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Bifunctional pyrazolate-carboxylate ligands for
isoreticular cobalt and zinc MOF-5 analogs with
magnetic analysis of the {Co4(j4-0)} nodeti

Christian Heering,? Ishtvan Boldog,? Vera Vasylyeva,® Joaquin Sanchiz*®
and Christoph Janiak™®

The ditopic ligands 3,5-dimethyl-pyrazolate-4-carboxylate, ~"Me,pzCO,, and 4-(3,5-dimethyl-1H-pyrazol-4-
yl)benzoate, "Me,pzCsH,4CO,~, combine a pyrazolate and carboxylate functionality in axial orientation and lead to
porous cobalt or zinc azolate-carboxylate frameworks that have the same cubic pcu-a topology and {M4(u4-O)}
nodes (M = Co, Zn) as MOF-5 and other IRMOFs. The microporous networks [My(4-O)(Me,pzCO,)s] (M = Co, Zn)
with the short linker exhibit a solvent-induced gate effect, evidenced by gas desorption hysteresis due to small
pore apertures of 2.8 A diameter together with small amounts of high-boiling solvent remaining in the activated
samples. For [Co4(ps-O)(Me,pzCO,)s], the low-pressure H, storage capacity (1.7 wt%, 1 bar, 77 K) is higher
than for MOF-5, and the CO, uptake of 20.8 wt% puts it among the top MOFs for low-pressure CO, sorption
even though the BET surface is less than 1000 m® g '. The analysis of the magnetic properties of
[Co4(1a-O)(Me,pzCO,)s] takes into account the distribution of tetrahedra resulting from the disorder of the
pyrazolate—carboxylate linker. An antiferromagnetic coupling observed for [Co4(ps-0)(Me,pzCO,)5] arises from the
interactions of the cobalt(i) ions through the combined p4-O + syn-syn carboxylate and p4-O + pyrazolate bridges.

Introduction

Metal-organic frameworks (MOFs) receive continuous atten-
tion"* due to their high porosity that promises applications
such as gas storage,>* gas>® and liquid” separation processes,
drug delivery,® heterogeneous catalysis,” heat transforma-
tion,*° etc.

Isoreticular (IR) MOFs with linear dicarboxylate linkers
(T0,C-R-CO,) and the {Zn,O(O,CR)¢} secondary building
unit are attractive in their predictable design of the same pcu-a
primitive cubic network featuring high surface areas and
wide 3-D channel porosity.">'* MOF-5, [Zn,0(BDC);] (BDC =
benzene-1,4-dicarboxylate, terephthalate), is one of the best
known MOFs,'* has a high surface area (3000 m* g™') and has
high thermal stability (up to 400 °C)"? but low water stability.">"°
Many MOFs cannot withstand prolonged contact with water
or moisture at room temperature.'® This is due to the
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hydrolysis of coordination bonds and often limits the practi-
cal use of these materials. Only a few MOFs have had their
moisture/water stability proven with retention of poros-
ity."®'7'® The development of hydrolytically stable MOFs is
one important goal to advance MOFs to the application
stage.>'” One of the most hydrolytically stable MOFs is ZIF-8,
[Zn(2-methylimidazolate),],"*'® which is stable in boiling
water over a broad pH range, excluding only strongly alkaline
conditions, and exceeds MIL-101*° and UiO-66.>" The hydro-
Iytic stability of ZIF-8 can be associated with the greater basicity
of the imidazolate linker, leading to higher covalency of the
metal-to-azolate bonds®* compared to carboxylates and with
higher hydrophobicity of the ZIF-8 framework. Recent advances
in pyrazolate MOFs*> by Masciocchi, Navarro, Bordiga,*
Long,”*> and Volkmer (MFU-1,2)** prove the high hydrolytic
stability of novel hydrophobic bis-pyrazolate MOFs.>®

There are few but pro mising reports on the utilization of
bifunctional pyrazolate-carboxylate linkers. The 4-pyrazolate-
carboxylate linker "pzCO," has been employed in the synthe-
sis of MOF-325 with {Cu,(0,C),} paddle wheel and trinuclear
pyramidal {Cu;(u3-O)(pz);} units as nodes.>” A related
4-triazolate-carboxylate linker "tzCO,  gave the double-walled
metal triazolate framework, MTAF-1, material with penta-
nuclear zinc clusters {Zns(u3-0)(tz)5(0,C)s}.>® A porous metal
azolate framework MAF-X8 has been reported with the
4-(3,5-dimethyl-pyrazolate)benzoate linker with one-dimensional
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channels and Zn(p-0,C)(u-pz) chains.®® The 1,2,4-triazol-4-yl-
isophthalate linker contains a neutral azole but also yields
multinuclear copper and cobalt nodes in microporous MOFs.**
A MOF-5 analog has been reported with the 3,5-dimethyl-
pyrazolate-4-carboxylate linker "Me,pzCO, (Scheme 1) crystal
and shown to exhibit remarkable hydrolytic, thermal, mechani-
cal, and chemical stability.*'*> The hydrolytic stability of the
[Zn,(14-0)(Me,pzCO,);] framework was traced to its hydrophobic
nature. The ligands pzCO, and "pzC¢H,CO, (cf the ligands in
Scheme 1 without the methyl groups) yielded isoreticular
[Nig(OH),(H,0),(L)] frameworks.>®

Here we utilize the two rigid linear ligands "Me,pzCO,"
and "Me,pzCsH,CO,” with combined but differently spaced
azolate and carboxylate functionality to assess the isoreticular
principle for the synthesis of microporous Metal-Azolate-
Carboxylate (MAC) frameworks with cobalt and zinc (Scheme 1).

