pyramidal
geometries. The UMCs appear to have formed because of steric hin-

Fig. 4. View of the 3D net along a-axis in 2. Solvent molecules have been omitted
for clarity.

drance: they are not exposed to the channels, so they are not acces-
sible by the bulky DMF ligand but may be accessible by smaller
molecules. To the best of our knowledge, 2 is the first Cd?* and tet-
rakis(tetrazolate) MOF with UMCs prior to desolvation.

Framework 2 possesses pores having atom-center-to-atom-cen-
ter dimensions of 8.854 x 13.017 A that are occupied by coordi-
nated DMF and free MeOH and water molecules. A void volume
after guest removal of 25.6%, or 1165.2 A3 per 4544.0 A3, is calcu-
lated using PLATON [45].

3.3. Structural description of 3

The solvothermal reaction between Cd(NOs3),-4H,0 and Hjttbf
in a 1:2 ratio carried out in MeOH, DMF and 1.0 M hydrochloric
acid (HCI) yields colorless block crystals of Cd,CI(Httbf)(CsH;NO)(-
H,0)-CH30H-3H,0 (3) which are suitable for X-ray diffraction stud-
ies. Crystal structure and refinement data are summarized in Table
1. Single-crystal diffraction analysis shows that 3 crystallizes in
space group Cccm and has a C, symmetric tetranuclear cadmium
SBU (Fig. 5) with Cd-Cl distances of 2.701 and 2.876 A which is
nearly identical to the square planar Mny4Cl cluster reported by
Long and coworkers [40], and topologically resembles the Co40
SBU previously reported [46]. In 3, HCI is the source of the bridging
chloro anion whose charge balances a charge caused by partial
deprotonation of ligands. While all four cadmium atoms have dis-
torted octahedral geometries, Cd(1 and 3) are coordinated to one
DMF molecule, four ttbf ligands, and the ps-Cl; Cd(2 and 4) are
coordinated to one water molecule, four ttbf ligands, and the p4-Cl.

A helical structure seen in 3 arises from SBUs aligned in the z-
direction, with each successive SBU offset by 45°. Within each
SBU there are four square-planar [Cd,Cl]”* units that are sur-
rounded by eight tetrazolates to form a 3D non-interpenetrating
binodal (4,8)-connected net with the fluorite (CaF,) topology
(Fig. 6) [44].

Framework 3 possesses two types of pores, a smaller oval-
shaped pore and a slightly larger rectangular pore having atom-
center-to-atom-center dimensions of 9.947 x 10.757 A and
10.935 x 14.475 A, respectively, and are occupied with coordi-
nated DMF and water molecules (Fig. 7). A void volume after guest
removal of 75.9%, or 3447.9 A3 per 4544.0 A3, is calculated using
PLATON [45].

Fig. 5. View of the tetranuclear cadmium SBU in 3. Solvent molecules have been
omitted for clarity.
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Fig. 6. View of the 3D net along c-axis in 3. Solvent molecules have been omitted
for clarity.

Fig. 7. View of the 3D net along a-axis in 3. Solvent molecules have been omitted
for clarity.

3.4. Thermogravimetric studies

As far as the thermal behavior of compounds 1-3 is concerned,
the following can be emphasized:

(i) TGA (thermogravimetric analysis) shows that 1 has a two-
step weight loss. The first weight loss (21.2%) from 50 to 190 °C
corresponds to the loss of MeOH and solvate water molecules (calc.
21.0%). The second gradual weight loss (57.1%) from 190 to 315 °C
corresponds to the decomposition of one ttbf ligand (calc. 56.8%).

(ii) TGA shows that 2 has a three-step weight loss. The first
weight loss (9.54%) from 50 to 250 °C corresponds to the loss of
MeOH and four free water molecules (calc. 9.68%). The second
weight loss (14.16%) from 250 to 350 °C corresponds to the loss
of two coordinated DMF molecules (calc. 13.59%). The final gradual
weight loss (56.22%) from 350 to 650 °C corresponds to the decom-
position of one ttbf ligand (calc. 54.34%).

(iii) TGA shows that 3 has a three-step weight loss. The first
weight loss (9.72%) from 50 to 150 °C corresponds to the loss of
MeOH and three free water molecules (calc. 8.42%). The second

weight loss (9.65%) from 150 to 315 °C corresponds to a coordi-
nated water and DMF molecule (calc. 8.91%). The third gradual
weight loss (57.01%) from 315 to 690 °C corresponds to the decom-
position of one ttbf ligand (calc. 57.19%).

