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Syntheses, Structures and Magnetic Analysis of Co(ID, Ni(I) Coordination Polymers Based
on Pyridine-2,4,6-tricarboxylic Acid
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Abstract: The title coordination polymers of {[Ms(pyta),(H,O)s]-4H,0},(M=Co(1), Ni(2)) based on Hipyta (Hspyta=
pyridine-2,4,6-tricarboxylic acid) had been synthesized under hydrothermal synthesis conditions with same tem-
perature, molar ratio and solvent, but different metal salts. X-ray diffraction analysis shows that these two poly-

mers are hetero-isomorphic and belong to the monoclinic system, P2,/c space group. The magnetic investigation
shows that polymers 1 and 2 exhibit a ferromagnetic coupling between M(II) ions. CCDC: 1524314, 1; 1000880, 2.
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0 Introduction intermolecular interaction with different correlation in

the whole molecular arrangement, though very weak,

Since “single-molecule magnets” (SMMs) were can perturb the intrinsic properties of individual
discovered, design and synthesis of the paramagnetic SMMs!™. In our previous work!"*'we have reported
transition polymetallic cluster are attractive to and studied antiferromagnetic(AF) coupling interaction
researchers!™. Recently many different directions have between  magnetic  centers.  Ligands  3-/4-
being pursued in the research field of SMMs®!, in pyridinecarboxylate and pyridinecarboxylate have
which an important direction has been found that the recently been found to act as excellent building
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blocks with charge and multi-connecting ability in the
construction of functional coordination polymers with
porosity, photolumineseent or magnetic properties!™>9,

Compared ~ with  the  previously  investigated

pyridinecarboxylate ligands, pyridine-2.,4,6-
tricarboxylic acid (H;pyta) have the advantages of
multiple bridging moieties, which leads to a variety of
connection modes with transition metal centers and
provides abundant structural motifs. It can act not
only as N-donors but also as Oy-donors to chelate
or bridge metal ions to form coordination polymers!”,
and some complexes can act as SMMs ", In this
paper, we report Co(ll) and Ni(Il) polymers based on
{[M;(pyta),

(H,0)g] +4H,0},, and analyze their thermogravimetric

pyridine-2,4,6-tricarboxylic acid (H;pyta):

and magnetic properties.
1 Experimental
All solvents and chemicals were commercial

reagents and used without further purification.

acid was  synthesized

(171

pyridine-2,4,6-tricarboxylic
according to the reference Elemental analyses
(carbon, hydrogen, and nitrogen) were performed with
a Perkin-Elmer 240 elemental analyzer. IR spectra
were measured from KBr pellets on a Nicolet 5DX
FTIR spectrometer. XRD was performed using Rigaku
D/max 2500 X-ray diffractometer ( Cu Ko« radiation,
A=0.156 04 nm, U=40 kV, /=150 mA, 20=5°~65°).
The TGA was determined by Perkin Elmer Pyris
Diamond TG-DTA. The magnetic measurements were
carried out with a Quantum Design MPMS-XL7 and a
PPMS-9 ACMS magnetometer.
1.1 Synthesis of {[Cos(pyta),(H,O)s]-4H,0}, (1)
CoCl,+6H,0(0.072 4 g,3 mmol), Hsptc(0.021 1 g,
1 mmol) were mixed in 7 mL distilled H,O water and

3 mL ethanol. The pH value of the solution was

adjusted to 7 with 1 mol -L.™ NaOH, and then sealed in
a 23 mL Teflon-lined stainless steel autoclave. The
mixture was heated in an oven at 100 “C for two days ,
and cooled to room temperature at a rate of 10 C-h™.
Red massive crystals of 1 were obtained. Yield: 95%
(based on Hjpte ). Anal. Caled. for CigHxCosN,Oay (%):
C, 23.74; H, 3.46; N, 3.46. Found (%): C, 23.77; H,
3.40; N, 3.48. IR(cm™): 3 448s, 16225, 1 509w, 1 444w,
1378s, 1 312w, 1 256w,1 114w, 926w, 747m, 512m.
1.2 Synthesis of{[Ni;(pyta),(H,0)s] - 4H,0}, (2)

The procedures were similar to the synthesis of 1
except that the metal salts was NiCl, -6H,O. Green
massive crystals of 2 were obtained. Yield: 86% .
(based on Hjpte ). Anal. Caled. for CisHxNizN,Oy (%):
C, 23.75; H, 3.46; N, 3.46. Found (%): C, 23.81; H,
3.41; N, 3.52. IR (em™): 3 853m, 3 749m, 3 438s,
2 348w, 1 622s, 1 430w, 1 378s, 1 289w,1 113w,
926w, 747m, 512m.

