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Graphical abstract: Synopsis

Syntheses, crystal structures, antibacterial activitiesof Cu(ll) and

Ni(ll) complexes based on ter pyridine polycarboxylic acid ligand

Xiaoting Wang,? Ruiying Li,2 Aogang Liu,? Caipeng Yue,” Shimin Wang,® Jiajia
Cheng,®Jinpeng Li",2 Zhongyi Liu®

Six complexes have been synthesized and characterized. 1-3 display 1-D chain
structures. 4 and 5 exhibit 2-D frameworks and 6 is a mononuclear structure. The
antibacterial activities of 1-6 against four strains bacteria have been examined. The
relationship between the structures of complexes and antibacterial activities was

studied.
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Abstract

Six metal complexes [Cu(Htpf)] (1), {[Cu(Hygpt)Clog(H2O)og-1/5H:0}, (2),
{[Cu(H2tpt)(H0)]- 1/25Q-2H,0},  (3), [Cu(Htpt)l, (4), {[Nix(Htpt)(H:0),]- CHCN} iy (5),
[Ni(H tpt),]- 3H,O (6) based on a multidentate 4-(2,4,6-tricarboxyphey',6,2"-terpyridine
ligand (Htpt) have been prepared by hydrothermal synthesetheod and structurally
characterizedl, 2 and 3 show 1-D chain structures, the chains are furtimked via n--
interactions or hydrogen bonds to generate 3-Dasnplecular structurest displays a 2-D
binodal (3,3)-connectefis net with a Schlafli symbol of (42%4- &), which has been reportesl.
also exhibits a 2-D (3,3)-connectetich topology with Schlafli symbol of {66°). 6 is a
mononuclear structure. The microbiological progsrtof 1-6 were studied1-6 showed pretty
good antibacterial activities towarés subtilis compared to other bacterial straiBsexhibits the
smallest MIC value of kg/mL which may be related to the presence of edsilying solvent
water molecules, thereby exposing more active sisily.
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1. Introduction

In the past few years, much interest has been éacar the design and synthesis
of coordination polymers not only for their intetieg molecular topologies but also
for the fact that they exhibit excellent antiba@keractivity, which can provide
important reference in the design of more efficiantibacterial drugs [1-8]. Factors
effecting the antibacterial activity of metal comyplare directly related to chelation
effect between metal ions and ligands, and theienite of the metal ions on the cell
process. The chelation effect reduces the polafityhe metal ions mainly by partial
sharing of positive charge with the donor groupsd apossible n-electron
delocalization over the whole chelate rings enhampcihe lipophilicity of the
complexes [9-10]. This increased lipophilicity mdgad to breakdown of the
permeability barrier of the cells and thus bloc& titormal cell processes [11]. Earlier
articles [12-13] revealed that bidentate or tridémiigands having more lipophilicity
showed higher antimicrobial activity than monodéntégands, and according to the
theory of similarity and intermiscibility, two d#éfent types of ligands in complexes
have the better antibacterial activity than sinbgmnd. Moreover, another factor
affecting the activity is nature of metal ions. &xsively studied transition metals for
antimicrobial activity includes silver, copper, két, and cobalt complexes, which
show different antibacterial properties [14-21]. Qhe other hand, although
complexes with well-defined structure are suitdbleexploring the structure-activity
relationship, the corresponding reports are limitkee to the influence of many
complicated factors [22]. It is very important tepéore the relationship between the
structures of complexes and antibacterial actsjthich can provide theoretical
guidance for us to design and synthesize comple#s excellent antibacterial
activity.

Based on above-mentioned considerations, we sdlecterpyridine chelating
ligand with multiple aromatic rings namedtpt (Scheme 1) to prepare four Cu(ll)
and two Ni(ll) complexes. The antibacterial actest of six complexes were

performed against four bacterial strains. Hereia, further explore the relationship
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between the structures of six complexes and thelodical propertieslt should be

noted that the structure 4fhas been reported previously [23].

2. Experimental section

2.1 Materials and general methods

The Htpt ligand and other reagents were commerciallyraali and utilized
without further purification. The water used in teeperiment was deionized water.
Solid UV-vis spectra were obtained in the 200-860range on an Agilent Cary 5000
spectrophotometer. Infrared data for ligand and pleres were measured on a
Bruker Tensor 27 infrared spectrometer using agsadan bromide disks in the region
of 400-4000 crit. Thermogravimetric measurements (TGA, 30~800°C)rewe
recorded on a Netzsch STA409PC differential theramalyzer using air atmosphere
at a heating rate of 10°C/min. Elemental analy§edH(and N) were carried out on a
FLASH EA 1112 elemental analyzer. Powder X-ray rdifion (PXRD) was
measured on PANalytical X’Pert PRO MPD system.

