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Abstract

The reaction of potassium tetracyanocupprate(I) with triethyltin bromide in presence of phenanthroline (Phen) and quinoxa-
line (Qox) in acetonitrile via ultrasonic radiation yielded two new nano-supramolecular coordination polymers (SCP) of
the type: [Cu,(CN),(Et;Sn),(Phen),] SCP1 and [Cu,(CN);(Et;Sn)(Qox)] SCP2. The obtained polymers were characterized
using elemental and thermal analyses, as well as FT-IR, UV-vis, fluorescence, 'H NMR, and MS spectroscopes. Spectral
and analytical features led to the conclusion that both Phen and Qox behave as bidentate ligands and the proposed formulae
of SCP1 and SCP2 have the bimetallic nature, in which the geometry around Cu(I) atoms in SCP1 is tetrahedral and planar
trigonal. While in SCP2, the Cu(I) has a trigonal plane geometry. Thermal analysis studies indicated that both SCP1 and
SCP2 are thermally stable up to 140 °C. Additional confirmation for the structures of SCP1 and SCP2 was obtained from
density functional theory (DFT) and molecular mechanics (MM+) calculations. Transmission electron microscopy (TEM)
images of SCP1 and SCP2 show regular spherical-like nano-sized particles in the range of 31.24—62.13 nm and 5.16-23.90
nm, respectively. The inhibitory anti-oxidant activities of both SCP1 and SCP2 were investigated using erythrocyte hemolysis
and ABTS methods and their cytotoxicity activities towards different tumor cells were also studied by MTT assay. The results
showed that both the two polymers have high inhibitory anti-oxidant activities and SCP2 exhibits a significant decrease in
surviving fraction of these cancer cell lines compared to SCP1.

Keywords Nano-structured supramolecular coordination polymers - Organotin - Phenanthroline - Quinoxaline - Antitumor

activity

1 Introduction

Structural variability is one of the most important proper-
ties of supramolecular organometallic compounds. There
are number of factors contribute to structural variability, for
example: number and type of ligands and their combinations
as well as the coordination geometry, the number of metal
atoms and the presence of ionic charge [1]. Organometallic
polymers have unique properties and applications as they
depend on their organic segments and the types of metal
compounds embedded in their back bones or side chains [2].

Organotin(IV) compounds are characterized by the pres-
ence of at least one covalent C—-Sn(IV) bond and classified,
depending on the number of alkyl (R) or aryl (Ar) moieties
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into mono-, di-, tri- and tetraorganotin(IV). Organotin(IV)
compounds display strong biological activities [3-9], in
which these activates are determined by the number and
nature of the organic groups bound to the central stannous
atom. Membrane proteins are among the most fascinat-
ing structures in biology [10]. The moiety R,Sn(IV)“ ="+
(n=2 or 3) may be bound to the membrane proteins, gly-
coproteins, or cellular proteins; e.g. Et,Sn(IV)>* to ATPase
and hexokinase [11] and the moieties BuZSn(IV)2+ and
Bu;Sn(IV)* may be bound to ATPase and acetyl cholinest-
erase of human erythrocyte membrane [12, 13]. While the
moiety BuZSn(IV)2+ may be bound to the skeletal muscle
membranes. Here, the [Cu, (CN), ]*~ building block are used
for the construction of multi-dimensional supramolecular
coordination polymers (SCP) by incorporating the cation
R;Sn* as an essential element for connecting the framework.

Ultrasonic irradiation is considered to be a facile and
environmentally friendly energy source, which can provide
rather unusual reaction conditions rather the traditional
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energy sources [14]. These sever conditions can drive the
chemical reactions and thus catalyze the formation of nano-
structured materials. This strategy supports the formation of
uncharged nano-sized structure, in which the channels are
remain blocked by the R groups.

Organotin(IV) compounds have been receiving increas-
ing attention for investigating their antitumor activity and
showed that tri-organotin(IV) compounds have high poten-
tials as antineoplastic and anti-tuberculosis agents than
mono- and di-organotin (IV) analogs due to their ability to
bind proteins [15, 16]. Organotin(IV) derivatives have been
found to possess anticancer activity on different tumor cell
lines and the structures of these organotin(IV) complexes
are well characterized in the solid state [17, 18]. Invention
of improved drugs become more and more urgent in cancer
treatment, due to the fact that most of cancer cells can sub-
sequently survive and gain resistance after initially effec-
tive chemotherapy. Discovery of the anti-proliferative and
antitumor activity of cisplatin and its derivatives initiated
the investigation for the possible therapeutic applications of
other metal-based drugs, often organometallic compounds
[19-25], and more particularly organotin(IV) compounds
[26-28].

Since a limited number of structural motifs [Cu, (CN)
m(R;Sn).L] where L =bipodal organic ligand [29-32] is
known, the present research work describes the design,
synthesize and spectral properties of new fascinating
[CuCN]-based nano-supramolecular coordination poly-
mers (SCP) namely, [Cu,(CN),(Et;Sn),(Phen),] SCP1 and
[Cu,(CN);(Et;Sn)(Qox)] SCP2. Phenanthroline (Phen) and
quinoxaline (Qox) are chosen as auxiliary N-donor ligands
based on the fact that they are rigid, which behave as dou-
ble-connected ligands and the cation Et;Sn* acts as a con-
necting unit. On the other hand, the organometallic (R;M)*
(R=Me or Ph, M =Sn or Pb) unit can act as a connecting
moiety by axial anchoring to two donor atoms, exhibiting
trigonal bipyramidal configuration, creating structure of high
dimensionality [33-35]. The inhibitory anti-oxidant activi-
ties of both SCP1 and SCP2 were investigated and also the
cytotoxicity activities towards different tumor cells (HePG2,
MCEF-7, PC3, and HCT-116) were also studied.

2 Experimental
2.1 Materials and Instrumentations

Potassium tetracyanocupprate(I) { K;[Cu(CN),]} was pre-
pared following the literature procedure [9]. Triethyltin bro-
mide and the ligands phenanthroline (Phen) and quinoxaline
(Qox) ligands were purchased from Aldrich and Sigma and
were used without purification. Techniques and equipment’s,

utilized in this study were the same as those used in our
previous work [9].