1.3 X-ray diffraction

Single-crystal X-ray diffraction data were collected
on a Agilent supernova diffractometer equipped with
graphite-monochromated Mo radiation with radiation
wavelength 0.071 073 nm, by using the x-scan
technique. For 1 and 2, the structures were solved by
direct methods using the SHELXS-2013 ], and refined

by full-matrix least-squares on F? using the Olex?
program™. All non-hydrogen atoms were refined anis-
tropically.  Hydrogen  atoms  were  generated
geometrically and refined isotropically with the riding
mode. Crystallographic crystal data and structure
processing parameters for polymers 1~2 are summarized
in Table 1. Selected bond lengths and bond angles for
polymers 1~2 are listed in Table 2, and hydrogen bonds
for polymers 1~2 are listed in Table 3.

CCDC: 1524314, 1; 1000880, 2.

Table 1 Crystal data and structure parameters for polymers 1~2

Polymer 1 2

Empirical formula Ci6HasCo3N,0n Ci6HosNi3N,O04
Formula weight 809.19 808.53

T/K 298 296

Crystal system Monoclinic Monoclinic
Space group P2//c P2//c
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Continued Table 1
a/nm 0.718 0(3) 0.713 56(16)
b/ nm 1.185 75(8) 1.857 4(4)
¢/ nm 1.083 5(5) 1.076 1(2)
B/ 103.880(5) 103.225(3)
V/nm? 1.402 9(10) 1.388 4(5)
D,/ (g-cm™) 1.916 1.934
A 2 2
Limiting indices -8<h<8 -8<h=8
-22<k<22 21<k<22
-12<is<12 -12<i<12
F(000) 822 828
0 range / (°) 2.2~25.1 2.2~25.1
S 1.00 1.00
Riu 0.034 0.023
Reflections, parameters, restraints 2 496, 205, 0 2 465, 205, 0
R *[c =20 (parameters, restraints)] 0.023 0.027
wRy* 0.051 0.067
w/ mm™ 1.86 2.12
(M), 0.001 0.001
(A)uess (Ap)uin / (e+nm™) 340, -530 320, -440
Ri= X (WFNIFIN X, wR=[ X (IFAFIPY X 1F, ">
Table 2 Selected bond lengths (nm) and bond angles (°) for polymers 1~2
Lo(l) (1A 0.202 16(15) Co(2)-0(5) 0.207 49(15) Co(1)-N(1) 0.205 40(17)
0(2)-0(5)B 0.207 49(15) Co(1)-0(7) 0.207 60(18) Co(2)-0(9)B 0.208 6(2)
Co(1)-0(8) 0.211 24(18) Co(2)-0(9) 0.208 6(2) Co(1)-0(6) 0.215 57(15)
Co(2)-0(10)B 0.210 23(19) Co(1)-0(2) 0.226 94(16) Co(2)-0(10) 0.210 23(19)
O(1)A-Co(1)-N(1) 176.96(6) 0(5)-Co(2)-0(5)B 180 O(1)A-Co(1)-0(7) 87.90(6)
0(5)-Co(2)-0(9)B 93.70(7) N(1)-Co(1)-0(7) 89.24(6) 0(5)B-Co(2)-0(9)B 86.30(7)
O(1)A-Co(1)-0(8) 84.77(6) 0(5)-Co(2)-0(9) 86.30(7) N(1)-Co(1)-0(8) 98.10(6)
0(5)B-Co(2)-0(9) 93.70(7) 0(7)-Co(1)-0(8) 172.64(6) 0(9)B-Co(2)-0(9) 180
O(1)A-Co(1)-0(6) 103.55(6) 0(5)-Co(2)-0(10)B 88.46(6) N(1)-Co(1)-0(6) 75.51(6)
0(5)B-Co(2)-0(10)B 91.54(6) 0(7)-Co(1)-0(6) 91.83(7) 0(9)B-Co(2)-0(10)B 92.39(9)
0(8)-Co(1)-0(6) 90.50(7) 0(9)-Co(2)-0(10)B 87.61(9) O(1)A-Co(1)-0(2) 107.43(6)