2.2 Preparation of the complexes

2.2.1 Synthesis of [Cu(Htpt)] (1)

Polymer 1 was synthesized hydrothermally in a Teflon-linedirdess steel
container by heating a mixture oftit (8.8 mg, 0.02 mmol), CugbHO (5.1 mg,
0.03 mmol) and 2,2’-bipy (4.7 mg, 0.03 mmol) in & wf H,O/CH;CN (1:2) mixed
solvent at 13%C for 3 days, and then cooled to room temperatugerate of 5C/h.
Blue crystals ofl. were isolated from the filtrate (yield: 60% basedcopper). Anal.
Calcd for G4H13CuNsOg: C, 57.26; H, 2.58; N, 8.35. Found: C, 57.36; H82 N,
8.47%. IR spectra (KBr/pellet, ¢t 3394m, 1714s, 1604s, 1474s, 1403s, 1347s,

1170m, 1022m, 913w, 800m, 655w, 562w.
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2.2.2 Synthesis of {[Cu(lktpt)Cly.s(H20)o.5- 1/5H,0}, (2)

2 was synthesized by a hydrothermal procedure girtvlahat described fot
except using 4,4’-bipy (4.7 mg, 0.03 mmol) instedd®,2’-bipy. Blue crystals of
were isolated from the filtrat¥ield: 73%. Anal. Calcd for ggH29 CICWLNgO13.4 C,
53.95; H, 2.79; N, 7.86. Found: C, 54.15; H, 2.897.97%. IR spectra (KBr/pellet,
cm'l): 3409s, 3087m, 1714s, 1615s, 1567s, 1472s, 142885, 1112s, 1021m, 912m,
800s, 681m, 455w.

2.2.3 Synthesis of {{Cu(kipt)(H20)]-1/2SQ-2H,0}, (3)

A mixture of Htpt (8.8 mg, 0.02 mmol), CuBr(6.7 mg, 0.03 mmol),
H,O/CH:CN (1:2, 3 mL) and two drops of concentrated sudfacid was sealed in a
Teflon-lined stainless steel vessel (25 mL), theatdweto 120C for 72 h, followed by
cooling to room temperature at a rate of 5°C/heBitick crystals o8 were isolated
from the filtrate. The vyield of the producB was 57%. Anal. Calcd for
CagHa0CWpNeO2.S: C, 47.52; H, 3.30; N, 6.93. Found: C, 47.633H3; N, 7.04%. IR
spectra (KBr/pellet, ci): 3428s, 1713s, 1617s, 1557s, 1474s, 1370s, 132H1m,
1097m, 914w, 798m, 618w, 417w.

2.2.4 Synthesis of [Cu(Htpt)](4)

A mixture of Htpt (8.8 mg, 0.02 mmol) and CusGH,O (7.5 mg, 0.03 mmol) in
solvent of HO/DMF (1:2, 3mL) was placed in a 25 mL Teflon-linsthinless steel
container, and heated to T8 for 3 days, then cooled to room temperature. Blue
crystals of4 were isolated from the filtrate (yield: 60% based copper). The

structure o# has been reported previously [23].

2.2.5 Synthesis of {{[N(Htpt).(H20),]-CH3CN}, (5) and [Ni(H 5tpt),]-3H20 (6)
4



Hstpt (8.8 mg, 0.02 mmol), Nigl6H,O (4.8 mg 0.02 mmol) and 3 mL
H,O/CH;CN (1:2 volume ratio) were mixed in a 25 mL Teflamed stainless steel
container. The mixture was stirred for 10 min aimotemperature and sealed, which
was heated at 13Q for 3 days and then slowly cooled to room temijpeesat the rate
of 5°C/h. Finally, blue sheet crystals b6f(yield: 42% based on nickel) and yellow
block crystals of6 (yield: 26% based on nickel) were isolated frora fittrate and
washed by water. Anal.Calcd of crystal$or CsgH33N7Ni-O14 C, 55.90; H, 3.07; N,
9.13. Found: C, 55.98; H, 3.12; N, 9.35%. IR spediBr/pellet, cnT): 3415m,
3069s, 1705s, 1656s, 1601s, 1472s, 1402s, 13488s,12159w, 793s, 680m, 559w,
417w. Anal. Calcd of crystaBfor CsgH34NiNgO15: C, 57.98; H, 3.42; N, 8.45. Found:
C, 58.12; H, 3.37; N, 8.65%. IR spectra (KBr/pelleti'): 3415s, 3065s, 1710s,
1601s, 1570m, 1551m, 1469w, 1423m, 1247s, 1164m5w0916w, 793w, 768w,
691w.