Results and discussion

Solvothermal reaction of cobalt or zinc nitrate with 3,5-dimethyl-
1H-pyrazole-4-carboxylic acid (HMe,pzCO,H) or 4-(3,5-dimethyl-
1H-pyrazol-4-yl)benzoic acid (HMe,pzCsH,CO,H) yields small
blue-violet (Co) or yellowish (Zn) crystals of cubic shape
(Scheme 1, Fig. 1) (see ESI} for full syntheses details).
Previously, [Zn,(ns-O)(Me,pzCO,);] (2) was prepared in
a basic ethanol medium as a microcrystalline material
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Bifunctional pyrazolate-carboxylate ligands and derived cubic metal-
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for clarity, cf. Fig. 1). Note that the edges of the tetrahedral {M4(14-O)} nodes will be

statistically bridged by both carboxylate or pyrazolate groups as indicated in the
lower half of the sketched framework (cf. Fig. 9).

Scheme 1
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Fig. 1 Scanning electron micrographs of (a) 1, (b) 2, (c) 3 and (d) 4. The cubic
morphology of 1 and 2 (cubic space group F43m) is identical to MOF-5 (cubic space
group Fm3m)."" For color photographs of crystals and additional SEM pictures,
see ESL{

from which the structure was obtained by Rietveld refine-
ment.*' Here we used a solvent mixture (DMSO, DMF, and
MeOH) for the Co analog 1 or DEF alone for 2 to obtain
[M4(p4-0)(Me,pzCO0,);] (M = Co, Zn) as single crystals, which
were also susceptible to single-crystal X-ray diffraction
analysis.

Solid-state structural studies

Compounds of Co (1) and Zn (2) with the short pyrazolate-
carboxylate linker are isostructural (¢f. Table 2) and of the
same cubic topology and have the same tetrahedral
{M4(p4-0)(pz/0,C);} node (M = Co, Zn) as in MOF-5 (Fig. 2,
Fig. S23 in ESIT). The previous Rietveld refinement of com-
pound 2 gave the cubic space group Fm3m.*' The six edges of
the oxido-metal tetrahedron {M,(u14-O)} are bridged by either
the carboxylate or the pyrazolate group of the ligand. Each 3,5-
dimethyl-pyrazolate-4-carboxylate ligand bridges between two
{M,(14-O)} clusters, just like the terephthalate ligand in MOF-5.

The pyrazolate-carboxylate ligand is disordered (Fig. 2a),
and each {M,(4-O)} cluster has a mixed pyrazolate/carboxyl-
ate coordination environment (cf. Fig. 9). The fixed alternat-
ing canting of the dimethylpyrazolate ring plane (Fig. 2a)
leads to alternating small (van der Waals diameter, @ ~6 A)
and large pores (@ ~11 A) connected by small channels or
pore apertures (@ ~2.8 A) (Fig. 2c).

Frameworks of Co (3) and Zn (4) with the long pyrazolate-
benzoate ligand are also isostructural to each other (by X-ray
powder diffraction, c¢f. Fig. S261) and again of near cubic
topology and with the tetrahedral {M,(u,-0)(pz/0,C);} node
(M = Co, Zn) as in carboxylate IRMOFs'* (Fig. 3). Thus,
elongation of rigid bifunctional pyrazolate-carboxylate linkers
appears to follow the isoreticular priniciple.'?

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Building unit (a) and framework (b) in [M4(u4-O)(Me,pzCO0)3] (M = Co, 1;
Zn, 2) as MOF-5-analogs with the pyrazolate-carboxylate ligand (cf. Scheme 1).
The central ligand in (a) illustrates the ligand disorder. For graphic simplicity, an ide-
alized pyrazolate-only and carboxylate-only coordination for alternating {M,0} clus-
ters in the framework (b) is depicted with all-oxygen coordination as red and
all-nitrogen coordination as blue tetrahedra; methyl groups and hydrogen atoms
are not shown in (b). A space-filling plot in (c) shows the alternating small (trans-
parent orange sphere, diameter, & = 6 A) and large (yellow sphere, @ = 11 A) cavi-
ties due to the alternating pyrazolate plane orientation with pore apertures (green
spheres, @ = 2.8 A) in between.

We note that numerous crystallization experiments to
obtain single crystals of 3 of suitable large size gave at best
crystals of about 0.01 x 0.01 x 0.01 mm, which were at the
manageable limit for an X-ray diffractometer even when
equipped with a microfocus source. Still, a representative X-ray
data set could be obtained for 3, even though the small crystal
size and high absorption coefficient of Co atoms limited the
26 angle to 80° for Cu-Ka radiation and the data set quality.

