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The crystal structures of five new Co", Zn", and Cd" coordination polymers based on pyridine-substituted triazoly!
carboxylates are reported. The two isomorphous compounds 2 [M(Me-3py-pba),] (M = Zn, Co? possess {6°} topology
(dia). In order to obtain heteronuclear compounds, we synthesized Co'-substituted Zn'" and Cd" coordination
polymers. At T=5 K, the powder samples of the diamagnetically diluted Co"/Zn" and Co"/Cd" systems [Co/(Zn,Cd) ~
0.01] show intense electron paramagnetic resonance spectra, which were analyzed with an effective spin of S’ = '/,.
The g tensor as well as the °Co hyperfine tensor A°° are strongly anisotropic. The g tensor components are used to
gain information about the symmetry of the Co' coordination sphere and covalency effects. Differential thermal
analysis/thermogravimetry—mass spectrometry and temperature-dependent powder X-ray diffraction studies reveal

high thermal stability of the three-dimensional coordination polymers up to 390 °C.

Introduction

Microporous coordination polymers, also known as metal—
organic frameworks (MOFs), have gained increasing interest
in the past decade especially for adsorption studies and
potential applications as heterogeneous catalysts.' ~® Because
of the crystallinity of these materials, they possess a definite
pore-size distribution. The potential of MOFs as porous solids
has been impressively shown by the MIL series and HKUST-1
[Cus(btc),; bte = 1,3,5-benzenetricarboxylate].'” There-
in the usage of pure carboxylate ligands as linkers has already
been extensively studied.

Apart from carboxylates, nitrogen-containing heterocycles
such as pyridines, pyrazoles, 1,2,4-triazoles, and tetrazoles were
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Scheme 1. (Me-3py-pba) (left) and (Me-4py-pba) (right)
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found to possess promising coordination chemistry for the
synthesis of MOFs.* ! MOFs with N-donor ligands display
interesting properties for heterogeneous catalysis, as can been
seen from the cobalt-containing coordination polymer MFU-1.*
In addition, mixed-metal MOFs, further on described as
heteronuclear, display interesting features: the combination
of metal ions with different sizes, coordination behavior, and
catalytic activity. Principally, there are two strategies for the
synthesis of heteronuclear MOFs. This can be achieved by a
network with separate positions occupied by different metal
ions or by a network with a single position statistically
occupied by various metal ions. Recent examples are [Cu, V-
F¢Ox(troeth)s], [troeth = 1,2-bis(1,2,4-triazol-4-yl)ethane],'
[{Cd(NO3),}>-{(Cu(Pyac),}3] [Pyac = 3-(4-pyridyl)pentane-
2,4-dionato]," and [LyZn]-2DMF-4H,0 (Ly = {M[4.4'-
(HO,C)»-bpy],bpy}>", where M = Ru or Os).'* Hence, in order
to synthesize new coordination polymers, we used a recently
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Figure 2. Adamantane backbone showing the {6°) network topology related to diamond (left) and the four interpenetrating networks of 1 (right).

presented series of pyridine-substituted triazolyl benzoates as
ligands with multiple binding sites (Scheme 1).'>'¢

On the basis of the ligands 4-[3-methyl-5-(pyridin-3-yl)-
and 4-[3-methyl-5-(pyridin-4-yl)-1,2,4-triazol-4-yl]benzoate
(Me-3py-pba and Me-4py-pba; Scheme 1), we herein present
five new zinc, cadmium, and cobalt coordination polymers.
Furthermore, we partially substituted the diamagnetic zinc
and cadmium ions by small percentages of paramagnetic Co"'
ions that might be of interest toward heterogeneous catalysis.*
The Co'-doped Zn" and Cd" compounds were studied by
electron paramagnetic resonance (EPR) in order to gain infor-
mation about the symmetry of the Co'" centers and the cova-
lency of the cobalt—ligand bonds.