2.3 Crystal structure determination

X-ray diffraction data were collected with a Bruk&PEXIl CCD diffractometer
at temperature of 298 1K using MoKa ray (1=0.71073 A) forl-2, 5-6 and CuKa
ray (1=1.5418 A) for3 and4. All crystal structures were solved by direct noeth
with the SHELXS-97 crystallographic software paakg4]. Crystal structures &

3, 4, 6 were refined by full-matrix least-squares techeichased orF? with the
SHELXL-2014 crystallographic software package [2bhe structures ol and 5
were first refined with the SHELXL-2015 crystallaghic software package [26].
Finally, the structures df and5 were refined with Olex 2 crystallographic software
package [27]. The data df 2, 4, 5 were corrected with SQUEEZE to remove the
solvent molecules due to severe crystallograplgorder [28]. All atoms were refined
anisotropically except hydrogen atoms. A summaryhef crystallographic data and
processing parameters is presented in Table 1 ahtk 2. Table S1 show selected

bond lengths and angles bb.



2.4 Antibacterial activity

To measure bacteriostatic activities b6 and ligand against Gram-positive
Bacillus subtilis CMCC(B) 63501, Saphylococcus aureus ATCC 29213,
Gram-negativeEscherichia coli ATCC 25922,Salmonella enteritidis ATCC 13076,
inhibition zone were performed using the agar diffa technique [29-30]. The
nutrient agar medium and 6mm diameter paper disee wsed. DMSO was used as
solvent to dissolve the compounds and also usecbmaisol. The filter paper discs
were soaked in different solution of the compouad then placed in the Petri dishes
previously seeded with the test organisms. The raxpat for each compound has
been done in triplicate. The plates were incubdtedl8 hours at 3T and the
inhibition zone around each disc was measured in usimg vernier caliper. The
average zone of inhibition in millimeter was detared from the readings taken in
triplicate (Table 3). Typical inhibition zones obtained complexe&(a), 3(b), 5(c),
6(d) against B. subtilis are shown in Fig. S1. Atyiwas determined by measuring
the diameter of the zone of inhibition in mm. Atiioition zone diameter over 7 mm
indicates that the tested compound is active ag#nesbacteria under investigation.
From the results of the inhibition zone experimeiitss found that all complexes
inhibit Bacillus subtilis, whereas no compounds show obvious inhibitory ceffe
towards E. coli, S aureus, S enteritidis. Therefore, the minimum inhibitory
concentration (MIC) ofl-6 for Bacillus subtilis was conducted using agar dilution
methods [11]. MIC was the minimum sample conceiutnathat completely inhibited
the growth of bacteria in the pores [31]. Each coama was dissolved in DMSO at
different concentrations of 128, 64, 32, 16, 8241, 0.5ug/mL. A preculture of
Bacillus subtilis was grown in LB (Luria Broth) for 18 h at the mdsivorable
temperature. This culture was used as a contrekémine if the growth of bacteria
tested is normal. In a similar second culture, ZD@f the bacteria as well as DMSO
at the desired concentration were added. The MIidpe@nt is the lowest

concentration of complex that produces inhibitidnbacterial growth. In addition,
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two percent of DMSO without active ingredients wesd as a positive control to
assess the MIC values of the strains. Kanamycintifl@acin, Norfloxacin,

Ciprofloxacin, Sparfloxacin and Streptomycin served standard bactericides
[5,12,32-33]. The MIC values for all complexes argpresentative commercial

antibiotics are expressedagmL in Table 4.