Porosity and gas sorption

According to the X-ray structure (¢f. Fig. 2, Fig. S247), the pore
openings in the isostructural compounds 1 and 2 are very nar-
row. Thus, the traditional solvent exchange procedure, through
soaking in a low-boiling solvent (like MeOH, CH,Cl,), was
regarded ineffective. Hence, activation of 1 and 2 was carried
out by direct high-temperature degassing. The thermogravi-
metric (TG) analyses of 1 and 2 (Fig. S13 and S16,} respectively)
revealed that complete loss of solvent guest molecules should
be finished at temperatures of ~300-350 °C at atmospheric
pressure. Samples of 1 were degassed at different temperatures
in ~107° bar vacuum, and H, adsorption was measured in order
to determine the optimum degassing conditions for both 1 and

This journal is © The Royal Society of Chemistry 2013

Fig. 3 (a) Framework in [M4(u4-O)(Me,pzCeH4CO5)s] (M = Co, 3; Zn, 4) as IRMOF
analogs with the pyrazolate-benzoate ligand (cf. Scheme 1). The ligands are
crystallographically disordered by a C, symmetry operation, which is detailed in
Fig. S25.+ An idealized pyrazolate-only (blue) and carboxylate-only (red tetrahedra)
coordination for {M,0} clusters is depicted. (b) Space-filling plot for 3 showing the
large cavity (yellow transparent sphere, @ = 14 A) and one of the pore apertures
(green transparent sphere, @ = 10 A).

2. For 1 degassed at 190 °C, an H, adsorption of 145 cm® g™* at
STP (standard temperature and pressure) was found; at 220 °C,
an H, adsorption of 188 cm® g™* was observed; and at 250 °C,
an H, adsorption of 193 cm® g™ was obtained (cf Fig. 5).
TG analysis of a sample degassed at a temperature of 250 °C
confirmed the complete removal of guest molecules, and this
degassing condition was used for subsequent gas sorption
measurements for both 1 and 2. Still, N, is not adsorbed even
on these optimally degassed samples of 1 and 2 at 77 K. This is
presumably due to activated diffusion effects associated with
the low thermal energy of N, relative to the high barrier for
diffusion through the small 2.8 A diameter pore apertures
(cf: Fig. 2¢). In other words, at slow thermal motion at 77 K, the
N, molecule will statistically only seldom approach the small

CrystEngComm, 2013, 15, 9757-9768 | 9759



pore aperture with the correct orientation for penetration, that
is, at right angle with its molecule axis. It is a frequently
encountered phenomenon of kinetic hindrance of small pores
or pore aperture windows (c¢f. Fig. S247) that N, adsorption
(kinetic diameter, 3.64 A) at 77 K does not occur, while H, at
77 K or CO, at 273 K is adsorbed (see below).** Therefore,
argon sorption experiments at 87 K were carried out for an
experimental surface area determination of 1 (Ar diameter,
3.4 A) (Fig. 4). The start of the argon adsorption branch for 1 is
very steep and follows a type I isotherm with most of the argon
adsorbed below 0.05 P/P, (Fig. 4a). The adsorption at higher
relative pressure is irreversible due to small pore openings,
which gives rise to an open-loop hysteresis because of a gate
effect (see below). BET and Langmuir surface areas were found
to be 760 and 840 m* g™, respectively (from 0.02 < P/P, < 0.1),
with 0.32 cm® g™ pore volume (at P/P, = 0.95). A DFT calcula-
tion gave a narrow pore diameter distribution with the maxi-
mum at ~12 A (Fig. 4b) in good agreement with the cavity
diameter of ~11 A from the structural data (Fig. S24+).

For the microcrystalline zinc compound 2, which was pre-
viously synthesized in basic ethanol, a BET surface area of
840 m> g™' together with a micropore volume of 0.45 cm® per
cm’® of 2 had been reported from an N, adsorption isotherm
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Fig. 4 (a) Argon sorption isotherms and (b) pore size distribution curve from DFT
calculation (Ar on carbon, slit based model) based on argon adsorption isotherm
for 1.
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Fig. 5 (a) Hydrogen sorption isotherms for 1 (Co) and 2 (Zn) at 77 K. The samples
were degassed at 250 °C for 10 h (Co) and 220 °C for 15 h (Zn) until the pressure
rise rate was approximately 3 uTorr min”". No significant additional weight loss was
registered. (b) Hydrogen sorption isotherms for 1 at 77 K and 87 K. Note the
hysteresis due to hindered desorption. A similar type of broad desorption hysteresis
was observed in NOTT-200.3¢ The maximum amount of adsorbed H, at ~1.1 bar of
200 cm’ gi1 corresponds to 1.75 wt%.

at 77 K.*' The similar surface area for 1 and 2 suggests an
optimal degassing of 1. We considered a different N, adsorp-
tion behavior at 77 K for the larger crystallite size of 1 and 2
from the solvothermal synthesis conditions of our samples.
In the larger crystals, the thermodynamic adsorption equilib-
rium may take a longer time to be reached because of the
small pore apertures (@ = 2.8 A, ¢f Fig. 2). We note that the
sorption isotherms can deviate from ideal equilibrium experi-
ments as pronounced kinetic effects occur because of the
small channel size. Such effects were even seen in the case of
H, sorption (kinetic diameter, 2.9 A), depending on the sam-
ple preparation. We already stated that sorption studies with
H, indicated that a larger amount of gas was adsorbed as
degassing temperatures were increased, and therefore, a
larger pore volume became accessible for guest molecules.
Furthermore, samples used for H, sorption after long (10-15 h)
degassing time did not display a hysteresis (Fig. 5a), while sam-
ples with shorter degassing time (2 h) featured a desorption
hysteresis (Fig. 5b) even though the maximum amount of
adsorbed H, at ~1.1 bar is identical (200 cm® g™ or 1.75 wt%).
We trace this to channel blocking by residual solvent molecules
as a solvent guest-induced gate effect. Normally, a gate effect is
associated with structural flexibility in a MOF, with the guest