0(5)-Co(2)-0(10) 91.54(6) N(1)-Co(1)-0(2) 73.87(6) 0(5)B-Co(2)-0(10) 88.46(6)
0(7)-Co(1)-0(2) 95.47(6) 0(9)B-Co(2)-0(10) 87.61(9) 0(8)-Co(1)-0(2) 86.16(6)
0(9)-Co(2)-0(10) 92.39(9) 0(6)-Co(1)-0(2) 148.38(5) 0(10)B-Co(2)-0(10) 180
Ni(1)-N(1) 0.199 6(2) Ni(2)-0(5)B 0.202 29(17) Ni(1)-0(1)A 0.200 10(18)
Ni(2)-0(5) 0.202 29(17) Ni(1)-0(7) 0.204 7(2) Ni(2)-0(10)B 0.206 9(2)
Ni(1)-0(8) 0.205 5(2) Ni(2)-0(10) 0.206 9(2) Ni(1)-0(6) 0.212 39(18)
Ni(2)-0(9) 0.2075(2) Ni(1)-0(2) 0.229 56(19) Ni(2)-0(9)B 0.207 5(2)
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Continued Table 2
N(1)-Ni(1)-0(1)A 178.12(8) O(1)A-Ni(1)-0(8) 85.47(8) N(1)-Ni(1)-0(7) 90.44(8)
0(7)-Ni(1)-0(8) 173.13(7) O(1)A-Ni(1)-0(7) 87.81(8) N(1)-Ni(1)-0(6) 78.00(8)
N(1)-Ni(1)-0(8) 96.26(8) O(1)A-Ni(1)-0(6) 102.71(7) 0(7)-Ni(1)-0(6) 91.24(8)
0(5)-Ni(2)-0(10) 93.06(8) 0(8)-Ni(1)-0(6) 91.67(8) 0(10)B-Ni(2)-0(10) 180
N()-Ni(1)-0(2) 74.62(7) 0(5)B-Ni(2)-0(9) 93.62(8) O(1)A-Ni(1)-0(2) 104.81(7)
0(5)-Ni(2)-0(9) 86.38(8) 0(7)-Ni(1)-0(2) 93.75(8) 0(10)B-Ni(2)-0(9) 87.87(12)
0(8)-Ni(1)-0(2) 86.56(3) 0(10)-Ni(2)-0(9) 92.13(12) 0(6)-Ni(1)-0(2) 152.19(7)
0(5)B-Ni(2)-0(9)B 86.38(8) 0(5)B-Ni(2)-0(5) 180 0(5)-Ni(2)-0(9)B 93.62(8)
0(5)B-Ni(2)-0(10)B 93.06(8) 0(10)B-Ni(2)-0(9)B 92.13(12) 0(5)-Ni(2)-0(10)B 86.94(8)
0(10)-Ni(2)-0(9)B 87.87(12) 0(5)B-Ni(2)-0(10) 86.94(8) 0(9)-Ni(2)-0(9)B 180
Symmetry codes: A: x, —y+1/2, z4+1/2; B: —x, —y+1, —z+1; C: x, —y+1/2, z—1/2
Table 3 Hydrogen bonds parameters for polymers 1 and 2
D-H---A d(D-H) / nm d(H---A) nm d(D-+-A) / nm £ D-H--A/(%)
1
0(8)-H(8)b---0(12)D 0.079 0.200 0.273 2(2) 156
0(8)-H(8)a---O(4)E 0.090 0.182 0.271 5(2) 172
O(7)-H(7)b---O(12)F 0.082 0.196 0.276 1(2) 165
0(7)-H(7)a---0(3)G 0.086 0.182 0.268 2(2) 175
0(9)-HO)b---0(11) 0.081 0.202 0.282 6(3) 174
0(9)-H(9)a---0(3)H 0.087 0.182 0.267 0(2) 168
0(10)-H(10)b---O(8)A 0.091 0.242 0.302 2(3) 124
0(10)-H(10)a---0(6) 0.078 0.203 0.264 5(2) 137
O(11)-H(11)b---O(9)1 0.088 0.251 0.329 1(3) 148
O(11)-H(11)a---0(2)A 0.078 0.232 0.304 3(3) 154
0(12)-H(12)b---0(4) 0.079 0.194 0.272 1(2) 167
0(12)-H(12)a---(11)1 0.089 0.195 0.283 7(3) 173
2
0(8)-H(8)b-+-0(12)D 0.084 0.193 2.744(3) 162
0(8)-H(8)a:--O(4)E 0.085 0.186 2.702(3) 173
0(7)-H(7)b---O(12)F 0.084 0.194 2.771(3) 167
0(7)-H(7)a---03)G 0.084 0.185 2.688(3) 174
0(9)-H(9)b---0(11) 0.085 0.200 2.848(3) 175
0(9)-H©®)a---03)G 0.085 0.183 2.666(3) 166
0(10)-H(10)b---O(8)A 0.083 0.246 3.075(3) 132
0(10)-H(10)a---0(6) 0.085 0.196 2.653(3) 137
O(1 1)-H(11)b---0(9)H 0.083 0.244 3.172(4) 147
0(11)-H(11)a---02)1 0.084 0.221 2.994(3) 155
0(12)-H(12)b---O(4) 0.085 0.189 2.735(3) 170
0(12)-H(12)a---0(11)1 0.085 0.198 2.818(3) 169

