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Abstract In the current study, by employing 5-((4-carboxypyridin-2-yl)amino)isophthalic acid

(H3L), a semirigid carboxylate-pyridine ligand with V-shape, two new transition metal coordination

polymers with the chemical formulae of [Cu1.5(L)(H2O)]�2H2O (1) and [Co4(L)2(CH3CN)(OH)2(H2-

O)4]�3H2O (2) have been successfully prepared through the reaction between the H3L ligand and

corresponding metal salts under the solvothermal reaction conditions. Magnetic investigations have

suggested that there is antiferromagnetic coupling between neighboring metal ions in the two com-

pounds. The application values of compounds 1 and 2 on the non-small cell lung cancer (NSCLC)

was evaluated and the related mechanism was discussed at the same time. First of all, the Cell

Counting Kit-8 (CCK-8) detection kit was performed to measure the viability of the non-small cell

lung cancer cells after compound treatment. In addition to this, the real time reverse transcription

polymerase chain reaction (real time RT-PCR) was used to detect the relative expression levels of

the ezh2 gene in NSCLC cells after indicated treatment.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lung cancer is my country’s number one cancer killer. Among

the 653,000 new lung cancer patients in my country each year,
non-small cell lung cancer (NSCLC) patients account for 85%.
Since the appearance of targeted drugs, lung cancer patients

have inevitably developed drug resistance and disease progres-
sion over time, and there is an urgent need for new drugs to
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prolong life of NSCLC patients (Rodriguez-Canales et al.,
2016; Romaszko and Doboszyńska, 2018). In 2011, the inci-
dence of lung cancer in my country was 48.32 per 100,000,

and the mortality rate was 39.27 per 100,000. The incidence
and mortality of lung cancer ranked first among malignant
tumors (de Sousa and Carvalho, 2018). Chemotherapy is the

main treatment for advanced NSCLC. Although its status
has not changed fundamentally, its efficacy has reached a pla-
teau. At the same time, the side effects of chemotherapy have

also restricted its wide clinical application (Mao et al., 2016).
Thus, in this research, new candidates for the NSCLC treat-
ment was developed.

In the field of functional materials, coordination poly-

mers (CPs) are the active study topic, which have obtained
great attention, this is owing to their diversity of composi-
tion and the distinctive abilities of structural tailoring, this

also due to their applications in electrochemical sensing,
luminescence, adsorption separation and other fields
(Coudert and Fuchs, 2015; Jiang et al., 2020; He et al.,

2020; Zhao et al., 2021; Karmakar et al., 2016) The diver-
sity of their performances and structures depends on the
diversity of assembly approaches and the number of compo-

nents, which is directly associated with the components
coordination characteristics, for instance, the dentates num-
ber, charge, types and position of substituents, as well as the
ligands steric hindrance (Duan et al., 2020; Rancan and

Armelao, 2015; Liu et al., 2014; Zheng et al., 2019; Bai
et al., 2018). Currently, CPs established with the rigid aro-
matic polycarboxylic acid ligands, for example, a variety

of positional isomer pyridine dicarboxylate ligands and
modified terephthalic acid ligands, have been reported fre-
quently; nevertheless, there are few studies on the establish-

ment of CPs utilizing the semi-rigid nitrogen-heterocyclic
carboxylic acid ligands; because N atom and O atom pos-
sess strong coordination ability with a variety of transition

ions, semi-rigid nitrogen-heterocyclic carboxylic acid ligands
are the ideal choice to establish the functional CPs contain-
ing rich hydrogen-bond interaction positions and strong
skeleton stability (Zhao et al., 2020; Chen et al., 2016;

Yang et al., 2020; Han et al., 2015; Sen et al., 2020;
Mukherjee et al., 2018). In this study, by employing 5-((4-
carboxypyridin-2-yl)amino)isophthalic acid (H3L), a semi-

rigid carboxylate-pyridine ligand with V-shape, two new
transition metal coordination polymers with the chemical
formulae of [Cu1.5(L)(H2O)]�2H2O (1) and [Co4(L)2(CH3-