3.5. Secondary building units

It can be seen from this work that manipulating the metal:li-
gand ratio, solvent, and source of anions allows for the synthesis
of very different frameworks while using the same cadmium salt
and the ttbf ligand (Scheme 2).

Due to the various coordination modes the ligand allows and
the numerous choices of SBUs (metal clusters), it can prove diffi-
cult to predict the final structure of the MOF. However, by tuning
the conditions of the solvothermal reactions, a better grasp on
assembly can be achieved (Scheme 2).

Consider the SBUs of 1, 2, and 3. MOF 1 has a dinuclear SBU
(Fig. 1), while 2 and 3 have tetranuclear SBUs (Figs. 3 and 5, respec-
tively). There are two reasons for the varied SBU formation. Firstly,
1 is the only MOF with a single solvent used. The use of MeOH in
the assembly of 1 increases the solubility of the metal salt: Httbf
is only slightly soluble in MeOH at room temperature. MOFs 2 and
3, however, use mixed solvent systems to control the solubility of
the ligand: the addition of DMF to MeOH increases the solubility of
the ligand. With more ligand dissolved, there is more available li-
gand to bind the metal. Secondly, the metal:ligand ratio is de-
creased for the assembly of 2 and 3. There is twice as much
ligand available in the assembly reactions of 2 and 3 than in 1.
The excess of ligand allows the metal coordination sphere to be
satisfied primarily by ligand donor atoms instead of supplemen-
tary solvent molecules. Given these two factors, it is clear why 2
and 3 have higher nuclearity SBUs than 1.

Also of note are the two sources of auxiliary ligands that were
manipulated in the synthetic methods. In 1, only MeOH is available

+ Cd(NOj3),-4H,0

Scheme 2. Solvothermal reaction conditions for 1, 2, and 3.
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for coordination to the cadmium metals. In 2 and 3, however, there
is a 1:1 mixture of DMF:MeOH; the solvents are now in competi-
tion for coordination and DMF is the better ligand. In 2, therefore,
DMEF coordinates to the cadmium metals and MeOH is conserved in
the lattice. MOF 2 requires a source of anions to balance the charge
of partial deprotonation of the ligand, so 0%~ is the bridging ligand
in 2. In 3, however, there is another source of anions present to bal-
ance the positive charge from the partially deprotonated ligand -
HCI - that enables Cl~ to bridge the metals in 3.

In addition, the pH value during the assembly procedure may
play a key role in determine whether the ligand is completely
deprotonated, as in 1, or partially deprotonated, as in 2 and 3.

Even with a single metal source and one ligand, three different
MOFs were obtained when reaction conditions changed.

3.6. Gas sorption

Gas sorption measurements for N, were performed on 1, 2, and
3. As-synthesized samples 2 and 3 were exchanged overnight with
methanol to remove DMF, washed with MeOH, and dried under
vacuum at 140 °C. IR confirms the disappearance of DMF from 2
and 3, as the carbonyl stretch characteristic of a tertiary amide at
1640 cm™! is absent. MOF 1 was directly dried under a dynamic
vacuum since no DMF was involved in the preparation. N, sorption
at 77 K, however, shows that 1, 2, and 3 have no permanent poros-
ity. Even though 2 has unsaturated metal sites in the form of
square pyramidal geometries that should enable a high affinity to
H, molecules [40,41,46-48], there is little accessibility to these
sites.

3.7. Photoluminescence

Photoluminescence measurements for 1, 2, and 3 show that
these MOFs exhibit strong luminescence at /ma.x =409, 409, and
410 nm, respectively, upon excitation at 362, 364, and 366 nm,
respectively, as shown in Fig. 8. The emissions of MOFs 1-3 can
be assigned to an intra-ligand = — =" transition, although a sizable
blue-shift (approx. 79 nm) is observed in the MOFs. Emission by 1-
3 is considerably more intense than that of the free ligand. This
may be explained in terms of ligand rigidity: in solution at room
temperature, Hyttbf is more flexible than the ttbf ligand within
an MOF; this rigidity of the coordinated ligand effectively reduces
the loss of energy, thereby increasing fluorescent efficiency [49].
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Fig. 8. Emission spectra for 1-3.

4. Conclusions

Three metal-organic frameworks based on a tetrakis(tetrazo-
late) ligand have been successfully isolated through solvothermal
reactions. Finely tuning each solvothermal reaction condition has
helped us to better understand the formation of SBUs and hope-
fully predict MOF assembly of similar reactions in the future. With
the control of reaction conditions, we believe that in an assembly
procedure the behavior of any ligand that encourages differing
coordination modes can be better comprehended. However, the
“prediction” or “design” of a MOF remains largely a challenge.
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