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Synthesis, Structural and Magnetic Characterization of Fe(I)/Co(I) Isomorphous
Complexes Based on a Dipyrazole-Containing Tetracarboxylate Ligand

LI Fen-Fang® HE Jing
(Department of Chemistry and Chemical Engineering, Jinzhong University, Jinzhong, Shanxi 030600, China)

Abstract: We herein report the synthetic, structural, and magnetic studies on two 2D isomorphous complexes,
{(NH,(CH,),),[M(L)]}, (M=Fe (1), Co (2), H,L.=1,1"-(1,4-phenylenebis(methylene))bis(1 H-pyrazole-3,5-dicarboxylic
acid)). From single crystal X-ray crystallography, it is found that the complexes crystallized in the same space group
monoclinic P2 /n and have six - coordinate octahedron structures. The framework features anionic having a -2
charge, and the electroneutrality is achieved by the incorporation of the protonated dimethylamine by hydrolysis of
DMF in the voids of the net. In the two polymers, each ligand bridges two metal(ll) ions through cheating N, O atoms
of the pyrazole ring and monodentate O atoms of the same pyrazole ring, forming ---M-L-M-L--- chains and the 1D
chains intersect to form an infinite 2D network which contains nearly square M,L, units. Magnetic susceptibility

measurements indicate the presence of antiferromagnetic properties in complexes 1 and 2. CCDC: 1923316, 1;

1923318, 2.
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0 Introduction

The prudent design of coordination polymers
(CPs) by connecting the metal ions as single point
nodes or secondary building units (SBU) with a variety
of organic ligands as linkers has attracted immense
interest in the past few decades'". This is not only due
to their fascinating network structures and novel func-
tionalities but also due to the ease of tuning such struc-
tures with the change of linkers and metals. It has been
observed CPs have great potential for multiple applica-
tions depending on their structure, chemical composi-
tion, particle size, etc. Thus, in the last decades, CPs
have demonstrated usefulness in fields such as hydro-
gen and methane storage capture, separation of CO,",

I, solvent sponge behavior™, con-

water adsorption'*
trolled drug entrapment and release', heterogeneous
catalysis'”, and luminescence™. While many of these
applications are based on the framework porosity, CPs
materials also exhibit physical properties traditionally
associated with highly dense oxide systems. For exam-
ple, CPs may also have interesting magnetic properties
because the magnetic metal ions and their coupling
can be tailored in the CP structure through the incorpo-
ration of magnetic moment carriers such as paramag-
netic metals, open-shell organic ligands, or both”. So
the designed syntheses of CPs having attractive mag-
netic properties are immensely important among the
ever-growing number of functional applications. Such a
class of compounds was investigated to design magnet-
ic materials because magnetic coupling can easily be
tuned and controlled by altering the linkers and

nodes!""

. Side by side it is also very important to
understand the magnetic exchange pathway to rational-
ize the exact design of magnetically functional CPs.

As magnetism is a cooperative phenomenon, a
connection between moment carriers at distances with-
in the interacting range is necessary; carboxylic-based
and nitrogen - based ligands have proved to have good
superexchange pathways for magnetic couplings'.
Especially, the carboxylate - based bridging ligand is
one of the very popular choices for the execution of

magnetic CPs. Thus, coordination architectures having

carboxylate - donating linkers and paramagnetic metal
ions have attracted the attention of contemporary
research for understanding the magnetic exchange
through the OCO bridges of the carboxylate ligands
which show versatile binding abilities. In addition, flex-
ible diamagnetic ligands are usually used to link mag-
netic d- or f-block metal ions into extended networks,
facilitating magnetic exchange in one, two, and three
dimensions'*'%, Paramagnetic transition metal elements
allow the variation of spin quantum number and mag-
netic anisotropy, two important parameters in magne-
tism. Among these elements, Co(Il) and Ni(Il) appear as
the preferred choice to develop magnetic CPs, because
it provides the highest magneto-crystalline anisotropy,
which results in record magnetic hardness'"”.