CN)(OH)2(H2O)4]�3H2O (2) have been successfully prepared
through the reaction between the H3L ligand and corre-
sponding metal salts under the solvothermal reaction condi-
tions. The as-synthesized two polymers were completely

explored with PXRD, TGA, the diffraction of single crystal
X-ray, IR spectroscopy as well as EA. Magnetic investiga-
tions have suggested that there is antiferromagnetic coupling

between neighboring metal ions in the two compounds.
Their treatment activity against the NSCLC was assessed
and the detail mechanism was discussed as well. The results

of the CCK-8 assay indicated that compound 1 was more
excellent than compound 2 on inhibiting the viability of
the NSCLC cells. Besides, the data of the real time RT-

PCR revealed that compound 1 could significantly inhibit
the relative expression of the ezh2 gene in the NSCLC cells,
but compound 2 exhibited only little change on the ezh2
gene expression.
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2. Experimental

2.1. Chemicals and measurements

The solvents and reagents utilized in our work could be gained
from market, which could be utilized with no in-depth purifi-

cation. For the compounds’ infrared spectra utilizing KBr pel-
lets (with 5 mg sample in the 500 mg KBr), it was implemented
with the FT-IR spectrometer of Nicolet (Impact 410), with

400–4000 cm�1 infrared spectra range. By utilizing the Elemen-
tal analyzer of Perkin–Elmer 240C, we analyzed the elements
of Hydrogen, Nitrogen and Carbon. For the determinations
of PXRD, we can implement it through applying the Cu Ka
radiation (with k of 1.5418 Å) X-ray diffractometer of Bruker
D8 Advance, where the X-ray tube worked at 40 mA and
40 kV. The as-prepared samples were characterized with the

TGA in the atmosphere of N2 at 10 K min�1 heating rate on
the thermogravimetric analyzer of Perkin-Elmer Pyris 1
TGA up to 1023 K. And the measurement of magnetic perfor-

mances was carried out with the PPMS-9 ACMS magnetome-
ter and the Quantum Design MPMS-XL7. The antimagnetic
corrections of all constituent atoms were carried out via apply-
ing the Pascal ’s constants.

2.2. Preparation and characterization for [Cu1.5(L)(H2O)]�
2H2O (1) and [Co4(L)2(CH3CN)(OH)2(H2O)4]�3H2O (2)

We stored the mixture of 25.0 mg and 0.1 mmol CuSO4�5H2O,
15.2 mg and 0.05 mmol H3L, 4 mL of H2O and 4 mL of CH3-
CN into the 15 mL stainless steel container with Teflon lining,

after that, the mixture is first heated for three days under the
temperature of 120 �C, and then it was cooled to the indoor
ambient temperature with the 10 �C�h�1 rate. After accom-

plishing the above steps, we can gain the massive blue crystals,
which possesses 36.6% yield. Elemental analysis, calculated
(%) (1): N 3.08%, H 2.86%, and C 39.60%; found: N
3.21%, H 2.63%, and C 39.52%. FTIR: 485 (w), 607 (w),

736 (w), 779 (w), 989 (w), 1110 (m), 1251 (w), 1396 (s), 1562
(m), 1625 (m), 3480 (s), 3573 (m).

Subsequently, we stored the mixture of 28.1 mg and

0.1 mmol CoSO4�7H2O, 15.2 mg and 0.05 mmol H3L, 4 mL
of H2O and 4 mL of CH3CN as well as three drops of 1 mol
L�1 NaOH into the 15 mL stainless steel container with Teflon

lining, after that, the mixture is first heated for three days
under the temperature of 150�C, and then it was cooled to
the indoor ambient temperature with the 10 �C�h�1 rate. After

accomplishing all the above steps, we can gain the massive red
crystals, which possesses 57.2% yield. Elemental analysis, cal-
culated (%) (2): N 5.33%, H 1.71%, and C 31.96%; found: N
5.24%, H 1.95%, and C 31.87%. FTIR (KBr, cm�1): 503 (w),

555 (w), 711 (w), 775 (w), 993 (w), 1124 (w), 1238 (w), 1386 (s),
1579 (s), 1625 (s), 3305 (m), 3552 (m).