2.2 General Synthesis of [Cu,(CN),(Et;Sn),(Phen),]
SCP1 and [Cu,(CN),(Et;Sn)(Qox)] SCP2

Ultrasonic synthesis of SCP1 and SCP2 had been carried
out in an ultrasonic bath using ultrasonic generator 60 W
for 70 min as follows: an aqueous solution (10 mL) contain-
ing K;[Cu(CN),] (0.074 mmol, 22 mg) was added, under
a gentle stirring to a solution of Et;SnBr (0.23 mmol, 0.04
mL) in acetonitrile (10 mL), followed by Phen (0.074 mmol,
15 mg) or Qox (0.074 mmol, 10 mg) in 10 mL acetonitrile in
an ultrasonic bath. A yellow precipitate started to form after
1 week. Filter, wash with cold water then acetonitrile, and
drying in vacuo yielding SCP1 as yellow powder (48 mg,
81.35%). Anal. Calcd. for C,, HysNgCu,Sn, MW =1002.5 g
mol_l): C, 47.88; H, 4.58; N, 11.17; Cu, 12.96. Found:
C, 47.86; H, 4.51; N, 11.12; Cu, 12.87 and SCP2 (97 mg
(78.22%). Anal. Calcd. for C;; H,;NsCu,Sn (MW =542 ¢
mol'l): C, 37.63; H, 3.87; N, 12.91; Cu, 23.98. Found: C,
37.58; H, 3.82; N, 12.87; Cu, 23.91.

2.3 Biological Applications
2.3.1 Antioxidant Activity

The assay employs the radical cation derived from 2,
2'-azino-bis (3-ethyl benzthiazoline-6-sulfonic acid) (ABTS)
as a stable free radical to assess antioxidant and extracts.

2.3.1.1 ABTS Free Radical Scavenging Activity The reaction
mixture (negative control) consists of 2 mL of ABTS solu-
tion (60 uL) and 3 mL of MnO, solution (25 mg mL™),
all prepared in phosphate buffer (pH7) [36-38]. The mix-
ture is shaken, centrifuged and filtered to remove the excess
oxide. The absorbance (A, of the resulting green-blue
solution (ABTS™ radical solution) is recorded at A, =734
nm. The absorbance (A,,,) was measured upon the addition
of 20 uL of 1 mg mL™! solution of the test sample under
investigation in spectroscopic grade MeOH/buffer (1:1 v/v)
to the ABTS solution. Ascorbic acid 20 pL (2 mL) solution
was used as standard antioxidant (positive control). Blank
sample was run using solvent without ABTS. The decrease
in absorbance is expressed as % inhibition.

2.3.1.2 Antioxidant Activity Screening Assay for Erythro-
cyte Hemolysis The blood was obtained from rats by cardiac
puncture and collected in heparinized tubes. Erythrocytes
were separated from plasma and the buffy coat was washed
three times with 10 volumes of 0.15 M NaCl. During the last
wash, the erythrocytes were centrifuged at 3000 rpm min~!
for 7 min to obtain a constantly packed cell preparation.
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Erythrocyte hemolysis was mediated by peroxyl radicals in
this assay system [39]. A 10% suspension of erythrocytes
in phosphate buffered saline pH 7.4 (PBS) was added to the
same volume of 200 mM AAPH solution in PBS containing
samples to be tested at different concentrations. The reaction
mixture was shaken gently while being incubated at 37 °C
for 2 h. The reaction mixture was then removed, diluted with
eight volumes of PBS and was centrifuged at 1500 X g for
10 min. The absorbance of the supernatant was read at 540
nm. Similarly, the reaction mixture was treated with 8 vol-
umes of distilled water to achieve complete hemolysis, and
the absorbance of the supernatant obtained after centrifuga-
tion was measured at 540 nm. L-ascorbic acid was used as a
positive control.

2.4 Cytotoxic Activity
2.4.1 CellLines

Four human tumor cell lines namely; hepatocellular car-
cinoma HePG-2, mammary gland breast cancer MCF-7,
human prostate cancer PC3 and colorectal carcinoma HCT-
116 were obtained from ATCC via Holding company for
biological products and vaccines (VACSERA), Cairo, Egypt.

2.4.2 Chemical Reagents

The reagents RPMI-1640 medium, MTT, DMSO and 5-fluo-
rouracil (Sigma Co., St. Louis, USA), fetal bovine serum
(GIBCO, UK). 5-Fluorouracil was used as a standard anti-
cancer drug for comparison.

2.4.3 Cell Proliferation (MTT Assay)
The different cell lines mentioned above were used to deter-
mine the inhibitory effects of the tested compound on cell

growth using the MTT assay [40, 41]. This colorimetric
assay is based on the conversion of the yellow tetrazolium

Scheme 1 The reaction scheme

bromide (MTT) to a purple formazan derivative by mito-
chondrial succinate dehydrogenase in viable cells. The cells
were cultured in RPMI-1640 medium with 10% fetal bovine
serum. Antibiotics added are 100 units mL~! penicillin and
100 pug mL~! streptomycin at 37 °C in a 5% CO, incuba-
tor. The cells were seeded in a 96-well plate at a density of
1.0x 10* cells/well at 37 °C for 48 h under 5% CO,. After
incubation, the cells were treated with different concentra-
tions of the tested drugs and were incubated for 24 h. After
24 h of drug treatment, 20 uL of MTT solution at 5 mg mL ™!
was added and was incubated for 4 h. Dimethyl sulfoxide
(DMSO) in volume of 100 puL was added into each well to
dissolve the purple formazan formed. The colorimetric assay
was measured and recorded at absorbance of 570 nm using
a plate reader (EXL 800, USA). The relative cell viability in
percentage was calculated as (Asy of treated samples/As,
of untreated sample) X 100. The mean ICs, was the con-
centration of agent that reduces cell growth by 50% under
the experimental conditions and is the average from at least
three independent determinations. The 50% inhibition con-
centration (ICs,) was determined by curve fitting.