Synthesis and Characterization of 2[M(Me-3py-pba),]
[M = Zn (1), Co (2)]

Single crystals of the three-dimensional (3D) coordination
polymer 1 were obtained by solvothermal synthesis by react-
ing zinc(IT) acetate with H(Me-3py-pba). The crystal struc-
ture was elucidated by means of single-crystal X-ray structure
analysis. A microcrystalline powder of 1 was obtained by
reaction in ethanol under reflux for 48 h. Compound 1 crys-
tallizes in the noncentrosymmetric, monoclinic space group
Pc (No. 7) with two formula units per unit cell. The 4-fold-
connecting zinc ions in 1 are distorted square-pyramidally
coordinated by two triazole rings, a monodentate, and a
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chelating carboxylate group, leading to a network with {6°}
topology (dia) related to diamond (Figure 1)."”

As aresult, each net of 1 possesses a 3D pore system that is
drastically reduced by 4-fold interpenetration (Figure 2). The
remaining solvent-accessible void was calculated to be only
4%."® Weak m—a interactions with a distance of 370 pm
between pyridine rings of ligands in neighboring nets are
observed, which might be one driving force for the interpene-
tration."”

According to temperature-dependent powder X-ray dif-
fraction (PXRD) data, 1 is thermally stable up to 390 °C (cf.
the Supporting Information). The fact that there is no phase
transition displays the rigidity of the framework. Differential
thermal analysis/thermogravimetry—mass spectrometry (DTA/
TG—MYS) measurements confirm this high thermal stability,
which is probably caused by interpenetration and the dense
packing.

PXRD studies reveal the phase purity of the polycrystalline
product and show a good agreement between the experi-
mental and simulated patterns based on the single-crystal
structure determination (Figure 3).

The isomorphous Co' framework 2 was obtained by
reacting cobalt chloride hexahydrate and H(Me-3py-pba)
under solvothermal conditions in N, N-dimethylformamide
(DMF). In contrast to the zinc ion in 1, which can be de-
scribed as square-pyramidally coordinated, the cobalt ion in 2
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Figure 3. Comparison of the PXRD patterns of a microcrystalline
sample (top) and of milled single crystals (middle) and the simulated
PXRD pattern of 1 (bottom) based on single-crystal data at 180 K.

Table 1. Selected Bond Lengths and Angles of 1 and 2°

1 2
atoms 1—2 d(1,2) [pm] atoms 1—2 d(1,2) [pm]
Znl1—N1 206.9(3) Col—NI1 208.1(3)
Znl1—N5 204.7(2) Col—N5 207.9(3)
Znl1—Ola 199.2(2) Col—Ola 204.9(3)
Znl---02a 264.9(3) Col—02a 234.1(3)
Zn1—-03b 208.2(2) Col—03b 215.8(3)
Zn1—04b 228.6(2) Col—04b 214.3(3)

1 2

atoms 1—2—3 angle [deg] atoms [—2—3 angle [deg]

NI—-Znl—NS5 102.5(1) NI—-Col—N5 99.4(1)
N1—-Znl—-Ola 105.7(1) N1—-Col—-0Ola 105.9(1)
N1-Znl1-03b 92.9(1) N1-Col—-03b 91.0(1)
N5—Zn1-03b 105.47(9) N5—Col—-03b 97.4(1)
Ola—Zn1-03b 146.7(1) Ola—Col-0O3b 158.2(1)
Ola—Zn1—04b 94.50(9) Ola—Col—04b 99.5(1)
02a—Zn1—-04b 81.37(9) 02a—Col—04b 85.5(1)
02a—Znl—N5 151.12(9) 02a—Col—N5 152.4(1)

“Symmetry codesa, =1 +x,1—y,—0.5+z;b, 1 +x,2 =y, —0.5+z.

is distorted octahedrally coordinated by two bidentate carboxy-
lates and two triazole units. Table 1 summarizes the selected
bond lengths and angles of 1 and 2.

