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Abstract: A new family of porous crys-
tals was prepared by combining 1H-
1,2,3-triazole and divalent metal ions
(Mg, Mn, Fe, Co, Cu, and Zn) to give
six  isostructural = metal-triazolates
(termed MET-1 to 6). These materials
are prepared as microcrystalline pow-
ders, which give intense X-ray diffrac-
tion lines. Without previous knowledge
of the expected structure, it was possi-
ble to apply the newly developed
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complex crystal structure of METs: all
the metal ions are octahedrally coordi-
nated to the nitrogen atoms of triazo-
late such that five metal centers are
joined through bridging triazolate ions
to form super-tetrahedral units that lie
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at the vertexes of a diamond-type
structure. The variation in the size of
metal ions across the series provides
for precise control of pore apertures to
a fraction of an Angstrom in the range
45 to 6.1 A. MET frameworks have
permanent porosity and display surface
areas as high as some of the most
porous zeolites, with one member of
this family, MET-3, exhibiting signifi-
cant electrical conductivity.

charge-flipping method to solve the

Introduction

Metal-organic frameworks (MOFs) are porous crystals
whose structures are constructed from metal-containing cat-
ionic units and anionic organic linkers."! Both components
can be varied and functionalized for catalysis™® and excep-
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tional gas adsorption,**! among many applications.”! Thus
far, MOFs with desirable porosity and stability are mostly
made from organic links of carboxylates,'>!! imidazo-
lates,'>1! and tetrazolates; ! however, there is strikingly
less work being reported on other linking functionalities."!
We believe that a chief difficulty one encounters when em-
barking on making a new class of MOFs from previously un-
developed metal-linker chemistry is the tendency for the as-
sembly reactions to yield microcrystalline powders rather
than single-crystalline products. The latter are highly sought
after because of the facility with which crystals of complex
MOFs can be solved by using single-crystal X-ray diffraction
techniques. Although structure-solution methods for powder
X-ray diffraction (PXRD) data are used for solving the crys-
tal structures of microcrystalline MOFs, these cases often re-
quire previous knowledge of the expected structure to ach-
ieve a satisfactory solution.'” Unfortunately, when no previ-
ous knowledge is available for the expected structure, as is
frequently the case in new metal-linker MOF chemistry,
a potentially interesting MOF goes uncharacterized because
of the challenges associated with obtaining their structure
from powder X-ray diffraction techniques. Here, we demon-
strate how the newly developed charge-flipping method is
effective in solving the complex extended structures of
metal triazolates (hereafter METSs). These compounds,
whose synthesis we describe below, are a new class of
porous crystals that exhibit electronic conductivity and per-
manent porosity. Their structure could not be predicted
easily due to the numerous ways in which the tridentate tria-
zolate ligand can bind to the metal.
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Scheme 1. The 1H-1,2,3-triazole molecule (1) deprotonates to form the
triazolate anion, which is able to coordinate several metal atoms in differ-
ent modes (2, 3, and 4).

The recent emergence of 1H-1,2,3-triazole (Scheme 1) as
an object of click-chemistry and the ease with which it can
be functionalized!" coupled with its rich metal complexa-
tion modes**?! motivated us to take advantage of these fa-
vorable attributes and develop its framework chemistry by
linking triazolate with metal ions. In particular (in contrast
to imidazolates with four N atoms linked to the metal in tet-
rahedral coordination), in triazolates (with six N atoms per
divalent metal), we expect six-fold (i.e., octahedral) coordi-
nation and a wider range of metals to form triazolates as
indeed observed in the present study. We report the success-
ful synthesis, structure elucidation from X-ray powder dif-
fraction and charge-flipping method, and porosity of
a family of six METs of divalent metals Mg, Mn, Fe, Co, Cu
and Zn. We find that all the metal ions form the same MET
framework (MET-1 to 6), in which the metal ions are octa-
hedrally coordinated to triazolate. Five metal-centers are
joined through six triply-bridging triazolate to form super-
tetrahedral units, which lie at the vertices of a diamond-type
structure. The variation in the size of metal ions across the
series provides for precise control of pore apertures to a frac-
tion of an Angstrom in the range 4.5 to 6.1 A. We demon-
strate that MET frameworks have permanent porosity and
display surface areas as high as some of the most porous
zeolites. In addition, we show that a member of this family,
MET-3, exhibits significant electrical conductivity.