3. Results and Discussion

3.1 Structural description of [Cu(Htpt)] (1)

Crystal data of the compound reveals thatystallizes in the triclinic syster®;1
space group, which exhibits one dimensional doohbkin structure. The asymmetric
unit of 1 possesses one crystallographically unique Cugtipn, one Htgt ligand. As
shown in Fig. la, each five-coordinated Cu(ll) ia in a slightly distorted
square-pyramidal environment with a Addison trigapaactor t=0.269 [34]. The
Cu(ll) ion is coordinated by three nitrogen ator@sif-N1A: 2.014(4) A, Cul-N2A:
1.941(3) A, Cul-N3A: 2.034(4) A] and two oxygen ra® [Cul-O2: 2.230(4) A,
Cul-06B: 1.926(3) A] (Scheme 2a). The oxygen at¢@®; O4) of the carboxylate
groups inl are disordered. The surrounding bond anglesa® shown in Table S1.
The bond lengths and bond angles around Cu(llarenin the normal range [35-36].
The Htpt ligands connect neighboring Cu(ll) ions by N/Olalien to yield limitless
1-D double chains (Fig. 1b). As shown in Fig. ldjaaent parallel 1-D double chains
form a 2-D supramolecular layer through « interactions between pyridine rings
(average face-to-face distances of 3.484(1) A, eentroid-to-centroid distances of
3.996(6) A) [37-38]. Additionally, the 2-D layergeafurther bridged through the
weaker C-H---O hydrogen bonds In{H/O distances (bond angles): 2.180(4) A
[143.23(1] for C4-H4---05, 2.638 A (123.91for C9-H9-. - - 04} along direction.
They are in the normal range of C-H---O hydrogemdbd39-40]. The 2D planar
structure is further stacked into a 3-D supramdé&cstructure by another: -«

interaction between inter-molecular pyridine rirffggerplanar separations: 3.355(2)
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A: centroid-centroid separations: 3.524(4) A]. Btile above interactions extend the

above 1-D double chains into 3-D supramolecularcstire.

3.2 Structural description of {[Cu(Hlstpt)Clo 5(H20)0.5]- 1/5H,0}, (2)

Single-crystal X-ray diffraction analysis revealwat?2 is a 1-D structure and
crystallizes in the triclinic crystal system, spageupP-1. The asymmetric unit &
possesses one crystallographically unique Cu(lfioes, one Hgpt™® ligand
including a H5 and half a H2, half a’@hion and half a coordinated water molecule
located in the same coordination site, 1/5 lative¢er molecule. The disorder occurs
on the oxygen atoms and chlorine atoms (06, CI},i®38. As shown in Fig. 2a, each
Cu(ll) ion is five-coordinated with a slightly dsted square-pyramidal environment
(t=0.0833) involving three nitrogen atoms (N1, N2,)N@ne oxygen atoms (O3A)
from the H_stpt"* ligand, half a coordinated Cl atom (Cl1) and teaifoxygen atoms
(O8) located in the same coordination site (SchmeThe bond lengths of Cu-O3A
and Cu-O8 are 1.941(1) and 2.194(2) A and the CoeNd lengths are 1.942(1),
2.040(2) and 2.041(1) A, respectively. The bonajlierof Cu-Cl1 is 2.586(3) A. The
above bond lengths are within the range reporte@gdoare-pyramidal environments
[41]. The surrounding bond angles of Cu(ll) arevehon Table S1. They are in the
normal range [41]. Neighboring Cu(ll) ions are ktkto form a 1-D single chain
through H stpt™> ligands. Furthermore, these 1-D chains are assenibtgether by
C-H---O hydrogen bonds {H/O distances (bond angke4y0(3) A [137.939(%) for
C3-H3:--04} to form a 2-D layer (Fig. 2b). The 2dyers are further outspread to
3-D structure by the intermolecular C-H- - - O hydrogends (Fig. 2c) {H/O distances
(bond angles): 2.599(9) A [161.333{Lfor C9-H9---0O5}, which agree well with
those reported in the literature [42-43].