This journal is © The Royal Society of Chemistry 2013



Table 1 H,, CO, and CH, uptake of 1 and 2 at 1 bar

He Co,” CH,
Compd wt% em® g /mmol g™ g g wt% em® g/mmol g g g wt%
1 1.70 134.4/5.5 0.26/20.8 41.1/1.8 0.03/2.9
2 1.35 84.4/3.46 0.16/14.3 26.0/1.1 0.02/1.9

“ H, uptake at 77 K. ® Gas uptake at 273 K.

causing the closed-open structural transformation.>* Also, flexi-
ble side groups on the linker can act as molecular gates for
guest molecules in MOFs.*

The gravimetric H, storage capacity of 1.7 wt% in 1 and
1.35 wt% in 2 at 1 bar (Table 1) is higher than or equal to
values in many reports for MOF-5 (1.15-1.35 wt% at 1 bar, 77 K,
BET surface area of 2885-3362 m” g™') and other higher sur-
face area MOFs.*” From two adsorption isotherms acquired at
different temperatures (Fig. 5b), the differential heat of
adsorption AH,qsqi¢r in 1 is determined to be 5-6 kJ mol ™
(see ESIT). AH,qgs aite for Hy in 1 is higher than for MOF-5 (3.8-
4.8 kJ mol ™) and ZIF-8 (4.5 kJ mol *),*” which is traced to the
small pore and channel size in 1. While N, is not adsorbed at
77 K, CO, and CH, are adsorbed at 273 K (Table 1, Fig. S307).
The CO, adsorption capacity of 20.8 wt% puts 1 among the
top MOFs for low pressure CO, sorption, exceeding the values
for most Zn-carboxylate MOFs.>**”

We suggest that the passage of CO, and CH, guest mole-
cules (kinetic diameters, 3.3 and 3.8 A, respectively) in and
out of the cavities through the pore apertures of ~2.8 A diame-
ter proceeds by a temporary expansion of the window size.*®3°
The selectivity for CO, over CH, (Table S27) can be ascribed to
the combined effects of the size of the pore apertures and the
strong quadrupolar interactions of CO, with nitrogen atoms
present on the pore surface. The quadrupole moment of CO,
(CO,: 14.3 x 107*° em?, Ny: 4.65 x 10*° ecm? CHy: none)*’
leads to a stronger electrostatic interaction with the frame-
work and can have a distinct effect on framework flexibility in
that it induces a dynamic window-widening process through a
concerted ligand tilt to allow gas molecules to pass.®> The
cobalt framework 1 consistently exhibits a higher gas uptake
than the zinc framework 2 (Table 1, Fig. 5, and Fig. S307).
Both frameworks are isostructural with essentially identical
estimated pore volumes and apertures from the X-ray struc-
ture. We have to assign the higher sorption capacity of 1 to its
easier and better activation in line with the thermogravimetic
analyses (see Fig. S13 and S16 in ESIY).

The MAC frameworks 3 and 4 with the longer pyrazolate-
benzoate were able to adsorb N, at 77 K with a type I iso-
therm for microporous materials (Fig. 6, Fig. S31f). From
these, the BET surfaces were calculated to be 1072 m” g™* for
the cobalt compound 3 and 980 m”> g " for the zinc com-
pound 4 (Table S17).

Water stability

Water and chemical stability of compound 2 was investigated
in the work by Montoro et al. because of the sought practical

This journal is © The Royal Society of Chemistry 2013

applications.®" Stabilities were tested by suspending 2 in
water at room temperature and in boiling benzene or MeOH
for 24 h. No changes were noticed when comparing the pow-
der X-ray diffractograms to the as-synthesized sample of 2.
Also, thermodiffractometric measurements in air indicated
thermal robustness of 2, with decomposition beginning only
at 773 K.*' Montoro et al. also found that H,0 adsorption in
2 at 298 K takes place only at very high relative pressures (P/P, >
0.7), which is indicative of a highly hydrophobic nature of the
material to which they assign the overall water stability.*"

Cychosz and Matzger argued convincingly that it is impor-
tant to assess water stability in the liquid phase explicitly."”
Previous studies on MOF water stability have focused on
exposure to water in the gas phase. Yet, it has been shown in
the literature that gas phase adsorption is not a good predic-
tor for liquid phase behavior.”*' Cychosz and Matzger tested
the effect of water concentration for a series of MOFs. Powder
X-ray diffraction (PXRD) was used to determine if the struc-
ture remains untransformed with increasing water concentra-
tion or at what water concentration the structure began to
change. In a typical experiment, the as-synthesized MCP was
placed in fresh DMF and defined aliquots of deionized water
were added to the solution sequentially. Between aliquots,
the mixture was agitated at room temperature on a shaker
for 1 h."” We decided to follow this protocol to test the water
stability of 1-4 (Fig. 7).