Results and Discussion

Crystalline MET materials (M(C,N;H,),, M=Mg, Mn, Fe,
Co, Cu, Zn) were obtained by solvothermal treatment of the
metal salt (chloride or nitrate) and 1H-1,2,3-triazole. Full
synthetic procedures can be found in the Supporting Infor-
mation, section S1. The solid products were all insoluble in
common organic solvents. Their FTIR spectra confirmed the
absence of the N—H stretching modes at 3357 cm™ in 1H-
1,2,3-triazole and 3200 cm™! in 2H-1,23-triazole,”? which
supports the bond formation between M" and 1,2,3-triazo-
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late to make extended structures of METs. This conclusion
was further supported by the solid-state *C cross-polariza-
tion with magic-angle spinning (CP-MAS) NMR measure-
ments, in which the spectrum for MET-6 displayed only one
resonance signal at 128.8 ppm (130.3 ppm in triazole) for the
triazolate carbon atoms. The equivalence of the carbon
atoms indicates that the nitrogen atoms are all linked in the
same way to the metal ions and that the triazolate ring must
exhibit mm?2 (C,,) symmetry (see the Supporting Informa-
tion, Figure S1).

Numerous attempts to obtain the METs as single crystals
for X-ray diffraction were unsuccessful. Nevertheless, we
were able to obtain all the METs as microcrystalline pow-
ders (Figure 1) exhibiting intense diffractions lines from
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Figure 1. Powder X-ray diffraction patterns of MET-1 to 6.

which it was possible to determine accurate crystal struc-
tures (see the Supporting Information, sections S3 and S4).
Here, we illustrate the structure elucidation for the MET-6
material, whose powder X-ray diffraction pattern contains
reflections up to a resolution of 1.2 A (20 =80°Cuy, line). It
was possible to index it ab initio using the Dicvol pro-
gram,”®! resulting in a cubic unit cell with parameter a=
17.67(1) A (figures of merit My, =30, Fy,=29). The system-
atic absences suggested an F-centered cell, and potential
space group Fd3 or Fd3m. With this information, a Pawley
refinement was performed on the experimental diffracto-
gram to obtain the integrated intensities (F% or ), result-
ing in convergent refinements and low residuals (R,=
2.48%, wR,=3.49%). We then applied the charge-flipping
algorithm with these extracted intensities and the refined
unit cell parameters of MET-6 to calculate electron-density
maps by using the Superflip program.”?"! The charge-flipping
method was developed recently™?! and it is gaining great
acceptance within the crystallographic community for its ef-
fectiveness at solving complex structures. Some of these
structures were determined by synchrotron PXRD data,?”!
or in combination with electron-diffraction methods.” In
the present case of METSs, we show the applicability of this
method for structure solution from powder data with the
use of only common laboratory X-ray sources.

Chem. Eur. J. 2012, 18, 10595 -10601
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Since the chemical composition of the entire unit cell was
unknown, we first used the obtained structure factors with-
out any other chemical information and calculated rough
electron density maps. From these early maps we were able
to resolve the number and position of heavy atoms. The
symmetry of these density maps is in agreement with the
Fd3m space group. Two crystallographically independent Zn
atoms can be located from the map at special positions 43m
(0, 0, 0) and 3m (1/8, 1/8, 1/8).This disposition corresponds
to an arrangement of the Zn atoms in a dia (diamond) net
with a total of 24 Zn atoms per unit cell, with Zn atoms at
the vertices and at the midpoints of edges of the net. Based
on the composition of MET-6 as determined by elemental
analysis, Zn(C,H,N3), (calcd (%): C 23.84, N 41.70, H 2.00;
found: C 23.50, N 42.02, H 2.00), we determined that each
unit cell contains Zn,,CosN;4Hos. Further electron-density
maps were calculated by using the algorithm adapted for
powder patterns, in which histogram matching is performed
by using the chemical composition of the unit cell (Figure 2a
and 2b).”’