3.3 Structural description of {{[Cu(kHpt)(H20)]-1/2SQ-2H,0}, (3) and [Cu(Htpt)],
(4)



The crystal data shows thatcrystallizes in the orthorhombic crystal latticéhw
space groufbcn. As shown in Fig. 3a3 consists of one Cu(ll) ion, oneitgt ligand,
one coordinated water molecule, half a;5@nion and two lattice water molecules.
Each Cu(ll) ion is five-coordinated to form a slighdistorted square-pyramidal
geometry £=0.031). One oxygen donors (O4A) from the othetpH ligand, an
oxygen donor (O11) of the water molecule and tmigegen donors (N2, N3, N5) of
the pyridine from the ligand are coordinated witle tCCu(ll) ion (Scheme 2c¢). The
bond distances of Cul-N2, Cul-N3, and Cul-N5 abd5(3), 2.036(3), 1.936(2) A
while the bond lengths of Cul-O4A and Cul-O11 ar@34(2), 2.244(3) A,
respectively (Table S1). They are in the normagegjd4-45]. In3, the Cu(ll) ions are
connected by Hpt ligand to give rise to a 1-D zigzag chain in #eplane, in which
the Cul---Cul distance is 7.895(1) A (Fig. 3b).ddwer, two types af- - © stacking
interactions can be seen B One is between adjacent pyridine rings with a
centroid-to-centroid distance of 3.670(2) A andefso-face distance of 3.400(0) A,
which give rise to a 2-D infinite packing structufféig. 3c); the other is between
neighboring benzene rings with a centroid-to-cadtmistance of 3.854(2) A and
face-to-face distance is 3.370(1) A, which furthgtend the 2-D structure into a 3-D
supramolecular architecture.

Single-crystal X-ray diffraction reveals thétis a two-dimensional structure and
crystallizes in monoclinic system with space grd@f/n. It should be noted the
structure o4 has been reported previously [23]. Hence, thergesm of the crystal

structure is omitted.

3.4 Structural description of {{Ni(Htpt),(H20),]- CH3CN}, (5)

The crystal data shows thétis the monoclinic systenR2;/c space groupAs
illustrated in Fig. 4a,the independent unit of5 is composed of two
similar-coordinated Ni(ll) cations, two Hfptligands, two coordinated water
molecules, one lattice GBN molecule. The O11 and O12 atoms of carboxylate

groups in5 present disordered state. Both Nil and Ni2 inodist octahedron
9



geometries are coordinated by three nitrogen atmdsthree oxygen atoms. In Nil,
one equatorial coordination site is occupied by N2, N3 from Htpt ligand and
013 from one coordinated water molecule (Scheme Zhg apical position is
occupied by 04B and O7C from two Htgitgands. Similar to Ni1, Ni2 is coordinated
by three nitrogen atoms (N4, N5, N6) from Htptigand adopting chelating
coordination and an oxygen atom (0O14) from coordidawvater molecule at the
equatorial positions. In addition, Ni2 is coordedtby two other oxygen atoms
(O11A, O1) from two Htgt ligands in monodentate mode at the axial positiZhe
bond distances of Ni1-N1, Ni1-N2, Ni1-N3 are 1.9)8(2.074(7), 2.050(7) A, and
the Ni1-O13 is 1.987(5) A, Ni1-O7C is 2.059(6) Ai1ND4B is 2.025(6) A. The bond
distances of Ni2-N4, Ni2-N5, Ni2-N6 are 1.956(5)029(7), 2.054(7) A, and the
Ni2-O1 is 2.033(5) A, Ni2-O11A is 2.059(1) A, Ni21@ is 1.992(5) A. The bond
angles around Ni(ll) ion are shown in Table S1.yraee in the normal range [46]. In
5, adjacent Ni(ll) atoms are connected through Htigand adopting chelating mode
to give rise to 1-D zigzag chain which Nil---Niatdnce is 13.160(7) A. The 1-D
zigzag chains are further linked by the carboxyygen atoms of Htpt ligands to
form a 2-D planar structure in which the adjaceitt-NNil distance is 8.976(0) A
(Fig. 4b).

For achieving further insight into the structurespfve can simplify Htgt ligands
and Ni(ll) ions from the topological point of viewhe structure ob is binodal with
three-connected [Ni(ll) ion] and three-connectetbfiligands) nodes, and exhibits a
fascinating 2-D topology network (Fig. 4c). Thulse toverall structure dd can be
described as a (3,3)-connectath net with a Schlafli symbol of {66°) calculated by
the TOPOS program [47-49].