The diffractometer of SuperNova was applied to acquire

the data of X-ray. The analysis of strength data was conducted
with the software of CrysAlisPro and then it can be converted
to the files of HKL. The original structural patterns were

established via the direct method based program of SHELXS,
and the least-squares means based program of SHELXL-2014
was modified. With the overall non-H atoms, the anisotropic
parameters could be mixed. Later, the overall hydrogen atoms

were fixed on carbon atoms geometrically that they are con-
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Table 1 The two complexes’s parameters of crystallography

and their refinement details.

Identification code 1 2

Empirical formula C28H18Cu3N4O14 C30H33Co4N5O22

Formula weight 825.11 1051.33

Temperature/K 124.3(5) 298.15

Crystal system monoclinic triclinic

Space group C2/c P-1

a/Å 14.552(4) 8.13620(10)

b/Å 13.0230(10) 11.0570(2)

c/Å 24.036(2) 11.2690(3)

a/� 90 98.9260(10)

b/� 97.159(3) 97.475(2)

c/� 90 112.063(2)

Volume/Å3 4519.6(13) 908.31(3)

Z 4 1

qcalcg/cm
3 1.213 1.922

l/mm�1 1.452 1.896

Data/

restraints/parameters

4280/35/231 3386/18/293

Goodness-of-fit on F2 1.074 1.048

Final R indexes

[I> = 2r (I)]

R1 = 0.0369,

xR2 = 0.1066

R1 = 0.0268,

xR2 = 0.0734

Final R indexes [all

data]

R1 = 0.0438,

xR2 = 0.1104

R1 = 0.0280,

xR2 = 0.0743

Largest diff.

peak/hole/e Å�3
0.59/�0.66 0.86/�0.94

CCDC 2,034,036 2,034,037
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nected to via applying the commands of AFIX. The two com-
plexes’s parameters of crystallography and their refinement
details were summed up in Table 1 in detail. The selected bond

lengths and angles are shown in the Tables S1–S4 in the ESI
file.

2.3. Cell Counting Kit-8

After treated with compounds 1 and 2, the viability of the
NSCLC cells was determined with Cell Counting Kit-8 detec-

tion kit. This preformation was conducted totally under the
guidance of the instructions with only a little modification.
In brief, the A549 NSCLC cells in the logical growth phage

were harvested and seeded into the 96 well plates at the final
destiny of 105 cells per well. Subsequently, the culture plates
were placed in an incubatory at the condition of 5% CO2

and 37 �C for 12 h. When the cell step into the confluence of

75%, the compound was added into the wells at the serial
diluted concentration for incubation. After that, the cell cul-
ture medium was discarded and the fresh medium containing

CCK-8 reagent was applied, and then the cells were cultured
for another four hours. Finally, the microplate reader was uti-
lized for the determination of the absorbance at 450 nm in each

well.

2.4. Real time RT-PCR

The real time RT-PCR was then carried out in this present

research to evaluate the relative expression levels of the ezh2
gene in the A549 NSCLC cells. This experiment was finished
strictly in accordance with the instructions with some changes.

In short, the A549 NSCLC cells in logical growth phage were
harvested and inoculated into 6 well culture plates (105 cells/
well). After that, the culture plates were kept in the incubator

at the condition of 5% CO2 and 37 �C for half a day. After-
wards, compounds 1 and 2 was added into the wells at
5 mg/kg concentration for the indicated treatment. Next, the

A549 NSCLC cells were collected and the total RNA in the
cancer cells was extracted with TRIZOL reagent. The concen-
tration of the total RNA was measured and then reverse tran-
scripted into cDNA according to the protocols. The ezh2 gene

relative expression in the A549 NSCLC cells was detected via
the real time reverse transcription polymerase chain reaction,
with gapdh used as a control gene.