Figure 2. Electron density maps were generated by applying the charge-
flipping method to PXRD data, clearly showing the position of the metal
atoms and the triazole ring (a). The full unit cell is shown in (b). The
crystal structure was refined accordingly. The tetrahedral SBU is shown
in (c). The polyhedral representation of the framework is shown in (d).
Metal atoms are represented as blue spheres (c) or polyhedra (d), nitro-
gen and carbon atoms are green and black spheres, respectively. Hydro-
gen atoms are omitted for clarity.

The second generation of electron-density maps resulted
in higher resolution and showed the presence of 5-mem-
bered rings, which are attributed to the triazolate units (Fig-
ure 2a). Three of the atoms in these rings are adjacent to
three different Zn atoms; chemical logic suggests that these
three atoms are nitrogen. The 5-membered rings have a site-
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symmetry, mm2 (C,,), which is consistent with the spectro-
scopic observations, with one of the N atoms at the (x, 0, 0)
position, and the other two at (x, x, z) sites.

Additionally, these maps show the presence of a pore
channel in which some electron density was observed, re-
sulting from the presence of guest molecules (Figure 2b). To
ensure the assignment of the space group and the symmetry
derived from the density maps is not influenced by the ini-
tial choice of the space group for the extraction of the inten-
sities, we expanded the intensities to P1 symmetry (equal
partition of intensity of overlapped peaks), and then per-
formed the charge-flipping algorithm followed by the sym-
metry search. Multiple runs all converged on the Fd3m
space group. With the atomic positions derived from the
electron-density maps with the best convergence residual,
a crystal model was generated using Materials Studio;"”
Rietveld refinements®! were performed over the experi-
mental powder pattern obtaining convergent refinements
with moderate residuals (a=17.734(1) A, R,=181%, wR,=
25.1%, Figure 3). We attribute the value of these residuals
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Figure 3. Rietveld refinement of the MET-6 compound showing the ex-

perimental (red), calculated (black) and difference (blue) patterns. Bragg
positions are marked as black crosses. Inset: zoom of the high angle area.

to the effect of solvent disorder and guest molecules present
inside the pore, as well as to the fact that we employed
a conventional X-ray source with K, , contribution.

As an example for other METs, the X-ray crystal struc-
ture of MET-6 is illustrated in Figure 2. The Zn" ions in the
structure are all octahedral, bound to the N atoms of the tri-
azolate rings. There are two independent Zn" atoms, which
are arranged forming a pentaatomic tetrahedral secondary
building unit (SBU) (Figure 2c), with Zn atoms at the
center and at the vertices of the tetrahedron. Each triazole
ring bridges three Zn atoms: the N atom at position 2 binds
to the atom at the center of the SBU, and the N atoms at
positions 1 and 3 bind to two atoms at the vertices of the
SBU. These tetrahedral units assemble by sharing vertices to
form a dia network (Figure 2d).

The same protocol for the structure solution was carried
out for MET-2, 3, and 5. In all the cases, the positions of the
metal atoms were clearly identified in the electron-density
maps. Rietveld refinements were equally performed, con-
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verging with satisfactory residual values. In the case

Table 1. Comparison of the cell volume, pore size and surface area of the six MET

of MET-1 and 4, with much broader peaks, only materials.

a refinement of the unit cell parameters with full MET-n Metal Cell Void  Pore Cavity ~ BETarea Langmuir

pattern profile matching could be performed (see volume - fraction - volume — diameter (Al [m*g”] area

the Supporting Information, section S3). VTESEY, 5:;13 5 gfi ECT; g = 0 ETO gl
After we ?ccompllshed the structural SOlltltIOIl of MET2 Mrgl sy 1:7 p 0: p 0: b 6: I 990 1010