In the CPs, there are self - assemblies of isomor-
phous or isotopologue compounds, which provide varia-
tions of magnetic anisotropy and spin quantum num-
bers that affect the magnetic behavior of such isomor-
phous systems, such as [M(L),(CH,OH),] (M=Mn (II),
Fe(Il), and Co(Il), HL=2,6-bis(pyrazole-1-yl)pyridine-4-
carboxylic acid), M(HCOO),(4,4'-bpy) -nH,0 (M=Co(Il)
and Ni(I)); [M(L)(N,)],-3nH,0 (M=Mn(Il), Co(Il), and
Ni(Il), L =1-(4-carboxylatobenzyl-pyridinium-4-carbox-
ylate), and [M(H,bpta)], (H,bpta=2,2",4,4" -biphenyltet-
racarboxylic acid, M=Fe(Il), Ni(Il), Cu(Il), and Zn(II))"***",
The magnetic interactions between transition metal
centers usually are mainly mediated through M-L-M
super-exchange which is important in magnetic orbits
of metal ions, in which the nd-orbits of metal ions are
combined out of phase with the np - orbits of ligands.
The orbital interaction plays a significant role in the
spin Hamiltonian for a given magnetic system. Indeed,
a substantial number of CPs with magnetic properties
have been reported, due to the use of constitutive open-
shell transition metal ions within the framework of the
structure.

With this in mind, we selected a ligand 1,1"-(1,4-
phenylenebis(methylene))bis - (1H - pyrazole - 3, 5 - dicar-
boxylic acid)) (H,L, Scheme 1), succeeded in obtaining
two new isomorphous 2D complexes {(NH,(CH,),),
[Fe(L)]}, (1) and {(NH,(CH,),),[Co(L)]}, (2), and analyzed

magnetic properties of the two complexes. The result of
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variable - temperature magnetic measurements exhibits
antiferromagnetic exchange interactions in complexes

1 and 2.

HOOC, COOH

HOOC COOH

Scheme 1 Structure of H,L

1 Experimental

1.1 General methods and materials

H,L was purchased from Jinan Henghua Science
& Technology Co., Ltd., China. All solvents and other
reagents were commercially available and were used
without further purification. Fourier transform (FT) IR
spectra were taken on a BRUKER TENSOR27 spec-
trometer in a 4 000-400 cm™ region with KBr pellets.
Elemental analyses of C, H, and N were recorded on a
CHNO - Rapid instrument. Powder X - ray diffraction
(PXRD) data were collected on a Bruker D8 Advance X
-ray diffractometer with Cu Ka radiation (A =0.154 18
nm) and the data were recorded within a 26 range of 5°-
50°. The working voltage and current were 60 kV and
50 mA, respectively. The calculated PXRD patterns
were generated from the single-crystal X-ray diffraction
data using PLATON software. Magnetic susceptibility
data were obtained with a SQUID magnetometer
(Quantum MPMS-VSM) in a temperature range of 1.8-
300.0 K by using an applied field of 2 000 Oe. The
magnetic susceptibility data were corrected for the
diamagnetism of the samples using Pascal constants.
Thermogravimetric analyses (TGA) were carried out
with a Dupont thermal analyzer in a temperature range
of 25-800 °C under an N, flow with a heating rate of
5 %C-min™".
1.2 Preparation of complexes 1 and 2

A mixture of H,L. (20.7 mg, 0.05 mmol), FeSO,-
7H,0 (27.8 mg, 0.10 mmol), SnCl,-2H,0 (11.3 mg,
0.05 mmol), and 10 mL of mixed solvents (acetonitrile/
DMF/water, 3:3:4, V/V) was placed in a 15 mL Teflon-
lined stainless steel autoclave. The mixture was heated

under autogenous pressure at 160 “C for 72 h and then

cooled to room temperature naturally. Red block-shaped
crystals of 1 were collected by filtration, washed with
H,0, and dried in the air. Yield: 70%. Anal. Caled. for
C,H,FeNOy(%): C 47.1, H 4.63, N 14.9; Found(%): C
472, H 4.66, N 14.8. IR (KBr, cm™): 3 437s, 3 130w,
1 605s, 1 533m, 1476m, 1 362s, 1 277m, 1 241m, 1 106
w, 1 013s, 821s, 785w, 764m, 543m.

The preparation process of complex 2 was the
same as that of 1, except that FeSO,-7H,0 and SnCl,-
2H,0 were replaced by CoCl,-3H,0 (23.8 mg, 0.10
mmol). Pink block-shaped crystals of 2 were collected,
washed with H,0, and dried in air. Yield: 70%. Anal.
Caled. for C,,H,\NCoO4(%): C 47.0, H 4.63, N 15.0;
Found(%): C 46.8, H4.64, N 14.8. IR (KBr, cm™): 3419
w, 2 802w, 2 399w, 1 922w, 1 610s, 1 525m, 1 487m,
1 355s, 1 274m, 1 245m, 1 107w, 1 024s, 837s, 792w,
767m, 550m.