3 Results and Discussion

3.1 Characterization of [Cu,(CN),(Et;Sn),(Phen),]
SCP1 and [Cu,(CN);(Et;Sn)(Qox)] SCP2

The nano-sized particles of SCP1 and SCP2 have been
synthesized by sono-chemical method. The analytical
results demonstrate that SCP1 and SCP2 have the formulae
[Cu,(CN),(Et;Sn),(Phen),] and [Cu,(CN);(Et;Sn)(Qox)]
(Phen = phenanthroline and Qox = quinoxaline), respectively
(Scheme 1 ).The obtained structures have been also analyzed
by different spectroscopic techniques, which are compatible
to the computational mechanical calculations. Both SCP1
and SCP2 are not dissolved in water and most organic sol-
vents while they are dissolved in DMSO and DMF at 60

for preparation of SCP1 and / \ \
SCP2 —N N—
/\Sn/\ Phenanthroline (Phen)
N ( B > [Cuy(CN)4(EtsSn)y(Phen),]
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N
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°C. The magnetic moment values of SCP1 and SCP2 con-
firmed their diamagnetism, indicating the presence of Cu(I).
The molar conductance values of 11.6 and 10.2 Ohm™~! cm?
mol~! for SCP1 and SCP2, respectively indicate their non-
electrolytic nature.

3.2 FT-IR Spectra

The IR spectra of SCP1 and SCP2 indicate the presence of
Phen, Qox, Et;Sn, and CuCN fragments (Fig. 1). The pres-
ence of the bipodal ligands Phen and Qox in the structures

SCP2

w1

T%

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm]

Fig.1 FT-IR spectra of SCP1 and SCP2

of both SCP1 and SCP2 is realized by v(CH) vibration bands
at 3068 and 3040 cm™', §(CH) at 1422 and 1375 cm™',
and 8(CH) at 841-866 and 724-755 cm™!, respectively
(Table 1). These bands are shifted to lower wavenumbers
compared to those of free ligands Phen and Qox. This is
due to the formation of hydrogen bonds between hydrogen
atoms of the ligands and the donor sites of the CuCN frag-
ments. The vibration bands in the range of 1627-1620 cm™!,
corresponding to v(C=N) are shifted to lower frequencies
from those of the ligands. This supports the coordination of
the ligands Phen or Qox to the copper centers. Thus both
Phen and Qox may act as bridges connecting the non-linear
chains via the copper atoms. In consequence of bridging
tetrahedral Cu[N,(Phen)(CN),] building blocks by the Et;Sn
units via coordinate bonds in SCP1 and bridging trigonal
plane Cu[N g (CN),] building blocks by the Et;Sn units
via coordinate Cu «<— CN — Sn bonds in SCP2, one can
realize the presence of v(CN) vibration band at 2110 and
2093 cm™! for SCP1 and at 2120 and 2102 cm™" for SCP2.
The stretching frequencies of these vibration bands are at
higher wavenumbers than the band of the genuine salt of the
corresponding [Cu(CN),]*anion (2076 cm™") [42], which
contains non-bridged cyanide groups. The presence of two
cyanide bands indicates the presence of two types of cyanide
ligands, where the Cu, atom in SCP1 may form planar trigo-
nal configuration rather than the tetrahedral structure of Cu,
(Table 1). On the other hand, the structure of SCP2 contains
two different cyanide groups, one is coordinated to one Cu
atom and one Sn atom. While the other one is coordinated
to two Cu atoms (Fig. 1). The presence of Et;Sn units is
supported by the observation of v(CHg,) stretching vibration
bands at 2965, 2942, 2868, and 2825 cm™!, S8(CHg,) at 1415

Table 1 The wavenumbers

1 : . Compound v(CH,,) v(CHa“ph) V(C=N) v(C=N) 8(CH) vy(CH) v(Sn—-C) v(Cu-C)
(cm™") of vibrational modes of and UC=Cpy,,)
SCP1 and SCP2, as well as the
starting ligands Phen and Qox Phen 3094 1634 1417 849
3058 1599 1340 823
3026 1546 779
1470
SCP1 3090 2965 2110 1627 1418 841 524 450
3049 2942 2093 1579 1380 724
2886 1504 1410 768, 679
1433 1320
Qox 3060 1618 1417 849
3048 1576 1340 823
3026 1546 749
1470
SCP2 3068 2965 2120 1620 1422 866 525 450
3040 2919 2102 1577 1375 755
2868 1522 1415 830
2825 1498 1359 680
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and 1359 cm™, as well as y(CHp,) at 768 and 680 cm™" [43].
A v(Sn—C) stretching vibration band was also observed at
525 cm™!, indicating the presence of trigonal plane of Et;Sn
units. The presence of v(Cu—C) vibration band at 450 cm™!
[43] also confirms the presence of the (CuCN) fragments.

3.3 "HNMR Spectra

The "H NMR spectrum of SCP1 showed four broad peaks
at 7.60, 8.21, 8.68, and 8.71 ppm, which correspond to aro-
matic protons of the coordinated Phen (Fig. 2). These are
in accord with the '"H NMR spectrum of free Phen, which
exhibits sharp and broad peaks at 7.26, 7.55, 8.0, and 8.81

Fig.2 'H and '*C NMR spectra
of SCP1 in DMSO-d,

rise to two broad multiple peaks in the range of 8.09-8.11
and 7.87-7.78 ppm. These assignments were also in accord
with '"H NMR spectrum of the free Qox, which exhibits
sharp singlet and two multiple peaks at 8.92, 8.04-8.09 and
7.82-7.84 ppm. This significant change in chemical shifts
supports the participation of both Phen and Qox ligands in
coordination to the Cu centers and the formation of hydro-
gen bonding.