METs, the single-crystal structure of a Cd-triazolate  \ip1.3 Fe 46179 224 018 454 450 500

with the equivalent atomic arrangement was inde- MET4 Co 52158 353 0.26 5.16 600 760

pendently reported,’” which further supported the MET-5 Cu 53222 240 0.15 4.86 370 450

MET-6 Zn 55779 253 0.17 5.06 460 480

accuracy of our MET structure solution and adding

yet another member to the family. However, no
properties, such as porosity, and so on, were report-
ed.

The calculated pore diameter varies in the MET series
from 4.5 A in MET-1 and MET-3 to 6.1 A in MET-2. The
values for the six MET materials are summarized in Table 1,
together with their refined unit-cell volume and specific sur-
face-area values. By choosing elements with different ionic
radii, small changes in the lattice parameters are observed
and networks with the same topology but different pore
sizes are achieved (Figure 4).

All the METs are stable in air, since there were no signifi-
cant changes in the PXRD patterns after several weeks of
air exposure. They are also stable when immersed in
common organic solvents (e.g., dichloromethane, chloro-
form, methanol, tetrahydrofurane, etc.), without any loss of
crystallinity. The thermogravimetric analysis (TGA) indicate
that the compounds are thermally stable, displaying no
weight loss below the decomposition temperature, which
varies with from approximately 250°C in MET-5 to 400°C
in MET-2 (see the Supporting Information, section S5 for
TGA data). The magnetic susceptibility measurement per-
formed on MET-2 shows that this compound follows the
Curie-Weiss law up to 5K, with a Curie temperature of
—21.9K, and indicates that the Mn atoms are in high spin
(caled. u.;=5.8 ug) (the Supporting Information, section
S6).

The permanent porosity of the compounds was demon-
strated by measurement of the N, adsorption isotherms at
77 K. All the MET compounds take up significant amounts
of N, in the micropore region (Figure 5). The surface area
of the METs was calculated according to the Brunauer—
Emmet-Teller (BET) method™ to give values varying from
370 to 890 m?g~' (450 to 1010 m?g 'for Langmuir surface
areas), in which we chose the pressure range with values of
v(Py—P) increasing with P/P, (v is adsorbed amount of N,).
These values are in good agreement with those geometric
surface areas estimated from their crystal structures with the
only exception of MET-5, probably due to an incomplete ac-
tivation (see the Supporting Information, section S7). The
step observed in the low pressure region of the MET-2 N,
isotherm (also observed at lower relative pressure in the Ar
isotherm, see the Supporting Information, section S7) can
be attributed to a phase transition of the adsorbatest!
within the pores so that they can accommodate a higher
number of gas molecules, resulting in the highest surface
area among the series. The possibility of a structural change
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Figure 4. Illustration of the control of the pore size in the isostructural
series of METs. Metal atoms are represented as blue spheres or poly-
hedra, nitrogen and carbon atoms are green and black spheres, respec-
tively.
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Figure 5. The six MET compounds have permanent porosity, as shown by
the N, isotherm curves. Filled and open symbols represent adsorption
and desorption branches, respectively. Inset figure: the normalized Ar
isotherms are represented in a semi-logarithmic scale, to better appreci-
ate the steps in the low pressure region, associated with the differences
in the pore size.

as the cause of the step should be ruled out by the absence
of changes in the PXRD patterns of a sample evacuated to

Chem. Eur. J. 2012, 18, 10595 -10601
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a pressure below the step position and another sample evac-
uated and then filled with N, up to atmospheric pressure
(the Supporting Information, section S7). The N, isotherms
of MET-4 and 5 did not show a clear plateau region, which
is attributed to the intergrain porosity because of the small-
er crystal-size of both materials (as indicated by their broad
PXRD diffraction peaks).