1.3 X-ray crystallography

The data for complex 1 were collected using a
SuperNova (Cu) X -ray Source diffractometer utilizing
Cu Ko (A=0.154 18 nm) radiation at 173(2) K. Single-
crystal X - ray diffraction data for complex 2 were
collected in the Beijing Synchrotron Radiation Facility
(BSRF) beamline 3W1A, which were mounted on a
MARCCD-165 detector (A=0.071 00 nm) with the stor-
age ring working at 2.5 GeV. In the process, the crystal
was protected by liquid nitrogen at 100(2) K. Data was
collected by the program MARCCD and processed
using HKL 2000.

All the structure was solved by direct methods
employed in the program SHELXS-2014 and refined
by full - matrix least - squares methods against F* with
SHELXL-2016. The determination of cell parameters
and data reduction was performed with SAINT Plus.
Program SADABS was used for absorption corrections.
After all non - H atoms were refined anisotropically,
hydrogen atoms attached to C atoms were placed geo-

metrically and refined using a riding model approxima-

tion, with a C—H length of 0.093 nm and U,_(H) =
1.2U,(C). A summary of the crystallographic data and
data collection and refinement parameters for both

complexes are listed in Table 1.

CCDC: 1923316, 1; 1923318, 2.
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Table 1 Crystal data and structure refinement parameters for complexes 1 and 2

Parameter 1 2
Formula ), Hy FeN, O, C,,H, CoN, Oy
Formula weight 558.34 561.42
Crystal system Monoclinic Monoclinic
Spase group P2,/n P2,/n
a/nm 1111 34(7) 1.096 5(2)
b/ nm 1.051 25(4) 1051 9(2)
¢/nm 1175 45(8) 1178 6(2)
BI() 117.074(8) 116.43(3)
V/nm? 1222 7(15) 1217 3(5)
A 2 2
D,/ (g-cm™) 1.516 1.532
w/ mm™! 5.474 0.765
F(000) 580 582
GOF 1.094 1.002
R, [I>20(])] 0.044 9 0.028
wR, [I>20(1)] 0.128 8 0.103

2 Results and discussion

2.1 IR characterization

The peaks of FT-IR indicate that the strong broad
absorption bands in the range between 3 419 cm™
should be assigned to the characteristic vibrations of
the vy, stretching frequencies. The absence of strong
bands around 1 706 ¢cm™ in the FT-IR spectra indi-
cates that —COOH group has been completely deprot-
onated to generate " anions, which is in agreement
with that from its X-ray single crystal structure, and the
characteristic strong bands of the coordinated carboxyl-
ate groups appeared at 1 610-1 525 ¢cm™ for the asym-
metric stretching and 1 355-1 274 ¢cm™ for the symmet-
ric one (Fig.1).

Transmittance / %

—H,L ‘
~—— Complex 1 | ‘
—— Complex 2

0 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavelength / nm

Fig.1  FT-IR spectra of H,L. and complexes 1 and 2

2.2 Description of crystal structures

Since the two complexes are isomorphous, only
the structure of complex 1 will be described here. Com-
plex 1 crystallizes in the P2,/n space group containing
the anion framework. The asymmetric unit consists of a
half Fe* ion, a half of a fully deprotonated L.* ligand,
and one non - coordinated protonated dimethylamine
cation by hydrolysis of DMF (Fig.2). As can be deduced

Symmetry codes: ' x=1/2, —=y+3/2, z=1/2; 1 —x+1/2, y+1/2, —z+1/2;
Wy, =y 42, =z ¥ —x, —y+1, 2z
Fig.2  Atom labels and coordination environments of the
Fe(Il) ions in complex 1 with displacement

ellipsoids drawn at the 30% probability level
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from the charge balance, the framework is anionic
having a -2 charge, and the electroneutrality is
achieved by the incorporation of the protonated amine
in the voids of the net. In complex 1, the Fe(Il) ion is
surrounded by four oxygen atoms (01, O1%, 03", 03%)
from four L* ions and two nitrogen atoms (N2, N2%) of
two different L* ions to present an octahedron geome-
try where the cis- and trans - angles separate at the
metal is 76.65(8)°-180.0°. The Fe—0 and Fe—N bond
lengths are in a range of 0.206 3(2)-0.216 5(2) nm and
0.216 7(2) nm, respectively, which are slightly shorter
than those of Fe (I) complexes®!. The bond lengths

(M—O0 and M—N) for the two complexes decrease with
the increase of the d-electronic number, in agreement
with the radius variation of the metal ions (Table 2).