A water stability test'” of the zinc complexes 2 and 4 in com-
parison to MOF-5 revealed a higher stability for the pyrazolate-
carboxylate frameworks. Immersing crystals in a different
mixture of water-DMF for 1 h did not show any structural
changes by powder X-ray diffraction (Fig. 7), while for MOF-5, a
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Fig. 6 N, sorption isotherms for 3.
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Magnetic properties of 1

The magnetic properties of MOFs and coordination poly-
mers are of continuous interest.>*>™** The ground state of
Co(n) ions (d”) in a tetrahedral environment is *A,, for
which the orbital angular momentum contribution is a
second-order effect, and so, the spin-only model can be
used to describe the magnetic behaviour of compound
1.** Fig. 8 shows the temperature dependence of the yuT
product for 1. At room temperature, the yy7T product has
a value of almost 5.0 cm® mol™ K, which is lower than
expected for four isolated spin quartets, and it continuously
decreases on lowering temperature, reaching a value of
0.50 cm® mol™ K at 2.0 K (the value expected at room tem-
perature in the spin-only model for four cobalt(u) ions is
4 x (NF*@13kT)S(S + 1) = 9.075 cm® mol ™ K with g = 2.2
and S = 3/2). The behavior shown is indicative of a domi-
nant antiferromagnetic interaction in compound 1.
According to the tetrahedral structure of the {Co,(u,-O)}
clusters, as a first approach, the magnetic properties are
investigated by means of an isotropic Heisenberg-Dirac-Van
Vleck Hamiltonian formalism, in which J is the exchange
coupling constant and §; the spin operator of the centre i

(eqn (1))
/H\HDVVZ—J(§1§2+§1§3+§1§4+§2§3+§2§4+§3§4) (1)

In this model, all the tetrahedra are considered to be
equivalents, and so the coupling through the pyrazolate and
through the syn-syn carboxylate groups is assumed to be
identical (which is a rough approximation). The Eigenvalues
for such a system can be obtained with the following cou-
pling scheme in which Sy = S; + S5, Sg = S3 + S4, S = Sy + Sp
and §; =S, = S3 =S4 = 3/2 (eqn (2)).

E:-‘;{s(su)-isi(siu)} 2)

i=1

The splitting of the energy levels, the degeneracy and the
corresponding spin are shown in Fig. 8b, and the equation
(eqn (3)) for the susceptibility is then

54e//%T 4 330e3//%T  840e%//%T 4+ 1080 %//%T 4 990el>//KT  546¢21)/KT

x = (NB>¢*/(3kT))

ratio of 1:<4 (water-DMF) already induced hydrolysis
(Fig. 7c)."” In comparison, the same hydrophobic network with
cobalt in compound 1 showed pronounced decomposition
after 1 h in a 1:1 water-DMF mixture (Fig. S27 in ESI{). This
indicates that the hydrophobic nature of the framework alone
will not prevent hydrolysis if the metal-ligand bonds are suffi-
ciently labile. Thermogravimetric analysis shows that frame-
work decomposition starts only above 350-400 °C (Fig. S13,
S16, S19 and S22 in ESI}).
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4+27ej/kT + 55e3J/kT +7066]/kT +54610]/kT +33615j/kT+ 13e21J/kT

(3)

The best-fit parameters to this model are J = -14.70 cm ",
g =1.84, and R = 1.22 x 107%, and it can be seen that the
theoretical plot does not match very well with the experi-
mental values, and the value of g is lower than expected.’®
The reason for the deviation is evidently the fact that the
pyrazolate and syn-syn carboxylate bridges mediate, in a dif-
ferent way, the magnetic interaction in addition to the
Hs-oxo group, and so the model is oversimplified. Moreover,
for this model, it can be observed that the ground state in

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 Temperature dependence of the ywT product for complex 1, blue circles.
The black solid line is the theoretical plot for a tetrahedron with one magnetic
coupling constant. The pink solid line is the theoretical plot considering two
tetrahedra each with a different magnetic coupling constant. The red line
corresponds to the theoretical model for a single tetrahedron with two different
magnetic coupling constants. (b) Energy diagram for the spin states of the regular
tetrahedron of spin quartets.

the case of antiferromagnetic interactions is S = 0, which
exhibits a four-fold degeneracy. This means that on lowering
the temperature, the magnetic moments of the cobalt(n) ions
would cancel each other and the yT product should tend to
zero. But the experimental magnetic susceptibility values
do not tend to zero on lowering temperature, which is an
additional deviation of the model.

A better approximation to the problem would consider
magnetic interactions through the carboxylate and pyrazolate
bridges, but without disorder in the pyrazolate-carboxylate
linker. Therefore, 50% of the tetrahedra would be {M,(114-O)(pz)s},
and the other 50% would be {M,(1,;-O)(0,C)s}. This way,
we would have two different kinds of tetrahedra, each with
a different magnetic coupling constant J; and J,. The expression
for the magnetic susceptibility can be easily derived from
eqn (3). The best-fit parameters for this model are J; =
-13.29 cm ' and J, = -71.24 em ', g=2.18 and R = 1.2 x 10°*.

This journal is © The Royal Society of Chemistry 2013

This model gives a much better match for the theoretical
plot, and the values of g and J; and J, seem reasonable. How-
ever, the theoretical curve deviates again at low temperatures
since for this model, the ground state, and the only one pop-
ulated at low temperatures, is again S = 0.