To confirm the differences in the pore sizes, we also mea-
sured the Ar adsorption isotherms at 87 K. Ar adsorption
usually occurs at greater P/P, value compared to N,, thus al-
lowing observation of the differences in the low pressure
range, which are associated with the differences in the pore
sizes. The pressure range of micropore filling increases with
an increase in pore diameter. At low pressures the differen-
ces in the uptake are associated with the pore size. For
larger pore sizes, more pronounced steps appear at higher
pressure. In the inset of Figure 5, the normalized Ar iso-
therms are plotted in a semi-logarithmic scale to better ap-
preciate these differences. The trend observed is in good
agreement with the one derived from the crystal data, in
which MET-3 is the compound with the smallest pore size
and MET-2 is the one with the largest pore, with intermedi-
ate values for the remaining compounds (Table 1).

Electrical conductivity is a property that remains relative-
ly unexplored in the field of porous MOFs, despite the great
interest that would be sparked by a multifunctional material
with high surface area and electrical conductivity. We have
performed preliminary tests on the electrical conductivity of
MET-3. The small size and morphology of the crystals make
them unsuitable for single-crystal measurements. Therefore,
we performed the electrical measurements in a pressed
pellet of the polycrystalline material. A conventional four-
probe measurement was carried out with a pellet (1 cm in
diameter and 0.5 mm in thickness) made from freshly pre-
pared material. The results indicate that MET-3 is an intrins-
ically conducting material (Figure 6a), with a conductivity
value of 0.77x107*Sem™".

There are very few studies in which a combination of elec-
trical conductivity and porosity are reported. In 2009,
Behera et al. reported a series of Prussian blue analogues
with electrical conductivity.” One of them, prepared with
Ru/Ru'™, shows a value of 5.7x107>Scm™ at 300 K, in-
creasing to 1.9x102Scm™' at 350 K. In 2010, the same
group reported another microporous material prepared with
a redox active dithiolane based ligand,’® which reached 1 x
107*Scm™' only after exposure to I, vapor (1x10®Scem™!
for the as synthesized compound). Also in 2010, Zeng et al.
reported a porous MOF”! that exhibits electrical conductiv-
ity with values 3.4x107° to 1.7x10*Scm™ after being
loaded with I,. The conductivity is mainly attributed to the
high loading of I, rather than to the framework itself.

The conducting characteristics of MET-3 can further be
improved through a doping process (Figure 6b), in which
the sample is exposed to I, vapor. After 40 min of exposure,
the conductivity value increases to 1.0x 107> Scm™'. PXRD
patterns show that the material remains unaltered after the
pellet formation and exposure to I,. A possible explanation

Chem. Eur. J. 2012, 18, 10595 -10601
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Figure 6. MET-3 is an intrinsically conducting material, as proved by the
I-V curves recorded with the as synthesized (a) and I, doped (b) MET-3
pellets. (c) SEM image (30000x) of the MET-3 pellet employed for the
conductivity measurements. (d) I~V curves recorded at different temper-
atures showing the increment in conductivity with the temperature.

for the large increase in conductivity on exposure to iodine
is that Fe is being oxidized to Fe™, resulting in mixed va-
lence conductivity such is found in oxides like Fe;O,.

The electrical conducting characteristic of polycrystalline
pellet materials may be largely limited by the existence of
a large number of grain boundaries, as observed in the scan-
ning electron microscopy (SEM) images of the pellet (Fig-
ure 6¢). The conductivity measurements performed at differ-
ent temperatures (Figure 6d) show an increment in the con-
ductivity with the temperature. Due to the presence of
boundaries and defects in the pellets, it seems feasible that
boundary scattering dominates the electrical measurement,
precluding from the observation of the intrinsic behavior of
the material. With higher temperature, the kinetic energy of
electrons increases. This will raise the probability of electron
overcoming the boundary. Also, the thermal anneal will
reduce the barrier height between the grain boundaries, re-
sulting in an increased conductance. Nevertheless, this also
indicates that the actual conductivity of the material should
be higher than the one that can be extracted from the meas-
urements performed with the pellets. With further develop-
ment in the crystal growth process to allow formation of
larger crystals, we expect that a more accurate characteriza-
tion of the intrinsic electrical conductivity of these materials
can be achieved. Additionally, we note that the sample is
rather stable and the conductivity does not degrade with
time, as indicated by the measurement of an undoped pellet
left in air for eight weeks.