Symmetry codes: A: x, —y+1/2, z+1/2; D: —x, y=1/2, z4+1/2; E: —x, —=y+1, —z; F: —=x+1, y=1/2, —=z+1/2; G: —x+1, —y+1, —z; H: x, y, z+1; [: —x+1,

—y+1, —z+1
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2 Results and discussion

2.1 Crystal structures of 1 and 2

X-ray single-crystal diffraction analysis reveals
that polymers 1 and 2 crystallizes in monoclinic
system, space group P2//c, they are hetero-isomorphic
and  two-dimensional  structure  polymers.  The
coordination environment of M(I) in 1 and 2 is shown
in Fig.1a. The asymmetric unit consists of three M(II)
ions, two pyta®” ligand, eight coordinated water mole-
cules, and four free water molecules.

There are three separate M (II) ions and two
coordination modes in the polymers. The first
coordination mode is that the M(Il) ion is coordinated
by one nitrogen atom(N1) and three oxygen atoms(O1,

02,06) from pyta’~ ligand and two coordinated water

molecules (07,08). The other one is that the M(Il) ion
is coordinated by six oxygen atoms (05,05B from two
different pyta® ligand and 09, 09A, 010, O10A from
four coordinated water molecules). These two different
M (D) ions in 1 and 2 both are six-coordinated. For
polymer 1, the Co-O distances fall in the range of
0.202 16(15)~0.226 94(16) nm. The Co-N distance is
0.205 40(17) nm. The bond angles of N1-Co1-0O2 and
010-Co2-010B are 73.87(6)° and 180.0°, respectively.
For polymer 2, the Ni-O distances fall in the range of
0.200 10(18)~0.229 56(19) nm. The Ni-N distance is
0.199 6(2) nm. The bond angles of N1-Nil-0O2 and
09B-Ni2-09 are 74.62(7)° and 180.0°, respectively.
These bond angles and bond distances all fall in the

normal ranges'™*'l.

Symmetry codes: A: x, —y+1/2, z+1/2; B: —x, —y+1, —z+1; C: x, —y+1/2, z2—=1/2 in (a)

Fig.1 (a) Coordination environment of M(IN(M=Co, Ni) ions in 1~2; (b) 2-D network structure of polymers 1~2 viewed along a axis;

(c)Hydrogen bonds in 1~2; (d) 3D structure of 1~2 formed by hydrogen bonds viewed along b axis

In polymers 1 and 2, the five coordination sites
on the ligand all coordinate with metal ions. So, the
pyta® = ligand adopts a us-n':nin® bridging style to
coordinate with M(II) ions. Two O atoms from carboxyl
of ligand coordinate with two M(II) ions, so carboxyl
adopts a w,-n':"' bridging style to coordinate with M(II)
ions. As the ligand adopts a us-n":p%n* bridging style
and carboxyl takes a w,-n'm' bridging style, the

polymers 1 and 2 exhibit a very special two-

dimensional network structure along a axis (Fig.1b).
Owing to the introduction of water molecules, the
crystals of polymers 1 and 2 have a large number of
hydrogen bonds. The O atoms in carbonyl group on
the ligand form O-H --- O intramolecular hydrogen
bonds with coordinated water molecules. The free
water molecules in polymers 1 and 2 form O-H--- O
intermolecular hydrogen bonds with coordinated water

(Fig.1¢). These hydrogen bonds finally

molecules
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generate a three-dimensional network structure by
the
intermolecular hydrogen bonds (Fig.1d).

bridging two-dimensional ~ planes  with

2.2 PXRD and thermal gravimetric analysis

In order to check the purity of polymers 1 and 2,

(@

H J |
—d ‘Lﬂ Ui ‘lulbm’”w .WLW»EWI
I I

powder X-ray diffraction of the as-synthesized samples
was measured at room temperature. The peak positions
of experimental patterns are in good agreement with
the simulated ones, which clearly indicates good

purity of the polymers 1 and 2(Fig.2).
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Fig.2  PXRD patterns for