There are many magneto-structural studies which involve
separately p-oxo, syn-syn carboxylate and pyrazolate brid-
ges.”>"” When they occur separately, syn-syn carboxylate and
pyrazolate bridges mediate moderate antiferromagnetic cou-
pling, and the p-oxo bridges also mediate antiferromagnetic
interactions for angles larger than 97° (we have 109.6° in 1).*®
However, there is a lack of magneto-structural studies in com-
bined p4-oxo + syn-syn carboxylate and ps-oxo + pyrazolate
bridges with Co(u) ions in tetrahedral surroundings, and just
a few studies can be found for other cations such as
Cu(m),">*® Ni(m)®" or Co(m)*” in octahedral surrounding. In
those studies, antiferromagnetic interactions are found for
large M-O-M angles,"*”" which is the case of compound 1.
(Although ferromagnetic coupling is found for octahedral
Co(u) ions with p,-oxo + syn-syn carboxylate, the environment
of the Co(u) ion is critical since the ground term for an octa-
hedron is "T;, and that of a tetrahedron is “A,. This implies a
different location of the unpaired electrons and very different
orbital angular momentum contribution.)*>>* Moreover, anti-
ferromagnetic interactions have been observed in other Co(u)
compounds with very similar ps,-oxo + syn-syn carboxylate
bridges, so antiferromagnetic interactions are expected.’>"®
However, we cannot assign unambiguously the values of
J1 and J, to any of the bridges.

The definitive model to study the magnetic properties of
compound 1 should consider the disorder in the pyrazolate-
carboxylate linker. This disorder causes the six edges of the
metal tetrahedron to be randomly bridged by either the car-
boxylate or the pyrazolate groups, which leads to the occur-
rence of tetrahedra having, from six to zero and from zero to
six, syn-syn carboxylate and pyrazolate bridges, respectively.
The probability of each kind of tetrahedron is shown in
Fig. 9. Of course, such a study is not feasible: we would need
to solve separately the Hamiltonian (by diagonalizing the
256 x 256 matrix) for each tetrahedron (15 in total), calculate
the numerical expression for the susceptibility for each one
and include them with their correct weight in a full expres-
sion to calculate J; and J, simultaneously. This full study is
beyond our purpose, and probably, there are other com-
pounds more simple to investigate the magnetic properties
of cobalt(u) ions bridged by combined p,-O and syn-syn
carboxylate and pyrazolate bridges. Nevertheless, this analy-
sis of the topology of the tetrahedra will allow us to under-
stand why the y\T product does not tend to zero at low
temperatures, and we will explain it focusing on one of the
{Co4(114-0)(pz)3(0,C);} tetrahedra.

One of those {Co4(14-O)(pz);(0,C)s} tetrahedra has one
cobalt(n) ion with three syn-syn carboxylate bridges connecting
this cobalt(n) ion with its three nearest neighbors (encircled in
Fig. 9a). Let us assume that the coupling through this syn-syn
carboxylate bridge is the strongest one with J; = -71.24 cm ™.
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Fig. 9 Statistic distribution of the randomly bridged {Co4(1s-O)(pz/O,C)s}
tetrahedra. Blue edges correspond to pyrazolate bridges and red ones to syn-syn
carboxylate. (b) The ground state S = 3 is expected for the selected tetrahedron on
the basis of the stronger antiferromagnetic coupling through the syn-syn
carboxylate with respect to the pyrazolate bridge (which is frustrated). Other
tetrahedra may also exhibit S # 0 ground states or at least S # 0 populated states
at low temperatures.

As the coupling through this bridge is stronger than the
coupling through the pyrazolate bridge, the former predom-
inates, whereas the latter is frustrated, and the resulting
situation leads to a S = 3 ground state. As we have four vertices
in a tetrahedron, 4/64 of the total of tetrahedra will have
this arrangement, and so at least 6.25% of the clusters will not
have a S = 0 as ground state, and therefore, at low tem-
peratures, the experimental y\T product would not tend to
zero. We can simulate the y\7 product for other tetrahedra,
and we can see that only the two with all six magnetic coupling
identical have a y\T product which tends to zero; all the
rest tend to positive values, so the positive value of the y\T
product at low temperatures is a consequence of the disorder
in the linker. On the other hand, compounds with similar
structure and with just one kind of bridge have experimental
xmT plots which tend to zero.>*

Conclusions

In summary, we have presented here four isoreticular Metal-
Azolate-Carboxylate (MAC) frameworks based on {M,(u,-O)}
nodes (M = Co, Zn) with ligands combining a pyrazolate and
carboxylate functionality at two different lengths. The four
MACs feature the cubic pcu-a topology as in MOF-5 and
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analogous IRMOFs. The Zn frameworks are stable in water-
DMF mixtures for at least one hour. Small pore apertures
and inner BET surface areas <1000 m> ¢ ' in the MACs with
the short 3,5-dimethyl-pyrazolate-4-carboxylate ligand still
yield a H, and CO, uptake, higher than MOF-5 with three
times BET surface area. The compounds are thermally stable
up to 350-400 °C. The antiferromagnetic coupling observed
for 1 arises from the interactions of the cobalt(u) ions
through the combined p4-O + syn-syn carboxylate and p4-O +
pyrazolate bridges.

Experimental section

Synthesis and spectroscopic analysis details of the ligands
and compounds 1-4 are given in the ESL}

Powder X-ray diffraction (PXRD) measurements

Powder X-ray diffraction (PXRD) measurements were carried
out on samples at ambient temperature with a Bruker D2
Phaser using a flat silicon, low background sample holder
and Cu-K, radiation (1 = 1.54184 A) at 30 kV and 0.04° s
Simulated PXRD patterns were calculated from single-crystal
data using the MERCURY 3.0.1 software suite from CCDC.

Gas SOI'ptiOl’l measurements

Sorption isotherms were measured using a Micromeritics
ASAP 2020 automatic gas sorption analyzer equipped with
oil-free vacuum pumps (ultimate vacuum <10~® mbar) and
valves, which guaranteed contamination-free measurements.