The 'H NMR spectrum of SCP1 also showed a triplet
peak at 1.22 ppm, corresponding to the methyl protons of
the ethyl ligand. A strong peak was observed at 2.51 ppm,
corresponding to the methylene of the ethyl ligand with two
satellite peaks at 2.43 and 2.70 ppm. On the other hand, the

ppm. The '"H NMR spectrum of the SCP2 (S1) showed one
singlet peak at 8.93 ppm, which is assigned to the two chemi-
cally and magnetically equivalent protons of the CH=N moi-
ety. While the aromatic protons of the coordinated Qox give

@ Springer
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protons of the (Et;Sn) units give rise to the quartet peak at
1.46—1.20 ppm and the triplet peak at 1.12-1.04 ppm cor-
responding to CH, and CH; groups, respectively, in the 'H
NMR spectrum of 2. The presence of these satellite peaks
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can be considered as good indication for the presence of
Et;Sn connecting units.

13C NMR spectra of SCP1 and SCP2 showed strong sig-
nals corresponding to the coordinated Phen, Qox ligands,
ethyl, and cyanide ligands (Fig. 2). There are three peaks at
131.12, 150.65 and 151.03 ppm, corresponding to the carbon
nuclei of the ligands. The cyanide groups exhibit two signals
at 143.97 and 144.85 ppm and one signal around 121.83
ppm, indicating the presence of two kinds of the cyanide
ligands as also supported by IR spectral data. The multiple
peaks at 8.39-13.36 ppm correspond to the ethyl ligands.
Thus, 'H- and '>C NMR spectra display the expected proton
and carbon signals that support the structures of both SCP1
and SCP2.

3.4 Electronic-Emission Spectra

The electronic absorption spectra of Phen and Qox resemble
the spectra of the coordinated polymers SCP1 and SCP2.
Substitution of nitrogen for methane in Phen and Qox, just
as in naphthalene, produces only relatively small spectro-
scopic changes (Table 2). The short wavelength band in
phenanthrene with a peak at 200 nm, is assigned to the 1Ba
« 1 A transition. The longitudinally polarized le — 1A
band at 225 nm resembles that observed in the spectrum of
phenanthrene at 221 nm [44]. The broad band at 260 nm can
be considered as a composite one, since the 1Lb band was
submerged under the 'L, band like the case of anthracene
[44]. This band exhibits blue shift than that observed in the
spectra of naphthalene (286 nm) and anthracene (310 nm)
[43]. Thus, this broad band can be assigned to 1La —!A and
'L, <A transitions. The last long wavelength band at 285

nm is weak and corresponds to n—xt* transition which disap-
pears on the addition of HCI which blocks the lone pairs of
electrons via protonation. The spectrum of SCP1 displays
the same bands of phenanthroline at more or less the same
positions (Table 2), except the n—n* band which disappears
indicating participation of phenanthroline in the coordi-
nation sphere of copper. Also, the 'L, < 'A band suffers
slight red shift (275). Unmodified Phen is a weakly emissive
compound but, following several routes, a wide range of
highly luminescent phenanthroline compounds with emis-
sion bands ranging from the UV to the near infrared region
can be obtained [45]. Phenanthroline exhibits close t—n*
and n—n* singlet excited states and the emission originates
mainly from the former [45]. Excited states n—n* often decay
via non-radiative bath ways, and they are usually character-
ized by vanishingly low emission quantum yields. Phenanth-
roline itself is characterized by a weak fluorescence quantum
yield (@4 = 0.0087) and a short singlet lifetime (t<1 ns)
at room temperature [46]. The emission spectrum of Phen
displays a well-developed band at 370 nm and a shoulder
at 430 (Fig. 3a). The first band corresponds to the n—n*
transition. The low-energy, delayed emission band at 430
nm can be assigned to the triplet excimer phosphorescence
of Phen. This assignment is substantiated by reference to
the excimer phosphorescence of naphthalene, quinoxaline,
and phenanthroline [47]. On the other hand, the emission
spectrum of SCP1 displays a well-developed band at 375
nm and two broad bands at 425 and 480 nm. The structure
of SCP1 contains the CuCN fragment and Phen, both of
them luminescent at Amax =390 nm [48]. The amine bear-
ing CuCN complexes emit in the visible region while their
photophysical behavior appears to be close to that of CuCN

Table 2 Absorption and

emission bands (nm) of SCP1 Compound Agbs Assignment Aem Assignment
and SCP2, as well as the Phen 200 'B,'A 370 Close laying n—m* transition
starting ligands Phen and Qox 225 B, — 'A 430 Triplet excimer of Phen
260 (L, 'A) + (L, 'A)
285 n-m*
SCPI1 202 'B,_'A 375 Close laying m—m* transition
228 B« 'A 425  S,~T CuCN +triplet excimer of Phen
263 (L, 'A) 480 MLCT
('L, < 'A)
275
Qox 210 B, 'A 375 Close laying n—m* transition
230 B, 'A 430 Triplet excimer of Qox
265 (L, 'A) + 480 (n, 7%) — S, fluorescence
312 ('L, < 'A)
SCP2 240-245 'B, 'A + MLCT 400 Close laying m—* transition
290 (lLa —'A) 450 S,—T CuCN + triplet excimer of Qox
(Ly—"'A)
320 530  MLCT
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Fig. 3 Emission spectra of a SCP1 and Phen and b SCP2 and Qox

itself [49]. The emission spectrum of CuCN is assumed to
arise from transition between the lowest triplet excited state
and the ground state. It is also supposed that a bent triplet
state is responsible for the relatively high energy CuCN
emission [50]. Photophysical properties of Phen, as well
as that of CuCN, can be tuned by formation of SCP. Thus,
the emission band of SCP1 at 375 nm corresponds to close
lying m—n* transition of Phen. The broad band at 425 nm can
be assigned to the triplet excimer phosphorescence of Phen
and to S-T transition in the CuCN fragments which suffers
a shift to longer wavelength by 35 nm than that of CuCN
itself. Thus, the luminescence behavior of Phen shows excel-
lent sensitivity towards copper which makes it attractive as a
luminescent sensor. The broad, low energy band at 480 nm
can be assigned to the metal to ligand charge transfer, MLCT
[51]. However, due to the broadening of this band, the possi-
bility exists of single-metal-centered (MC) transitions of the
type 3d'° — 3d” 4s' and 3d'° — 3d° 4p' on the Cu(I) center.