Experimental Section

Synthesis of METs: MET syntheses are exemplified here by the synthesis
of MET-2; see section S1 in the Supporting Information for detailed syn-
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thetic procedures for all METs. Mn(NO;),+4H,0 (1 mmol) was dissolved
in N,N-diethylformamide (DEF, 10mL) in a vial. 1H-1,2,3-Triazole
(2.5 mmol) was then added to this solution. The vial was capped and
placed in a preheated oven at 120°C for 24 h. After heating, a white solid
formed, which was washed with DEF three times, and immersed in meth-
anol for three days exchanging the solvent three times during this time.
The solvent was removed by decantation and the solvent-wet powder was
dried under vacuum (107> Torr) for 24 h at room temperature to afford
a white powder, which was stored in a desiccator. Yield: 92% based on
Mn(NO;),. FTIR (KBr): #=3145 (m), 2938 (w), 2864 (w), 2656 (vw),
2515 (vw), 2414 (w), 2364 (w), 2195(w), 1719 (w), 1650 (m), 1456 (m),
1416 (m), 1381 (w), 1178 (s), 1098 (vs), 974(s), 798 (vs), 718 (w) cm'; ele-
mental analysis calcd (%) for Mn(C,H,N;),: C 25.13, N 43.98, H 2.12,
Mn 28.77; found: C 24.95, N 41.89, H 2.05.

Powder X-ray diffraction measurements: Powder X-ray diffraction data
were collected using a Bruker D8-advance 6—6 diffractometer in reflec-
tance Bragg-Brentano geometry employing Ni-filtered Cug, line focused
radiation at 1600 W (40 kV, 40 mA) power and equipped with a Vantec
detector, with an electronic window of 6°. Samples were mounted on
zero-background sample holders by dropping powders from a wide-blade
spatula and then levelling the sample with a razor blade. The best count-
ing statistics were achieved by collecting samples using a 0.02° 26 step
scan from 1-80° with exposure time of 10s per step. All measurements
were performed at room temperature and atmospheric pressure.

Gas-sorption measurements: All gas-adsorption experiments were per-
formed on an Autosorb-1 automatic volumetric gas adsorption analyzer
(Quantachrome, Boynton Beach, FL).

Scanning electron microscopy: Samples were measured by dispersing the
material onto a sticky carbon surface attached to a flat aluminum sample
holder. The samples were then gold-coated by using a Hummer 6.2 Sput-
ter at ambient temperature and a pressure of 70 mTorr in an argon at-
mosphere for 30 s while maintaining a current of 15 mA. Samples were
analyzed using a JOEL JSM-6700 scanning electron microscope using
both the SEI and LEI detectors with an accelerating voltage of 7 kV.

Thermal gravimetric analysis: All samples were run on a Q-500 series
thermal gravimetric analyzer (TA Instruments, New Castle, DE) with
samples held in platinum pans in a continuous-flow nitrogen atmosphere.
Samples were heated at a constant rate of 5°Cmin~' during all TGA ex-
periments.

Electrical conductivity measurements: For the determination of the spe-
cific resistivity of the materials, the four-point probe DC measurement
was used to eliminate the effect of contact resistance. The materials have
been pressed as a bulk. 500 um gold electrodes were thermally deposited
by shadow mask on the bulk. The distance between electrodes is 1.6 mm.
Finally, the four probe measurements were carried out directly after dep-
osition using a Lake Shore TTP4 station under vacuum conditions and at
different temperatures (295, 305, 315, and 325 K).
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