For the sorption measurements, 30 to 100 mg of freshly
synthesized samples were subjected to a solvent-removal
procedure and were processed immediately afterwards. After
filtration and washing with small amounts of the same sol-
vent as used for synthesis, the samples were pre-dried at a
vacuum of 10~ Torr and stored under nitrogen.

The dried samples were transferred to nitrogen-filled and
pre-weighed sample tubes capped with a septum. The tube
was immediately purged with nitrogen after the transfer and
the solvent removed with a syringe and through drying in
vacuum (~10 Torr), which was followed by a control weighing.
Then the sample was connected to the preparation port of
the sorption analyzer and degassed under vacuum until the
outgassing rate, i.e., the rate of pressure rise in the temporar-
ily closed manifold with the connected sample tube was less
than 2 pTorr min™" at the specified temperature (70-250 °C).
Typically, the samples were degassed for over 24 h in a vac-
uum of 10~ to 107 bar and 200 °C. No solvent exchange pro-
cess was carried out before degassing (see below). After their
synthesis, the samples were only washed with DMF or DEF.

According to the X-ray structural data (¢f Fig. 2), the pore
openings in the isostructural compounds 1 and 2 are very
narrow. Therefore, the traditional solvent exchange proce-
dure, through soaking in a low-boiling solvent (like MeOH,
CH,Cl,), was regarded ineffective. Hence, activation of 1 and
2 was carried out by direct high-temperature degassing (see
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above). Thermogravimetric analyses of 1 and 2 (Fig. S13 and
S16,i respectively) revealed that complete loss of solvent guest
molecules should be finished at temperatures of ~300-
350°C at atmospheric pressure. Samples of 1 were degassed
at different temperatures in ~10"° bar vacuum, and the H,
adsorption was measured in order to determine the optimum
degassing conditions for both 1 and 2. For 1 degassed at 190
°C, an adsorption of 145 cm® H, at STP (standard temperature
and pressure) was found, at 220 °C, an H, adsorption of 188
em® and at 250 °C of 193 cm® was obtained. TG analysis of a
sample degassed at a temperature of 250 °C confirmed the
complete removal of guest molecules, and this degassing con-
dition was used for subsequent gas sorption measurements for
both 1 and 2.

After weighing, the sample tube was then transferred to
the analysis port of the sorption analyzer. All used gases
(H,, Ar, N,, CO,, CH,) were of ultra high purity (UHP, grade
5.0, 99.999%), and the STP volumes are given according to
the NIST standards (293.15 K, 101.325 kPa). Helium gas was
used for the determination of the cold and warm free space
of the sample tubes. H, and N, sorption isotherms were
measured at 77 K (liquid nitrogen bath), whereas CO, and
CH, sorption isotherms were measured at 293 + 1 K (passive
thermostating) and 273.15 K (ice/deionized water bath). The
determination of the heat of adsorption values using the
Clausius-Clapeyron equation and the DFT calculations (‘N, DFT
slit pore’ model) were done using the ASAP 2020 v3.05 software.

Table 2 Crystal data and structure refinement

Some of the secondary measurements, specified in the
description, were performed using a Quantachrome iQ MP
or NOVA automatic sorption analyzer. The DFT calculations,
e.g., for the pore size distribution curves were carried out
using the native ASiQWin 1.2 software employing the N, at
77 K on carbon, slit pore, NLDFT equilibrium model.>’ >’

Water stability tests

The water stability test performed here followed the procedure
by Cychosz and Matzger."” Sample preparation was done
using the same parameters and equipment as used in the lit-
erature procedure. For direct comparison, MOF-5 was synthe-
sized by us'* to assess its water stability in direct comparison.
In the literature, the PXRD patterns of MOF-5 already indicate
decomposition at a (v:v) water-DMF ratio of 1:2."”

X-ray crystallography

Suitable single crystals were carefully selected under a polar-
izing microscope.

Data collection. Compound 1 and 2: Super Nova A from
Agilent Technologies with microfocus tube, Cu-Ko radiation
(% = 1.54178 A), 293 + 2 K; w-scans, mirror system. Data collec-
tion, cell refinement and data reduction with CrysAlisPro,
experimental absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.®
Compound 3: Bruker Kappa APEX2 CCD diffractometer with

Compound 1 2 3
Empmcal formula C15H;5C04N¢O,* C,15H15N60,Zn,” C36H30C04N¢O5°
M/g mol ™ 666.11 691.87 884.30
Crystal size/mm 0.13 x 0.11 x 0.11 0.12 X 0.12 x 0.12 0.01 x 0.01 x 0.01
26 range/° 8.8-132.72 8.82-132.52 6.18-80.16
h; k; I; range -8,23; -4,16; —23,21 -15,11; -15,23; -21,16 +11, +11, 10,11
Crystal system Cubic Cubic Orthorhombic
Space group F43m (no. 216) F43m (no. 216) P222 (no. 16)
a/A 20.1090(7) 20.071(3) 14.242(3)
b/A 20.1090(7) 20.071(3) 14.278(3)
c/A 20.1090(7) 20.071(3) 14.2332(4)
VIA® 8131.5(5) 8085.4(18) 2914.5(12)
zZ 8 8 1