@ Springer

The electronic absorption spectra of Qox in absence
and presence of HCl display four absorption bands at 210,
230, 265 and 312 nm (Table 2). The band at 210 nm is due
to !B, < 'A which is red shifted than that of naphthalene
(170 nm) [44]. The band at 230 nm is due to 'B, < 'A
while those at 265 and 312 nm correspond to 'L, «<— 'A and
'L, < 'A transitions, respectively As it is expected that the
n*-levels are appreciably lowered in Qox and that the n—n*
transitions are shifted far enough to the red to make them
discernible. The electronic absorption spectrum of SCP2 in
solid state display two broad composite bands at 240-245
nm and 300-320 nm (Table 2). The first band corresponds
to 'By «— 'A and MLCT transitions while the second one is
attributed to the 'L, «<— 'A and 'L, « 'A transitions, respec-
tively. In this case the 'L, band suffers a red shift under the
effect of the coordination to the copper atom. The emission
spectra of Qox and the SCP2 show emission bands at wave-
lengths, between 380 and 535 nm (Table 2; Fig. 3b). The
emission spectrum of Qox in the solid state displays a well-
developed band at 375 nm due to n—n* transition, a shoulder
at 430 nm due to the triplet excimer phosphorescence of
Qox and a shoulder at 480 nm due to !(n, *) — S, fluores-
cence of Qox. [52]. This assignment was substantiated by
reference to the excimer phosphorescence of naphthalene,
quinoxaline, and phenanthroline [51]. On the other hand,
the emission band of SCP2 at 400 nm corresponds to close
lying n—m* transition of Qox. The broad band at 450 nm can
be assigned to the triplet excimer phosphorescence of Phen
and to S-T transition in the CuCN fragments which suffers
a shift to longer wavelength by 40 nm than that of CuCN
itself [49, 50]. Thus, the luminescence behavior of SCP1
shows excellent sensitivity towards copper which makes it
attractive as a luminescent sensor. The broad, low energy
band at 530 nm can be assigned to the metal to ligand charge
transfer (MLCT). However, due to the broadening of this
band, the possibility exists of single-metal-centered (MC)
transitions of the type 3d!® — 3d” 4s! and 3d' — 3d° 4p!
on the Cu(I) center.

3.5 Mass Spectra

SCP1 and SCP2 were also characterized by mass spec-
trometry (Tables 3, 4). The positive mass spectra of SCP1
exhibits base peaks at m/z=180 and 178, corresponding to
the molecular ions of Phen™ and Et,Sn™, respectively. On
the other hand, an ion peak is observed at m/z =130, cor-
responding to the molecular ion of Qox*. Fragmentation
of Qox* ion gives rise to peaks at m/z=76 and 103, which
is due to C¢H,* and C;HsN*, respectively. The ion peaks
observed in the positive mass spectra of SCP1 and SCP2 at
m/z=289-973 are due to different fragments corresponding
to [(Et;Sn),,,(Cu),(CN),]* and [(Et;Sn),,(Cu),(CN),(L),]",
L =Phen or Qox, supporting the structure and polymeric
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Table 3 The positive and negative mass spectral data of SCP1

Assignment m/z Assignment m/z
[C,H,I* 50 [(CN),I- 104
[CeHLIT 76 [Cu(CN),]~ 115
[C;H,N]* 103 [(CN)s]™ 130
Sn* 120 [(CN),]™ 182
[EtSn]* 149 [Cuy(CN);]™ 204
[Et,Sn]* 178 [(CN)]™ 208
[Phen]+ 180 [Cuy(CN),]™ 230
[Et;Sn]* 206 [Cus(CN),]™ 297
[Cu—Phen]* 243 [Cuy(CN)sI™ 384
[Et;SnCu]* 272 [Cus(CN)gl™ 475
[CuCN(Et;Sn),]* 303 [Cug(CN),1~ 563
[Et;SnCuy(CN),]* 386

[(Et;Sn),Cu(CN),]* 531

[Et;SnCuy(CN),(Phen)]* 562

[Et;SnCuy(CN),;(Phen)]* 591

[(Et;Sn),Cu,(CN);]* 618

[(Et;Sn),Cu,(CN);(Phen),]* 776

[Cuz(CN)4(Et;Sn)2(Phen)2] 802 (M+)
[(Et;Sn),Cu;(CN),(Phen),]* 973

[Et;SnCuy(CN);(Phen)]* 591

Table 4 The positive and negative mass spectral data of SCP2

Assignment m/z Assignment m/z
[Qox]* 130 [Cu(CN)]* 89
[EtSn]* 149 [(CN),]™ 104
[Et,Sn]* 178 [Cu(CN),I~ 115
[Et;Sn]* 206 [(CN)sI™ 130
[Et;SnCu]* 272 [(CN),1™ 182
[Et;SnCuy(CN),]* 389 [Cu,(CN);1™ 205
[Et;SnCu,(CN),(Qox)]* 519 [(CN)gl™ 208
[(Et;Sn),Cu(CN),]* 531 [(CN), 1™ 286
[Et;SnCu,(CN);(Qox)]* 541 [Cus(CN)41™ 295
[(Et;Sn),Cu,(CN),]* 618 [Cuy(CN)s]™ 386
[(Et;Sn),Cu,(CN);(Qox),]* 884 [Cus(CN)gl™ 474
[(Et;Sn);Cu(CN),(Qox)]* 919 [Cug(CN),1™ 561
[(Et;Sn),Cu;(CN),(Qox),]* 973 [Cus(CN)g1™ 652

nature of SCP1 and SCP2. The mass spectra also exhibit
ion peaks at m/z=2802 and 541, which are attributed to the
molecular formula of [Cu,(CN),(Et;Sn),(Phen),]* and
[Cuy(CN);(Et;Sn)Qox]* = [M]*, respectively. The presence
of these ion peaks can be considered as a further support of
the structure suggested by elemental analysis data. On the
other hand, the negative mass spectra of SCP1 and SCP2
exhibit ion peaks of [Cu,(CN),,,]” and [CN]™ units, respec-
tively. The base peaks at m/z=204 and 230, correspond-
ing to [Cu,(CN),]™ and [Cu,(CN);]~ of the molecular ions

represent the building blocks of SCP1 and SCP2, respec-
tively. Thus, the mass spectra of SCP1 and SCP2 confirm
the presence of the bipodal ligands Phen and Qox, as well as
Et;Sn and CuCN fragments. Also, it supports the polymeric
nature of the [Cu,(CN);] building blocks.