Microcrystalline 2 was obtained by refluxing the starting
materials in DMF for 2 days. The experimental PXRD
pattern is in good agreement with the theoretical one simu-
lated from the single-crystal structure data (180 K). As can be
seen from the temperature-dependent PXRD and DTA/
TG—MS studies, 2 is thermally stable up to 410 °C.
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Figure 4. Fragment of the crystal structure of 4 (50% ellipsoids).

Because of the isomorphous crystallization of the coordi-
nation polymers 1 and 2, we investigated the partial substitu-
tion of the zinc ions in 1 by cobalt ions in low percentages.
The diamagnetically diluted Co" system was found to be
suitable for EPR measurements performed in the tempera-
turerange of 5 < T'< 20 K. Therefore, a series with increasing
cobalt concentration in 2[Co,Zn, _ (Me-3py-pba)] (x = 0.01—
0.10) was synthesized. The PXRD patterns reveal good
structural agreement of the synthesized materials.

Synthesis and Characterization of '[M(Me-4py-pba),-
(H;0),]-H,0 [M = Zn (3), Cd (4)] and L[Co(Me-4py-
pba),(H,0),]-2H,0 - CH;3CN (5)

The polymeric chains 3—5 were obtained by diffusion
methods. Basically, they all possess similar structural motifs.
According to the single-crystal structure analyses, 3 and 5
crystallize in the triclinic space group P1 (No. 2), whereas 4
crystallizes in the monoclinic space group C2/c (No. 15). The
metal ions are coordinated by four ligands to form a poly-
meric chain (Figure 4). In the cases of 3 and 4, the metal ions
are distorted octahedrally coordinated by two monodentate
carboxylates of (Me-4py-pba) in trans orientation, two pyri-
dine rings in cis position, and two additional water mole-
cules. In contrast, in 5, the two pyridine rings and the water
molecules are arranged in trans position and the Co" ion
resides on the inversion center.

Considering the structural motif, intramolecular hydrogen
bonding between the noncoordinated carboxylate oxygen
atoms of the carboxylate and the aquo ligands is observed.
With short O- - - O distances of about 260 pm, the hydrogen
bonds apparently enhance the stability of the coordination
polymers (Table 2).

Polycrystalline material obtained by diffusion methods
was investigated using PXRD showing a good agreement
between the simulated and respective experimental patterns
in the case of all three products. Temperature-dependent
PXRD shows that all three coordination polymers undergo
several phase transitions up to their decomposition tempera-
ture of 430 °C in the case of 3 (Figure 5) and 5 and 350 °C
in the case of 4. Despite the fact that the structures of the
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Table 2. Selected Bond Lengths and Angles of 3—5¢

I 1
o2 1 % 02
N4a 03
Cd1 Co1
: N4b 1 Néa 03¢
oﬁ Oflc o‘k\ Ote %
3 h < X .
4 5
atoms 1-2 d (1,2) [pm] atoms 1-2 d (1,2) [pm] atoms 1-2 d (1,2) [pm]

Zn1-01 209.2(4) Cd1-01 229.3(1) Col-01 209.7(3)

Zn1-03a 204.7(4) Cd1-03 235.8(2) Col-03 212.1(3)

Zn1-05 213.0(4) Cdl1-N4a 236.0(2) Col-N4a 217.9(4)

Znl1-06 219.2(4) 0203 261.1(2) 02-+03¢ 268.8(4)
Zn1-N8 219.0(4)
Zn1-N4b 218.0(4)
0205 265.9(5)
0O4a06 260.3(4)

atoms 1-2-3 angle [°] atoms 1-2-3 angle [°] atoms 1-2-3 angle [°]

03a-Zn1-06 92.4(2) 01-Cd1-03 87.81(5) 01-Col-03 88.1(1)

01-Zn1-06 87.0(2) 01-Cd1-N4b 93.46(6) 01-Col-03¢c 91.9(1)

03a-Zn1-N8 953(2) 03¢-Cd1-Nda 94.50(6) 01-Col-N4b 91.4(1)

01-Zn1-N8 81.8(2) N4b-Cd1-N4a 86.33(9) 01-Col-N4a 88.6(1)

0O1-Zn1-N4b 91.0(2) 01-Cd1-N4a 85.25(5) 03-Col-N4a 87.1(1)

03a-Zn1-05 93.4(2) 03c-Cd1-03 85.50(8) 03-Col-N4b 92.9(1)

Lassig et al.