Deate/g cm > 1.088 1.137 0.504
F (000) 2656 2752 442
/t/rnrn 12.829 2.964 4.529
Max/min transmission 0.307/0.196 1.000/0.816 0.748/0.458
Reflection collected (Ryy) 1559 (0.0354) 1275 (0.0425) 6548 (0.0890)
Data completeness/% 99.0 99.3 95.3
Independent reflections 641 604 1690
Parameters refined 54 54 130
Max/min Ap“ /e A 1.341/-0.668 0.47/-0.50 0.230/-0.159

Ry/WR, [T > 20(D)] 0.0723/0.2078
R;/wR, (all reflections)® 0.0814/0.2203
Goodness-of-fit on F? 1.157

Weighting scheme w, a/b® 0.1464/0.0000

0.0376/0.0937
0.0491/0.0998
1.001

0.0450/0.0000

0.0691/0.1453
0.1120/0.1574
0.923
0.0914/0.000

“ For 1, a total of 860 electrons per 3100 A> was squeezed, Wthh corresponds to ~107 electrons per (318H18(304N607 formula unit (Z = 8).
PLATON64 calculates a total potential solvent area volume of 3182 A’ per unit cell volume of 8131.5 A> (39.1%). ? For 2, a total of 812 electrons
per 3688 A® was squeezed, Wthh corresponds to ~101 electrons per C1sH1sNO5Zn, formula unit (Z = 8). PLATON®* calculates a total potential
solvent area volume of 3736.8 A® per unit cell volume of 8085.0 A’ (46.2%). ° For 3, total of 749 electrons per 2107 A and formula un1t (z=1)

was squeezed. PLATON®* calculates a total potential solvent area volume of 2088.6 A per unit cell volume of 2914.5 A*> (71.7%). ¢

Largest

dlfferencepeakandhole Ry =[Z(||Fo]- |Fc||)/Z|F0|] WR, = [S[w(Fo ~F.>)VE[w(F,)1]">.” Goodness-of-fit = [S[w(F,>~F.>)*)(n-p)]">.€ w=1/[c"(Fs’)

+(aP)’ + bP],where P=(max(F,” or 0) + 2F,%)/3.

This journal is © The Royal Society of Chemistry 2013
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microfocus tube. Cu-Ko radiation (1 = 1.54178 A), 95 + 2 K,
multi-layer mirror system, o- and #-scan. Data collection with
APEX2,%" cell refinement and data reduction with SAINT,**
experimental absorption correction with SADABS.®* Several
crystallization experiments were performed both at room
and low temperature to obtain single crystals of 3 of suitable
large size. However, from these numerous attempts, only
small-size crystals of about 0.01 x 0.01 x 0.01 mm could be
obtained. Because of this small size of about 0.01 X 0.01 X
0.01 mm and the high absorption coefficient of Co atoms,
the crystals did not diffract over a 26 angle of 75°. For this
reason, the 26 angle was limited to 80° for the given mea-
surement, which however caused Alert level A (value of
sine(theta_max)/wavelength is less than 0.550; maximum
shift/error of 0.27) and Alert level B (low theta full of 0.953).
The low diffracting power originates from the crystal size,
guest molecules in the MOF cavities and disorder in the crys-
tal. Generally, a combination of weak high-angle data and
pores in the crystal is the reason for low X-ray data quality in
MOF structures.

Structure analysis and refinement. Using Olex2®* for 1 and
2, all three structures were solved by direct methods using
SHELXS-97; refinement was done by full-matrix least squares
on F* using the SHELXL-97 program suite.®* The crystal sol-
vent in the voids of 1-3 was found to be highly disordered
and could not be properly defined. Hence, the option
SQUEEZE in PLATON for Windows®® was used to refine the
framework structure without the disordered electron density
in the voids. All non-hydrogen positions in 1 and 2 were
refined with anisotropic displacement parameters. Hydrogen
atoms for CH- or CH; were positioned geometrically (C-H =
1.00 A for aliphatic CH, C-H = 0.99 A for CH,, C-H = 0.98 A
for CH;) and refined using riding models (AFIX 83 for OH,
AFIX 43 for NH, AFIX 13 for aliphatic CH, AFIX 23 for CH,,
AFIX 33 or 137 for CHj) with Ujso(H) = 1.2 Ueq(CH, CH,) and
Uiso(H) =15 Ueq(CH3)'

For 3, only cobalt, oxygen and one of the nitrogen atoms
(N1) were refined with anisotropic displacement parameters.
Carbon atoms and nitrogen atoms N2 and N3 remained
isotropic. One aromatic hydrogen atom CH- and all hydrogen
atoms of the CH;-groups were positioned geometrically and
refined using a riding model with the same prerequisites
as above.

All three crystal structures were found to be disordered on
several positions. Disordered atoms were refined using the
PART command.

Structures 1 and 3 were refined as near racemic twins with
batch scale factors (BASF) of 0.42(7) for 1 and 0.459(6) for 3.

Graphics were obtained with DIAMOND.®® Crystal data and
details on the structure refinement are given in Table 2. The
structural data have been deposited with the Cambridge
Crystallographic Data Center (CCDC numbers 937761-937763).

Magnetic measurements. Magnetic susceptibility measurements
on polycrystalline samples were carried out in the temperature
range 1.9-300 K by means of a Quantum Design SQUID
magnetometer operating at 10 000 Oe. Diamagnetic corrections
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of the constituent atoms were estimated from Pascal's
constants. Experimental susceptibilities were also corrected for
the magnetization of the sample holder.
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