3. Results and discussion

3.1. Crystal structures

From the results of single-crystal X-ray, it can be seen that

complex 1 was crystallized in a monoclinic C2/c space group,
which displays a three-dimensional microporous skeleton.
The 1’s asymmetric unit includes a coordinated molecule of

water, a completely deprotonated ligand of L3� as well as
1.5 ions of Cu(ii). In the Fig. 1a, the Cu1 ion is coordinated
with two nitrogen and two oxygen atoms in four ligands of
L3�, thereby producing a distorted geometry of square. While

the Cu2 ion is coordinated with a molecule of water and five
oxygen atoms originate from four ligands of L3� in order to
generate a coordinate geometry of square pyramid, where
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equatorial plane was took up by four carboxylic acid oxygen
atoms, and the short distances of Cu–O is between 1.943(2)Å

and 1.961(2) Å, while a water oxygen atom lies in axis apex,
and the relatively longer length of bond is 2.139(2) Å. The
bridging bidentate (g2l2v

2) and monodentate (g1l1v
1)

manners of carboxylic acid groups in the ligand of L3� consists
in complex 1, and generated a paddlewheel SBU of
[Cu2(COO)4] (Fig. 1b). With the calculation of the distance

between adjacent carbon atoms in two lateral connectors of
L3�, the SBUs were in-depth extended through the L3�

connectors to produce the three-dimensional porous skeleton
containing one-dimensional channels with an opening of 11.1

0 � 8.86 Å2 (Fig. 1c). The lattice molecules of H2O occupied
the channels. After calculating, the volume of void accounts
for 47.7% of the overall crystal volume. In complex 1, a linkers

of L3� is linked to two centers of Cu1 and two SBUs of
[Cu2(COO)4] can be regarded as a 4-linked node. Furthermore,
both the centers of Cu1 and the SBUs of [Cu2(COO)4] can be

reduced as 4-linked nodes. Hence, the trinodal (4,4,4)-linked
novel topological network with (4�65)2(42�62�82)(64�82) point
symbol was produced by complex 1 (Fig. 1d).

For complex 2, it was crystallized in a triclinic P�1 space

group. And its asymmetric unit is accomplished by two com-
pletely deprotonated ligands of L3�, four separate Co(ii) ions,
a coordinated molecule of acetonitrile, four coordinated mole-

cules of water as well as two hydroxyls. From the resultsr
exhibited in Fig. 2a, the Co1 ion is coordinated with a mole-
cule of acetonitrile, two hydroxyls oxygen atoms and five oxy-

gen atoms with three oxygen atoms in three ligands of L3�.
while the Co2 ion is coordinated with six oxygen atoms come
from four ligands of L3� and two molecules of water, thereby

generating a distorted geometry of octahedron. It can be seen

C



Fig. 1 (a) The diagram for the 1’s asymmetry unit. (b) The paddlewheel SBU of [Cu2(COO)4]. (c) The three-dimensional skeleton of 1.

(d) The 1’s 3-nodal (4,4,4)-linked network.
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that the length of CoAN bond is 2.136 Å and that of CoAO

bonds is between 2.030 Å and 2.245 Å. In complex 2, the three
carboxylic acids in ligand L3� are coordinated with six Co(ii)
ions, which utilizes two dissimilar coordination manners,

namely, bridging monodentate (g1l2v2) and bridging biden-
tate (g2l2v2). In addition, two Co2 ions and two Co1 ions were
linked via two hydroxyls and six carboxylic acid groups for the

formation of the tetranuclear SBU of [Co4(COO)6(l3-OH)2],
in which the separations of Co� � �Co is varying from 3.1220
(4) Å to 3.5235(3) Å (Fig. 2b). This kind of cluster is rarely

appeared in the complexes, which is similar to that in the
{[Co4(OH)2(p-cbia)2(bpmp)(H2O)3]�2H2O}n. Furthermore, in
complex 2, a SBU is extended via six ligands L3� in order to
form the two-dimensional layer (Fig. 2c). In topology, the

SBU of [Co4(COO)6(l3-OH)2] and L3� ligand can respectively
be regarded as 6-linked and 3-linked nodes; therefore, 2

reflected a (3,6)-linked network with kgd topology, where the

point symbol is (43)2(4
6�66�83) (Fig. 2d).