As shown in Fig.3a, in complex 1, two carboxyl
groups of pyrazole are fully deprotonated, each ligand
bridges two Fe(Il) ions through chelating N, O atoms of
the pyrazole ring and monodentate O atom of the same
pyrazole ring, forming ---Fe-L-Fe-L--- chains parallel
to the crystallographic b direction. The Fe---Fe dis-
tance separated by a u, s-pyrazole-carboxylate bridge is
0.795 7(1) nm (Co---Co 0.798 0(2) nm for 2). The dihe-

dral angle between the planes of the benzene ring and

Table 2 Selected bond distances (nm) and angles (°) around metal centers in isomorphous polymers 1 and 2

1(173K)

Fel—03 0.206 3(2) Fel—O03 0.206 3(2) Fel—O1i 0.216 5(2)

Fel—01 0.216 5(2) Fel—N2 0.216 7(2) Fel—N2i 0.216 7(2)
03—Fel—031 180.0 03—Fel—O01 88.51(8) 03i—Fel—O01 91.49(8)
03—Fel—01 91.49(8) 03 —Fel—01 88.51(8) O1i—Fel—01 180.0
03—Fel—N2 92.48(9) 03i—Fel—N2 87.52(9) Oli—Fe]—N2 103.35(8)
01—Fel—N2 76.65(8) 03—Fel—N2ii 87.52(9) 03i—Fel—N2ii 92.48(9)
Olii—Fe]—N2ii 76.65(8) 01—Fel—N2ii 103.35(8) N2—Fel—N2ii 180.0

2 (100 K)

Col—01 0.207 53(11) Col—O01i 0.207 53(11) Col—03 0.209 60(11)

Col—03 0.209 60(11) Col—N2i 0.213 59(13) Col—N2ii 0.213 59(13)
01—Col—01' 180.0 01—Col—03 91.48(5) 01—Col—03# 88.52(5)
01—Col—03i 88.52(5) 01—Col—03i 91.48(5) 03i—Co1—03i 180.00(5)
01—Col—N2i 93.12(5) 01—Col—N2i 86.88(5) 03i—Col—N2i 78.28(5)
03ii—Col—N2i 101.72(5) 01—Col—N2ii 36.88(5) 01—Col—N2i 93.12(5)
03—Col—N2i 101.72(5) 03i—Col—N2i 78.28(5) N2i—Col—N2ii 180.0

Symmetry codes: | x=1/2, =y+3/2, z=1/2; T —x+1/2, y+1/2, —z+1/2; T —x, =y+2, —z; ¥ =x+1/2, y=1/2, —2+1/2; ¥ —x, —y+1, =z for 1;
Fext 1, =y, =z =12, =y 12, 2= 1725 T —x43/2, y+1/2, —z41/2; ¥ —x42, —y+1, —z+1; ¥ —x+3/2, y=1/2, —z+1/2 for 2.

Fig.3

(b)

(a) Two-dimensional sheets extending in the b-axis and c-axis of complex 1;

(b) Topology net of complex 1 with Schlifli symbol {3'%.4'*.5%}
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pyrazole rings is 71.07(3)°. The 1D chains intersect to
form an infinite 2D network that contains nearly square
Fe,L, units. For each unit, four L anions act as the
four edges, and four Fe(Il) ions represent the four verti-
ces. The lengths of the diagonals are 1.051 3 and 1.194 8
nm, compared to 1.060 9 and 1.200 4 nm for 2, and the
interior angles are 82.68° and 97.32°, compared to
82.46° and 97.54° for 2.

From the topological point of view, the frame-
works of complexes 1 and 2 can be simplified by the
application of a (4,4)-connected topological approach
(Fig.3b) using TOPOS*. Each ligand is linked to four
Fe® ions to act as a 4-connected node; each Fe® ion is
bound by four L* ions to act as a 4-connected node.
The topological notation is {3'2.4'*.5’} from TOPOS
program analysis.

To confirm that the phase of the bulk sample is
pure and the crystal structures of 1 and 2 are truly rep-
resentative of the bulk material, the PXRD experi-
ments were carried out. As shown in Fig.4, PXRD pat-

Intensity / a.u.

(@)

Intensity / a.u.

20/ ()

Fig.4 Simulated (bottom) and experimental (top) PXRD
patterns of complexes 1 (a) and 2 (b)

terns of 1 and 2 were determined at room temperature,
which matched well with those simulated from their
X-ray single crystal diffraction data, and the high puri-
ty of the complexes can be confirmed. In addition, TGA
results indicate that complexes 1 and 2 were stable

until about 604 K (Fig.5).