“Symmetry codes for3:a,1 —x,1 —y,2—z;b, —x,2 — y, | —z. Symmetry codes for4:a, —0.5+x,1.5—y, =05+ z;b,1.5—x, 1.5—p, 1 —z;¢c, 1 — x,
¥, 0.5 — z. Symmetry codes for 5:a, x, y,z— 1;b,—x, l =y, —z;¢c,—x, 1 —y, —z.

high-temperature phases are unknown, the high thermal
stability of these one-dimensional (1D) coordination poly-
mers is remarkable.

DTA/TG—MS measurements display a loss of about 7.5%
by weight within two steps until 230 °C in the case of 3, which
correlates well with the loss of three water molecules detected
by MS. As can been seen from the temperature-dependent
PXRD measurements and DTA, the loss of solvent is con-
nected with endothermic phase transitions. At 330 °C, a third
endothermic phase transition without any TG—MS signals is
detected (Figure 6). The PXRD pattern of this phase is
consistent with the high-temperature phase of 5. At 430 °C,
3 loses its crystallinity because of decomposition of the
material under release of carbon dioxide. The decomposition
temperatures of each compound 3—5 determined by DTA/
TG—MS (Figure 6) correspond to the one determined using
temperature-dependent PXRD.

According to magnetic measurements, the Co'' ions in 5
are in a high-spin state. Because of the structural similarities,
we achieved partial substitution of the diamagnetic zinc or

Al
i
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Figure 5. Temperature-dependent PXRD pattern of 3 (Guinier—Simon
diagram).

cadmium ions in 3 and 4 by small percentages of cobalt. In
order to gain structural and bonding information about the
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Figure 6. DTA/TG—MS measurement of 3.

incorporated Co', X-band EPR investigations have been
carried out. Due to the bad solubility of the starting materials
in the solvents used for synthesis, suitable diamagnetically
diluted single crystals could not be prepared for the EPR
measurements. Therefore powder samples of the Zn'-based
framework 1 and of the Zn" and Cd" coordination polymers
3 and 4 doped with Co" were used. The Co/(Zn,Cd) ratio was
chosen to be 0.01 because, for higher Co" concentrations, line-
broadening effects were observed, leading to a lower quality
of the spectra. In all cases, at temperatures in the range 5—
20 K, strong EPR signals were obtained. Low temperatures
are required because of short spin—lattice relaxation times.
The EPR spectra of Co'" doped into 1, 3, and 4 are shown in
Figure 7, together with their simulations.

At zero magnetic field, according to Abragam and Pryce®
for Co™ 3d” in an octahedral ligand field, the lowest-lying
orbital triplet (labeled I'y) splits into a doublet, a quartet, and
a sextet, with the doublet lying lowest. Resonance is observed
only for the lowest doublet, which is several hundred recip-
rocal centimeters below the first excited state. Further on, the
large amount of orbital angular momentum in the I'y triplet
leads to a ground state g value of 4.3, which differs noticeably
from 2.0023. Lower ligand-field symmetries, as present in our
compounds, cause further splittings of the levels. However,
the resonance, as before, is observed only in the lowest
Kramers doublet. The g tensor components are now ob-
served in a range from 1.5 to 8.