The thermal stabilities of polymers 1 and 2 were
tested in the range of 45~1 000 °C under a nitrogen
atmosphere at a heating rate of 5C min™ and TGA
curves of polymers 1 and 2 were shown in Fig.3. The
TGA curve of 1 show that polymer 1 first loses twelve
water molecules(Obsd. 27.59%, Caled. 26.69%) in the
range of 45 ~236 C . The second weight loss is
responsible for the decomposition of all organic
components in the range of 236~556 “C. The residue
with  weight of 31.72% might be Co,0; (Caled.
30.75%).The TGA curve of 2 show that polymer 2 first
loses twelve water molecules (Obsd. 23.52%, Calcd.
23.75%) in the range of 45~123 °C. Further weight
loss is responsible for the decomposition of all organic
components in the range of 123~503 “C. The residue
with weight of 28.79% might be NiO(Caled. 27.71%).
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polymers 1(a) and 2(b)

2.4 Magnetic analysis for polymers 1~2
Co(I) (d") of polymer 1 and Ni(ll) (d% of polymer
2 have unpaired electrons, so their magnetic

properties are studied. The magnetic susceptibilities,
Xm of 1 and 2 were measured in the 2 ~300 K
temperature range, and shown as plots of y,, and x.T
versus T in Fig.4a and Fig.4b, respectively. As shown
in Fig.4a, the molar magnetic susceptibility y, of
polymer 1 increases gradually as the temperature
lowers, and more rapidly increases below 25 K, then
reaches a maximum value of 2.24 cm’-mol™ at 2 K. Tt
can be seen from the y, T curve that the x,I" value is
9.56 c¢m® *mol ' K at 300 K, which is significantly
higher than the theoretical value 5.64 c¢m?+mol™-K of
the high-spin triplet Co*, indicating a great spin-orbit

coupling contribution. As the decrease of temperature,

1107
100+
90+
80
70
60
50
40
30+
20

Weight / %

600 800 1000

T/C

200 400

Fig.3 TGA curves of polymers 1(a) and 2(b)
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the x.I begin to decrease slowly, and the decrease in
the range of 300 ~25 K could be attributed to the
single ion behavior of Co*". But the y,T more rapidly
reduces below 25 K, then reaches a minimum value of
4.46 cm?-mol™-K at 2 K. Combined with the decrease
in the y,,I' value when cooling, this result indicates the
presence of weak antiferromagnetic interactions in
polymer 1. At 300K, the magnetic moment () of
cobalt(Il) , which is determined by the equation -
2.828 (xwI)", reaches the peak value of 8.74us. This
value is slightly higher than that expected for an
isolated divalent high-spin Co (II) system with g =
3.87us.

As Fig.4b, the

susceptibility x., of polymer 2 increases gradually as

shown in molar magnetic

the temperature lowers, and more rapidly increases

25 0
(a)t ...oo--oa-aoc.,-..---
o™
20} o " s
.. \\‘
. .
—~ ] “J
st {4
g .
E
Sioff o 1s
= .
N
05[ ‘\ 1,
....""o-o-.
00—t %% es0s0ss0s0sssseceny |
0 50 100 150 200 250 300

T/K

XTI/ (cm*mol"-K)

below 25 K, then reaches a maximum value of 0.48
cm’+mol™ at 2 K. Tt can be seen from the x,T curve
that the x,I' value is 3.76 c¢cm®-mol ™ -K at 300 K,
which is equal to the theoretical value of the high-
spin binuclear Ni**. As the decrease of temperature,
the y,.I' decrease slowly, and the decrease in the range
of 300~25 K could be attributed to the single ion
behavior of Ni**. But there is more rapidly reduction
for x.I' below 25 K, then it reaches a minimum value
of 0.96 cm®+mol™ K at 2 K. At 300 K, the magnetic
moment () of nickel(Il) reaches the peak value of
5.48up.  This
expected for an isolated divalent high-spin Ni (I)

value is slightly higher than that
system with wy=2.83u;. From magnetic data of the
polymers, it is clear that AF coupling mainly occurs

between intrachain metal ions.
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Fig.4  Plots of x,, and x,,T vs T of polymers 1(a) and 2(b)

3 Conclusions

In summary, two coordination polymers based on
pyridine-2,4,6-tricarboxylic acid had been synthesized
and characterized. X-ray diffraction study reveals that

the polymers 1 ~2 are isostructural and have two-

dimensional  network  structure. The  magnetic
measurement reveals the pyridine-2.4,6-tricarboxylic
acid as  bridge ligand can  mediate the

antiferromagnetic (AF) coupling interaction between

magnetic centers.
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