For the sake of the detection of products’ phase purity, we
conducted the investigation of powder X-ray diffraction on

our prepared complexes (Fig. 3a). The peak position of simu-
lated PXRD pattern is in consistent with that of the experi-
ment, which suggests that the crystal architecture really
represents the products of bulk crystal. The selective selection

of crystal samples will result in the difference of product
strength. For the two compounds, the determinations of
TGA was performed for the detection of their thermal stabili-
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ties. The weightlessness htlessness rate of complex 1 is 12.4%

in the temperature range of ambient temperature to 97 �C,
which is in accordance with the removal of disordered lattice
molecules of solvent and coordination H2O (with the calcu-

lated value of 12.9%). In 97–255 �C temperature, its structure
is still relatively stable, then the structure started to collapse
rapidly. The weightlessness rate of complex 2 was 16.4% (with

the calculated value of 17.3%) when the temperature was
lower than 158 �C, which equivalent to the release of water
molecules and coordination acetonitrile and the lattice mole-

cules of water.

3.2. Magnetic properties

At the 2 K to 300 K temperature, and 1000 Oe dc magnetic

field, these compounds’ viable-temperature magnetic suscepti-
bilities have been explored. From structure analysis, each L2�

ligand coordinated with two paddlewheel Cu(II) ions to pro-

duce a 3D framework. The distance between the adjacent pad-
dlewheel SBUs is 9.764 Å. Therefore, when discuss the
magnetic properties of 1, 1 can be viewed as the two unclear

SBUs. As shown in Fig. 4, the value of vMT at ambient tem-
perature is 1.86 cm3 K mol�1, this value is greater than the
pure spin value for three Cu(II) ions 1.125 cm3 K mol�1

(g = 2 and S = 1/2)(Cui et al., 2019). The value of vMT

decreased steadily to the minimum value 0.84 cm3 K mol�1

when the temperature cooled to 2 K, which shows the antifer-



Fig. 2 (a) The diagram for the 1’s asymmetry unit. (b) The SBU of [Co4(COO)6(l3-OH)2] for complex 2. (c) The 1’s three-dimensional

skeleton reflecting the one-dimensional channels. (d) The (3,6)-linked network with kgd topology of 2.

Fig. 3 (a) The PXRD patterns for 1 and 2. (b) The TGA curves for 1 and 2.
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romagnetic properties in 1. And further, the reciprocal suscep-
tibility 1/vm in 25–300 K fit Curie–Weiss law vM = C/(T � h),
giving h= -7.88 K and C= 2 cm3 K mol�1. The negative con-
stant of Weiss h reflects that there is an antiferromagnetic
interaction between the Cu (II) ions in 1 (Zhang et al., 2020).

These compounds’ variable-temperature magnetic suscepti-
bilities detected, and illustrated as the vM

-1 and vMT versus T
plots (Fig. 5). At 300 K, measured value of vMT is 11.3 cm3

K mol�1, which is greater than the expected high spin-only
7.5 cm3 K mol�1 for five magnetically isolated Co(II) ions
[S = 3/2, g = 2, 1.875 cm3 K mol�1 for one Co(II)], which

R

may be caused by the large contribution of the residual orbitals
(Yang et al., 2011; Yao et al., 2013). When the temperature

drops to 50 K, the vMT value decreased slowly. And the value
of vMT declines sharply to the minimum value 1.9 cm3 K
mol�1 at 2 K. This result reveals that there exists an antiferro-

magnetic coupling in complex 2. The temperature dependence
of the reciprocal susceptibilities (vM

�1) from 10 K to 300 K fol-
lows the law of Curie–Weiss: vM = C/(T � h), where the Curie
constant of C is 12.5 cm3 K mol�1 and the Weiss constant of h
is � 30.5 K. The negative value of h shows that there is exists
the antiferromagnetic interactions in complex 2.