Because of an effective spin of ' = '/, of the ground-state
doublet, the spectra can be analyzed with the following spin
Hamiltonian:

H = Z (upgi BiS{ + A/S{'I;) (1)

I=X,),2

where the second term represents the nuclear hyperfine
interaction with the **Co nucleus (I = 7/,). Usually, this
interaction is resolved in the low-field g region but not for the
other two g values. This has been found in this work for Co™

in the host lattices 1 and 4 (Figure 7a,c) but not for Co' in the
Zn'" lattice 3 (Figure 7b). In this rare case, the *’Co hyperfine
structure is resolved for all three g features. This indicates a
nearly perfect incorporation of the guest complex into the
host lattice, preventing g strain effects.

The tensor components of g and A“° have been obtained
by simulation of the EPR spectra using the program package
EasySpin®' and an effective spin of §' = '/,. The linewidths
used are given in Figure 7. Several attempts have been made
to simulate the spectra with S’ = */, and large values for the
fine structure tensor D. In this case, however, nine parameters
have to be adjusted, and we got no unambiguous solution.
The results are listed in Table 3, together with the single-
crystal data reported for Co" doped into ZnF,.

The spectra obtained are characterized by a very large g
tensor anisotropy, indicating a strong influence of the spin—
orbit coupling. Also, the *Co hyperfine structure tensor shows
a pronounced anisotropy.

According to Tinkham,? the g tensor components for
distorted octahedral Co" complexes accurate to first order
are written in the form g; = (gs); + k(g1.");, where (gs) and
k(g.°) stand for the spin and orbital contributions, respec-
tively. The individual tensor components are given in the
following equations:

gx/ = |:10—§a:| -I—k(l —2({)

3
10 4 4
I _ _ R
g = [3+3a+31} +k(1+a+r) (2)
, 100 4 4
g = {?4—561 gr} +k(l4a—r)
The average g value, (g), is expressed by
10
(@) = 5 +k (3)

(20) Abragam, A.; Pryce, M. H. L. Proc. R. Soc. London 1951, A 206, 173-191.

(21) Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42-55.
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Figure 7. Experimental X-band EPR spectra (black, 7' = 5 K) of Co**
in 1 (a), 3 (b), and 4 (c) and their simulations (red). The linewidths [MHz]
for the simulations are (in the order x, y, z): (a) 1300, 650, 800, (b) 75, 160,
135, and (c) 450, 380, 500.

In these equations, a represents the axial term and r the rhom-
bic component of the ligand field. Contributions of the excited
“P term are not included. However, covalency is allowed via
the orbital reduction factor k.

The estimated values for «, r, and k are given in Table 3,
together with the estimated values for the spin and orbital
contributions (gs); and k(g °);. The latter ones indicate strong
orbital contributions especially for the y component of g. The
values obtained for a, r, and k allow some further conclusions
within the simple model applied: In the zinc lattice of 3, the
first coordination sphere of Co' appears to be more distorted
than that in the cadmium lattice of 4. This corresponds to the
metal—donor atom bond lengths, which are noticeably larger
in the Cd" coordination polymer 4 than in the Zn" coordina-
tion polymer 3, resulting in more space for the incorporated
Co'ions, which can build a less distorted octahedron. As can
be seen from Table 2, in the Zn" coordination polymer 3, the
Zn—donor atom distances are similar to those of the Co"
compound 5.

Lassig et al.

Table 3. Effective Principal Values” of g’ and A as Well as Values for a, r, k,
k(gs)s and k(g )

host lattice

1 3 4 ZnF,?
g 1.740 2.090 2.611 (2.6)°
g/ 6.850 7.100 6.382 6.05
e 2.800 3.000 3.525 4.1
8 3.797 4.063 4.173 4.25
A 100 145 45 (—129.1)¢
A, 780 970 753 650
A 100 100 120 (201)*
a 0.57 0.48 0.36 0.38
r 1.12 0.99 0.63 0.44
k 0.47 0.73 0.91 0.90
k(g1%)« —0.07 0.03 0.25 0.22
k(g °), 1.26 1.80 1.81 1.63
k(g1%). 0.21 0.36 0.66 0.85
(g9)+ 1.81 2.03 2.361 2.33
(gs), 5.59 5.30 4.572 4.42
(gs)- 2.59 2.64 2.865 3.25

“Hyperfine coupling parameters are given in megahertz. * g +0.005;
A7 £ 10. “Not observed. “Not resolved.