3.6 Thermal Analysis

To evaluate the thermal stability of both SCP1 and SCP2,
thermogravimetric analyses (TGA) were performed from
30 to 800 °C under N,. TGA thermograms of SCP1 and
SCP2 (Fig. 4) showed that they intact up to 110 and 140
°C, respectively. Both polymers undergo decomposition in
four steps (Table 5). The first decomposition step in SCP1
takes place in the range of 120-220 °C, corresponding to the
decomposition of the fragments of (Et;Sn), + Phen (Found:
591.44 g mol~! and Calc.: 591.40 g mol™!). This step occurs
in two successive processes as indicated by the DrTGA
curve. The first one corresponds to the release of the more
volatile connecting units (Et;Sn), followed by the release
of one Phen ligand. The second decomposition step takes
place in the range of 240-280 °C, attributing to the loss
of three cyanide ligands (Found: 77.84 g mol~! and Calc.:
78.00 g mol~!). The third decomposition step takes place
in the range of 380—460 °C, corresponding to the weight
loss of one Phen ligand, one cyanide ligand, and two copper
atoms (Found: 333.03 g mol~! and Calc.: 333.08 g mol~!).
Thus, the thermogram of SCP1 indicates the presence of
Et;Sn, CN, Phen and copper atoms in its structure. On the
other hand, the first decomposition step of SCP2 plays in the
range of 140-210 °C, attributing to the decomposition of
three ethyl ligands. This step is followed by the loss of Qox
ligand and two cyanide molecules in the temperature range
of 220-270 °C. The third step corresponds to the loss of one
CuCN fragment in the temperature range of 280-370 °C.
Over 600 °C, a complete decomposition occurs produc-
ing Cu and Sn (Found: 182.50 g mol~! and Calc.: 182.95 g
mol™") (Table 5).

3.7 Transmission Electron Microscopy (TEM)

The transmission electron microscopy (TEM) images of
SCP1 and SCP2 showed that they have regular spherical-like
nanostructures with nanoparticle size. As many as possible
diameters were measured to estimate the nanoparticles size
distribution and the diameter range of the particles which are
in the range of 31.24-62.13 nm and 5.16-23.90 nm, respec-
tively (Fig. 5).

3.8 Molecular Modeling

Cluster calculations are performed using DMol3 program
[53-55] in Materials Studio package [56], which is designed
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Fig.4 TGA-DrTGA curves of TGA DrTGA
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for the realization of large scale density functional theory
(DFT) calculations. DFT semi-core pseudopods calcula-
Table 5 TGA analysis data of SCP1 and SCP2 tions (dspp) are performed with the double numerical basis
" sets plus polarization functional (DNP). The DNP basis
Compound Tempera- % AS g mol™" Obs. Step . . .
wre range  (Calc.) sets are of comparable quality to 6-31G Gaussian basis sets
(°C) [57]. Delley et al. showed that the DNP basis sets are more
accurate than Gaussian basis sets of the same size [55]. The
SCPI 120-170 9144 (591.4) 2Et;Sn RPBE functional [58] is so far the best exchange—correlation
170-220 Phen functional [59] based on the generalized gradient approxi-
240-280 77.84 (18.0) 3CN mation (GGA) which is employed to take account of the
380-460 333.03 (333.0) Phen+CN+2Cu . .
exchange and correlation effects of electrons. The geometric
SCP2 140-210 87.50 (87.0) 3Et;Sn TR . ..
optimization is performed without any symmetry restriction.
220-270 182.46 (182.0) Qox +2CN The optimized molecular structure of SCP1 with mini-
280-370 89.51 (89.5) CuCN . . . .
mum energy obtained from the calculations is shown in
380-600 182.95 (182.5) Cu+Sn

@ Springer

Fig. 6. The Cu(1) and Cu(24) centers acquire Nyp,..NenCeon



Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:3962-3975 3971

31.59nm

Fig.5 TEM images of the nano-structured a SCP1 and b SCP2

and Nypp..Con geometries. The energy minimization results
indicated that the coordination environments around the Cu'
centers are distorted tetrahedral (DT-4) and trigonal plane
(TP-3) geometries as also indicated by the bond lengths and
angles (Table 6). The distortion is caused due to the differ-
ent N-atoms coordinated to the Cu-atom that come from
the cyanide and Phen ligands. The nitrogen atoms of the
Phen ligands cause acute angles N;,—Cu;—N ¢ (83.74°) and
N3,—Cu,,—N35 (90.80°). The bond distances and bond angles
are in the normal reported range [58]. The tin atom (Sng)
assumes trigonal bipyramid (TBPY-5) geometry where two
ethyl groups (Cy4;, C4,) and one cyanide (Csq) orient them-
selves toward the corners of a distorted TP-3. The nitro-
gen atom of the cyanide group (N,) and the ethyl carbon
atom (C,,) occupy axial positions which exhibit nearly right
angles (Table 6), with respect to the Et;Sn plane, however,
the N,—Sn¢—C,, angle equals 171.27° which reflects a bent
structure of the (CN-Ete;Sn—NC) connecting unit. On the
other hand, the tin atom (Sn,) is coordinated to thee ethyl

C45

C38 Cs7 041;\1" .C3gg
c4 &44

Fig.6 Molecular modeling of SCP1. The hydrogen atoms were omit-
ted for clarity

groups forming a distorted TP-3 and two cyanide ligands
in axial positions via coordinate bonds forming TBPY-5
geometry. The N,,—Sn,—Cs angle is 144.62° exhibiting more
bent structure of the (NC-Et;Sn—NC) connecting unit than
the case of Sng and reflects the fact that the ethyl groups

Table 6 Selected bond lengths (A) and bond angles (°) of SCP1

Bond lengths (A)