Fig. 4 The vM
�1 and vMT versus T for complex 1. (Insert the fits

red line).

Fig. 5 The vM
�1 and vMT versus T for 2. (Insert the fits red line).

Fig. 6 Significantly reduced viability of the A549 NSCLC cells

after treated with new compounds. The A549 NSCLC cells in

logical growth phage were harvested and inoculated into the 96

well plates, followed by compounds 1 and 2 treatment with serial

diluted concentrations. The microplate reader was used to

measure the absorbance of each wells at 480 nm. This experiment

was repeated at least three times.
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3.3. Compound significantly reduced the A549 NSCLC cells
viability

After synthesis of compounds 1 and 2, their inhibitory activity

against the NSCLC cancer cells viability were measured in this
present research. The cell Counting Kit-8 was accomplished
totally in accordance with the manufactures’ instruction with

some changes. As the results showed in Fig. 6, we can see that
compared with the control group, compound 1 could signifi-
cantly reduce the viability of the A549 NSCLC cells, while

compound 2 showed almost no influence against the A549
NSCLC cells viability. In addition to this, all the metal ions
and ligands of compound 1 or 2 exhibited no suppression on
the viability of A549 NSCLC cancer cell. This result indicated

that compound 1 was more effective than compound 2 in the
PD-L1 treatment of NSCLC.

3.4. Compound obviously reduced the relative expression of ezh2
gene elative expression in the A549 NSCLC cells

ezh2 gene was usually high-expression in various cancer cells,

which has been regarded as the indicator of cancer diagnosis.
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The inhibitors of ezh2 gene have achieved good efficacy in
early clinical trials, indicating that the ZH2 protein is a poten-
tial therapeutic target. So, the inhibitory activity of the new

compounds on the ezh2 gene expression in the A549 NSCLC
cells was determined with real time RT-PCR. The results in
Fig. 7 exhibited that there was a significantly increased level
of the ezh2 gene expression, which is obviously different from

the normal lung cells. However, after compound 1 treatment,
the expression levels of the ezh2 gene was reduced significantly,
which is much stronger than that of compound 2. In addition

to this, all the metal ions and ligands of compound 1 or 2

exhibited almost no influence on the ezh2 gene expression.

4. Conclusion

To sum up, we have produced two new coordination polymers
by employing 5-((4-carboxypyridin-2-yl)amino)isophthalic

acid (H3L), a semirigid carboxylate-pyridine ligand with V-
shape. The as-synthesized two polymers were completely
explored with PXRD, TGA, the diffraction of single crystal

X-ray, IR spectroscopy as well as EA. Magnetic investigations
have suggested that there is antiferromagnetic coupling
between neighboring metal ions in the two compounds. The
results of the CCK-8 assay indicated that compound 1 was

more excellent than compound 2 on inhibiting the viability
of the NSCLC cells. Besides, the data of the real time RT-
PCR revealed that compound 1 could significantly inhibit

the relative expression of the ezh2 gene in the NSCLC cells,
but compound 2 exhibited only a little change on the ezh2 gene
expression. In the end, we draw this conclusion, compound 1

was much more excellent than compound 2 on the NSCLC
treatment, which could reduce the ezh2 gene expression in
A549 NSCLC cells and inhibiting cancer cell viability.

Data availability

The data used to support the findings of this study are included

within the article.
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Fig. 7 Obviously reduced relative expression of ezh2 gene elative expression in the A549 NSCLC cells after treated via compounds 1 and

2. The A549 NSCLC cells in logical growth phage were harvested and inoculated into the 96 well plates, followed by compounds 1 and 2

treatment at indicated treatment. The real time reverse transcription polymerase chain reaction was performed to detect of the ezh2 gene

expression in A549 NSCLC cells.
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