For the Co"/Zn"" system, the orbital reduction factor & is
smaller than that obtained for the Co'/Cd" system, indicating
more covalency for the Co—donor atom bonds in the former
system. Also, the spin—orbit contribution is more pronounced
for the Co'"/Zn" system, as reflected by the larger g anisotropy.

For Co' in the coordination polymer 1, eqs 2 and 3 give no
reliable values for rand k. This is expected because in this case
the coordination geometry of the incorporated cobalt ions
comes closer to the distorted pyramidal arrangement of the
zinc ions than to an octahedral one. Obviously, the structure
of 1 fully incorporates Co™ on Zn"" positions.

Conclusion

The crystal structures of the isomorphous coordination
polymers 2[M(Me-3py-pba),] [M = Zn (1), Co (2)] have been
determined (Table 4). A topological analysis reveals a 4-fold
interpenetrated network with {6°} topology (dia). Temperature-
dependent PXRD and DTA/TG—MS measurements show
high thermal stability up to 390 and 420 °C. Therefore, it can
be concluded that these coordination polymers with single
networks of high porosity stabilize themselves by multiple
interpenetrations. Additionally, the diamagnetically diluted
compounds 2[Co,Zn;_(Me-3py-pba),] (x = 0.01—0.10)
were synthesized and characterized using X-band EPR spec-
troscopy.

Furthermore, we synthesized three 1D coordination poly-
mers 3—5 possessing similar structural motifs. Temperature-
dependent PXRD measurements revealed multiple phase
transitions.

In addition, we showed the possibility of the substitution of
metal ions in MOFs in low Percentages b¥ X-band EPR in
diamagnetically diluted Co"/Zn"" and Co''/Cd" systems of
the coordination polymers 1, 3, and 4. The effective g tensors
show a pronounced anisotropy. From analysis of the g tensor
components of Co" in 3 and 4, the octahedral symmetry of
Co''in 3 (Zn'" lattice) is found to be more distorted than that
in 4 (Cd" lattice). Furthermore, in 3, the covalency of the
Co—donor atom bond is noticeably larger than that in 4. It
could be shown that partial substitution of Zn>* or Cd*" ions
by Co" in coordination polymers could be achieved. Porous

(22) Tinkham, M. Proc. R. Soc. London 1956, A 236, 549-563.
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Table 4. Crystallographic Data for 1-5%
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1 2

3 4 5

color and shape
cryst dimens [mm]

colorless prism
0.39 x 0.42 x 0.44

purple prism

formula ZHC30H22N304 COC3UH22N304
M [g-mol ] 623.93 617.49
temperature [K] 180(2) 180(2)
diffractometer STOE IPDS-2T STOE IPDS-2T
cryst syst monoclinic monoclinic
space group Pc (No. 7) Pc (No.7)
unit cell

a [pm] 714.97(6) 704.72(5)

b [pm] 1423.58(8) 1419.5(2)

¢ [pm] 1385.6(2) 1396.8(1)

o [deg]

f [deg] 97.792(6) 96.728(6)

y [deg]
Y [10° pm?] 1397.3(2) 1387.6(2)
Z 2 2
density [g-ecm ™ 1.483 1.483
u(Mo Ka)) [mm '] 0.931 0.673
Ormin—Omax [deg] 1.15-25.00 1.04—25.00
reflns measd 7490 5511
indep reflns 4447 3816
obsd reflns [7 > 20(1)] 4337 3742
Rint 0.0321 0.0300
param refined 391 391
R1[I > 20(])] 0.0335 0.0358
wR2 (all data) 0.0916 0.0926
Flack x parameter 0.003(8) 0.00(2)
max/min peak [107° pm ] 0.4/—0.5 0.4/—0.3

MOF materials with such substitutions might be particularly
interesting concerning heterogeneous catalysis.
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