Cu,-C, 1.935  C39-Ny, 1.157
Cu;-N; 1.786  Sng—N, 2.090
Cu,-N; 1.859  SngCsy 2.100
Cu,-Ny4 1.885  SnsC, 2.170
Cu,,—Cy3 1.923  SngeCyy 2213
Cu,,—Nj, 1.907  SngC,, 2.187
Cu,,—Ns;s 1.888  Sn,—C; 2.092
N;—C; 1.156  Sn;-N,, 2.059
C,-N, 1.164  Sn,—C,,; 2.206
N22-C,3 1.154  Sn;—Cyg 2.202
Sn;—Cs, 2.229

Bond angles (°)
C,—Cu,-N; 82.67 C,—Sng—Cyy 100.23
N;—Cu-N; 130.22 C39-Sng-C,, 103.23
C,—Cu;-Nyg 132.90 C39-Sng—Cyy 84.51
N,;;—Cu;—N ¢ 83.74 C,,—Sng—Cy, 104.09
C,3—Cuy,—Njy, 114.25 N,—Sng—Cyy 171.37
C,3—Cuy,—Njs 125.86 C5—Sn;—Cs, 95.89
N3,—Cu,,—Njs 90.80 C5—Sn;—Cyg 98.22
Cu,-N;—C;s 163.03 N,,—Sn;—Cs, 114.87
Cu,—C,-N, 172.75 N,,—Sn,—C,; 92.30
Cu,,—Cy3-Ny, 176.26 Ny,—-Sn;—Cyq 84.78
Sng-N,-C, 166.88 N»,—Sn;—Cs 141.62
Sn;—Cs—Nj 176.30 Cug—Sn;—Cs, 115.62
Sn;—Sng—Csg 172.16 N,—Sne—C,, 89.75
N,~Sne—C,, 92.15
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occupy perpendicular positions out of the plane defined by
NC-Sn-NC spacer. The structure of 1 may extend to form
3D-SCP network via the (CN-Ete;Sn—NC) connecting units
and H-bonds.

The molecular structure along with atom numbering
and HOMO-LUMO representation of the SCP2 are shown
in Fig. 7. Analysis of the bond lengths and bond angles
are listed in Table 7. The Cu atoms acquire slightly dis-
torted trigonal plane geometry where they coordinate
to two ordered cyanide groups and one nitrogen atom of
Qox ligand. The Sn atom coordinates to three ethyl groups
and two cyanide groups creating TBPY-5 configuration
(Table 7). The Cu—CN bond angles exhibit slight bent struc-
tures which are more pronounced in case of Cu,s and Sn
atoms (165.370°, Table 7). Bond lengths and bond angles are
in the normal range reported for the proto-type compounds
[30-32]. The cyanide ligands acquire different bond orders
were two cyanide ligands connect one Cu atom (1.121-1021
A) which is further supported by the presence of two VCN
IR-bands at 2120 and 2102 cm™". The photo-induced charge
redistribution over the whole molecular skeleton of the
SCP2 is well represented by plot of the Frontier molecu-
lar orbitals (HOMO and LUMO) as illustrated in Fig. 7b,
¢. Egomo 18 @ quantum chemical descriptor which is often
associated with the electron donating ability of the molecule.
High value of Ey)o indicates a tendency of the molecule
to donate electrons to appropriate acceptor molecule of low
empty molecular orbital energy. However, E; {;y;o indicates
the ability of the molecule to accept electrons. The HOMO
electronic density distribution for the SCP2 can be repre-
sented as localization of charge density on the (Et;Sn) frag-
ment and the bridging cyanide ligand. In the case of LUMO
level, the charge is mostly localized that can facilitate the
donation from the cyanide ligand to Cu,5 atom. Quantum
chemical parameters (Eyonmo, Erumo and the energy gap,
DE=E; ymo — Enomo) are found to be — 5.197, — 3.343 and
1.854 eV, respectively. Thus, the cyanide ligands bridge the
Cu and Et;Sn forming 1D-chains which further connected
by the Qox and H-bonds creating 3D-network as also sup-
ported by mass spectra.

3.9 Antioxidant Activities

The SCP1 and SCP2 have been tested for the antioxidant
activity using ABTS assay and rate erythrocyte hemolysis.
In the case of ABTS assay (Table 8), the data indicated that
the tested compounds exhibited potent anti-oxidative activ-
ity relative to ascorbic acid (89.4% inhibition) while SCP2
(65.0% inhibition) is significantly more active than SCP1
(65.0% inhibition) and is quite close to ascorbic acid. On
the other hand, the results of erythrocyte hemolysis indicate
that SCP1 and SCP2 has an excellent anti-hemolytic activity

@ Springer
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of SCP2, and ¢ LUMO representation of SCP2



Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:3962-3975 3973

Table 7 Selected bond lengths (A) and bond angles (°) of SCP2

Bond lengths (A)

Cu;—Cyg 1.939 Cuys—N,, 1.994
Cu;—Cy3 1.926 Sn;,—C5s 2.554
Cu,;-N, 2.116 Sn;,—C,; 2.480
Cio—Ny 1.211 Sn;,—Cy, 2.312
Cy—Nyy 1.216 Sn;,—Cs 2.508
C,—Ny, 1.1214  Sn;,—N,, 2.695
Bond angles (°)
Sn;,—C5 2.508 Sn;,—Cy—Ny, 164.765
Sn;,—Ny, 2.695 C,=Sn;,—C; 97.106
C,5—Cu;—Cy3 127.533 C5-Sn;,—Ny, 82.130
Cu;—Cy3—Nyy 175.155 C,7-Sn;,—Ny, 121.548
Cu;—C 9Ny, 175.635 Ci;5-Sn;,—Cy; 106.739
Cuys—N,,—Cys 165.370 Ci5-Sn;,—Cs 154.138
C,—Cu-C; 100.22 C,5-Sn;,—Nyg 80.534
Sn;,-Nyy—Co 173.707 Ci5-Sn;,—Cy, 94.431

Table 8 Anti-oxidant assay of ABTS free radical scavenging activity
by SCP1 and SCP2

ABTS
Abs(control) — Abs(test)/Abs(control)
x 100

Compounds

Absorbance of samples % Inhibition

Control of ABTS 0.518 0.0
Ascorbic-acid 0.055 89.4
SCP1 0.181 65.0
SCP2 0.061 81.7

relative to vitamin-C and SCP2 is more active than SCP1
(Table 9).