110
100 F
9
80
70
60 |
soF
af
30k
0}
0f

——Complex 1
—Complex 2

Weight / %

0 1 1 1 1 1 1
300 400 500 600 700 800 900 1000
Temperature / K

Fig.5 TGA curves for complexes 1 and 2

2.3 Magnetic properties

To gain insight into magnetic changes in isomor-
phous polymers, magnetic measurements were carried
out on the well-crushed crystalline samples. Variable-
temperature magnetic susceptibilities of the two com-
plexes were measured in a temperature range of 1.8 -
300.0 K with an applied magnetic field of 2 000 Oe.

As shown in Fig.6a, the y, T value of 1 (3.07 cm’-
mol ™+ K) at 300.0 K was larger than the spin-only x,T
of 3.00 em’+mol™" - K expected for a single isolated high-
spin Fe(Il) ion (g=2.0 and S=2). Upon cooling, the x,T
value decreased smoothly and reached a minimum of
1.67 ecm*+mol™+K at 2.0 K, which indicates a charac-
teristic feature of antiferromagnetic coupling between
Fe(ll) ions. The Curie-Weiss fit, namely y=C/(T-6), in
the range of 1.8 to 300.0 K afforded a Curie constant of
C being 3.11 c¢cm’+mol™'+K and a Weiss constant of 6
being —0.49 K (Fig.6a, Inset).

To further investigate the magnetic properties of
1, the data can be fitted upon 7.0 K by an expression
(Eq.1) for S=2 systems"™"

NG )+ 5T 4 14010 4 302D

XM = - - ™ =
ET 1 4 3e/UT) 4 50H/(T) L 7 120I(KT) o200/ (KT)

@)

where J is the coupling constant between the neighbor-

ing Fe(Il) ions; N is Avogadro’s number; 8 is the Bohr
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Fig.6 Temperature dependence of x, T and 1/y,, collected in an applied field of 2 000 Oe for complexes 1 (a) and 2 (b)

magneton; k is the Boltzmann constant; g is the Lande
value.

The best fit well reproduced the experimental data
over the entire temperature range with g=1.95, J=
-0.181 em™' with an agreement factor (R) of 5.7x107,
where R= % (xyT .= XuT.)"/ 2 (xuT.,)"- The negative 6
and J values indicate the presence of weak antiferro-
magnetic interaction between adjacent Fe(Il) ions.

24 it can be deduced

According to the literature
that the unpaired spin in e, orbitals favor ferromagnetic
interactions, whereas those in t,, orbitals favor stronger

antiferromagnetic interactions, with only one unpaired

agreement with these expectations™',

As shown in Fig.6b, the y,T value of 2 (3.23 cm’-
mol™' - K) at 300.0 K was larger than the spin-only value
(1.88 em’=mol™+K, g=2.0 and S=3/2). Upon cooling,
the yyT value slightly increased first, then decreased
and reached 2.22 ¢cm’+mol™-K at 2.0 K, which indi-
cates a characteristic feature of antiferromagnetic cou-
pling between Co(ll) ions. The magnetic susceptibility
obeys the Curie- Weiss law with a Curie constant C=
3.35 ecm’-mol™+K, and a Weiss constant §=-3.87 K
(Fig. 6b, Inset). We apply the following expressions
(Eq.2 and 3) for a 1D Co(Il) chain to fit the data®"

electron in a t,, orbital being enough to dominate the Yo = X chain 2
overall superexchange. Therefore, Fe (I) complexes ! - 22" X hain
should show antiferromagnetic. Our result is in good Ng*pB*
NgzﬁZ 2 2 3\-1
e (2.0 + 0.0194x + 0.777x)(3.0 + 4.436x + 3.232x" + 5.834x") 3

where x=1JIkT; z/' represents the interaction between
Co(Il) ions and J is the parameter of exchange interac-
tion between the neighboring Co(ll) ions. The suscepti-
bility values above 50 K were calculated, resulting in
J=—0.11 cm™, g=1.85, and the agreement factor
defined by R= % (xyT.,— xul.0)’ X (xuT.,)” was 7.2
107. A negative J confirms a weak antiferromagnetic

exchange that agrees with a negative 6 value.
3 Conclusions

In summary, we have successfully constructed two
new isomorphous coordination polymers from the 1,1'-

(1,4 - phenylenebis(methylene))bis - (1H - pyrazole - 3,5 -

dicarboxylic acid)) ligand under a similar synthetic pro-
cedure. The framework features anionic having a -2
charge and protonated dimethylamine cation by hydro-
lysis of DMF to maintain the electroneutrality of the
complex. Magnetic studies indicate the presence of

antiferromagnetic exchange for complexes 1 and 2.
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