3.10 Cytotoxic Activities

SCP1 and SCP2 were designed and synthesized to examine
the effects on viability and proliferation of hepatocellular
carcinoma HePG-2, mammary gland breast cancer MCF-7,
human prostate cancer PC3 and colorectal carcinoma HCT-
116 human cancer cell lines. Different concentrations of the
tested compounds SCP1 and SCP2 are prepared and dis-
solved in complete RPMI-1640 media with 10% serum. Cell
inhibition rates are determined by MTT assay. The results
reveal that SCP1 and SCP2 able to inhibit the growth of the
different cancer cells under investigation in a dose-depend-
ent manner. A dose-response curves are also constructed in
order to determine the effective dose, which may be used for
subsequent experiments (Figs. 8, 9). The compound SCP1
shows a sigmoidal dose—response inhibition of cells viabil-
ity, giving ICs, values of 16.1 +1.58 (HePG-2), 33.2+2.95

Table 9 Antioxidant activity screening assay for erythrocyte hemoly-
sis by SCP1 and SCP2

Compound Erythrocyte hemolysis

A/B x 100

Absorbance of samples (A) % Hemolysis

Absorbance of H,O (B)  0.974 -
Vitamin C 0.043 4.4
SCP1 0.034 35
SCP2 0.039 3.99

(MCF-7), 36.5+2.67 (PC3) and 14.0+1.64 (HCT-116) pg
mL~!, respectively (Table 10; Fig. 8). It is evident that the
tested compound SCP1 has a significant inhibiting effect on
HCT-116 and HePG-2 cell lines while it exhibits moder-
ate inhibiting effect on MCF-7 and PC3 cell lines. On the
other hand, the SCP2 is found to inhibit cell proliferation
and induces very high % of apoptotic cell lines under inves-
tigation in vitro model compared with the control group,
DOX and 5-Fu (Table 8; Fig. 9). The SCP2 exhibits sig-
moidal dose-response inhibition of the investigated cell
lines viability as the concentration of SCP2 was increased
to 100 uM mL~" giving very high % of apoptotic cell lines
under investigation as also indicated by the low ICs, values
of 4.14+0.21 (HePG-2),3.97+0.17 (MCF-7), 11.12+0.20
(PC3) and 5.08 +0.18 (HCT-116) ug mL~! (Fig. 9). How-
ever, total inhibition was not found in vitro model, so that
replication of the cancer cells is still possible. So, the tested
promising drugs need in vivo investigation to evaluate the
maximum tolerated dose and the number of injections which
achieve complete inhibition of the tumor masses.

It is noticed that the SCP2 demonstrated inhibitory activi-
ties more than the SCP1. Growth inhibition of 50% (ICs)
is calculated as the SCP1 and SCP2 concentrations, which
caused a 50% reduction in cell proliferation during the drug
incubation. The mean ICs is the concentration of drug that
reduces cell growth by 50% under the experimental con-
ditions and is the average with +SEM from at least three
independent determinations. Thus, the tested SCP1 and
SCP2 at a concentration of ICs,, value decreased cell viabil-
ity of the investigated cells compared to the control group
but need more investigation in vitro and in vivo. For active
Sn complexes, the average Sn—N bond lengths are > 239
pm, whereas inactive complexes had Sn—N bonds <239 pm
[60, 61], implying that pre-dissociation of the ligand may be
important in the mode of action of these complexes, while
coordinated ligand may favor transport of the active species
to the site of action in the cells, where they are released by
hydrolysis. The Sn—N bond length of SCP1 equals to 209 pm
while SCP2 equals to 269 pm so, SCP2 is more active than
SCP1 and it shows higher cytotoxicity than the well-known
drug, DOX.
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Fig.8 Dose-response curves of MCF-7, PC3, HCT-116 and HePG-2
cells to the SCP1 using different concentrations of the SCP1. Each
data point is an average of three independent experiments and
expressed as M+ SD
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Fig.9 Dose-response curves of MCF-7, PC3, HCT-116 and HePG-2
cells to the SCP2 using different concentrations of the SCP2. Each
data point is an average of three independent experiments and
expressed as M +SD

Table 10 Cytotoxic activity of SCP1 and SCP2 against human tumor
cell lines

Compound  In vitro cytotoxicity ICs, (ug mL™")

HePG-2 HCT-116  PC3 MCEF-7
5-Fu 79+028 5.2+0.14 83+0.25 55+0.21
DOX 450+0.20 523+020 887+021 4.17+0.14
SCP1 16.10+1.58 14.0+1.64 36.50+2.67 33.2+295
SCP2 4.14+021 5.08+0.18 11.12+0.20 3.97+0.17

5-Fu 5-fluorouracil, DOX doxorubicin

@ Springer

4 Conclusions

Two new hydrogen bonded bimetallic supramolecular
coordination polymers, SCP1 and SCP2, have been syn-
thesized and structurally characterized. Spectroscopic and
structural features showed that their structures consist of
(CN-Ete;Sn—NC) connecting units and [Cu, (CN), ]™ ™~
building blocks, which depend on the type of the Phen or
Qox ligand, creating 3D-network structures. Taken together,
the new SCP1 and SCP2 exhibit significant decrease in cell
viability in HePG-2, MCF-7, PC3 and HCT-116 human can-
cer cell lines. Interestingly, the SCP2 was found to inhibit
the cell proliferation and induces very high % of apoptotic
cell lines under investigation in vitro model compared with
the control group, DOX and 5-Fu. The tested compounds,
especially SCP2, need more investigations to advance to pre-
clinical development. Additional experiments are required
to determine the exact mechanism of action of these new
coordinated polymers that could be a hope to decrease dif-
ferent cancer invasion and metastasis.
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