3.5 Structural description of [Ni(Htpt),]-3H,0 (6)

Single-crystal X-ray diffraction analysis revealsat 6 crystallizes in the
monoclinic systemP2;/c space group. The independent unibafontains one Ni(ll)

ion, two Htpt ligands and three lattice water molecules. It shbe pointed out that
10



the disorder occurs on the oxygen atoms (O1, O238J of carboxylate groups. The
six-coordinated Ni(ll) ion is in a distorted octal&l environment involving four
nitrogen atoms (N2, N4, N5, N6) from two ligandgts equatorial positions and two
nitrogen atoms (N1, N3) at the axial positions @ubk 2d). The bond lengths of
Ni1-N1, Ni1-N2, Ni1-N3, Ni1-N4, Ni1-N5, Ni1-N6 arg.098(2), 1.988(2), 2.097(3),
1.984(2), 2.132(2), 2.120(2) A, respectively. Ame tbond angles around Ni(ll) are
shown in Table S1. They are consistent with thented Ni(ll) complexes [50-51].
As illustrated in Fig. 5a, six terpyridyl nitrogatoms from two ktpt ligands connect
one Ni(ll) ion to form [Ni(Htpt)] molecule. The adjacent [Ni(Htp})molecules form
2-D structure through the stronger C-H---O hydrdgmmds in theac plane (Fig. 5b).
The H---O distances (bond angles) of the O-H---dbolggn bonds are 2.496(5) A
[128.507(1)°] for C19A-H1A.--0O11, 2.364(5) A [1595(5)°] for C38-H38:--09.
Moreover, adjacent 2-D layers are further connedtgdC-H---O hydrogen bonds
{H/O distances (bond angles): 2.353(5) A [148.82%(®r C16-H16---0O3; 2.383(5)
A [148.431(4)°] for C22-H22---02} to form 3-D supralecular structure in thiec
plane. The lengths of C-H---O hydrogen bonds agedlewith those reported in the
literatures [52-54].

The PXRD patterns 0 and6 are shownn Figure S2. It could be seen that
result of the most peak positions was concordatiiécsimulated from single crystal

data, indicating that the synthesized complexesgssshigh phase purity.

3.6 UV/vis absorbance properties and IR spectroscop

The solid-state UV-vis absorption spectroscopyamhplexesl-3, 5-6 and Htpt
ligand have been studied (Fig. S3). It is obviobat tthe Htpt ligand shows the
absorption band around 335 nm, which can be ass$ignethe intraligandr-n*
transition. Similarly, all complexes show weak shlea band around 335 nm, which
suggest that the coordination of the metal iongllgaalters the intrinsic electronic
properties of the Hipt ligand [55-56]. Compared to thestht ligand, all the Cu(ll)

complexes display similar spectral feature conteyra broad absorption band around
11



686 nm. The absorption band ®fin the vision region was observed at ca. 618 nm.
These bands in the absorption spectra can beuwé#dlio the d-d transition of the
Cu(ll) and Ni(ll) [55-56].

The IR spectra of &ipt ligand,1-3 and5-6 are shown in Fig. S4. The vibrational
bands present at 3410 and 3094'cshould be ascribed to thwéO-H) andv(C-H) in
ligand. The bands around 3400tin complexes could be attributed to t{©-H) of
the carboxyl groups, which indicates carboxyl gup complexes are not fully
involved in the coordination. The bands oftpd at 1712 cnt and 1597 cil are
attributed to the stretching vibration of the C=@nts of carboxyl groups and C=N
bonds of the pyridine rings. The characteristidtsiy bands ofv(C=0) andv(C=N)
(shown in Table S2) in complexes is indicativelté toordination state between the
central ions and kipt. The absorption peaks in the range of 1112-1269 ame
assigned to C-O stretching vibrations foitp and the complexes. In addition, in all
complexes, strong bands observed in the range@f-1656 crit are associated with
asymmetric stretching vibrationgCOQ),s of the carboxylic acid groups, while the
peaks in the range of 1347-1423 tame attributed to symmetric stretching vibrations
v(COOQO); of the carboxylic acid groups [57-59].

3.7 Thermogravimetric analysis

The thermal properties df-3, 5-6 were characterized by thermogravimetric
analysis (TGA) (Figure S5). The metal coordinatmemplexes were heated in a
temperature range of 30-800°C in an air atmosphiére.thermal decomposition of
as-prepared complexes proceeds with two degradaieps. The first step of
decompositioncan be attributed to the loss of solvent molecake50-200°C forl
and at 30-200°C fob, and the loss of lattice water molecules, cootéithavater
molecules, and coordinated Cl ions at-PB&°C for2. As for3 and®6, the first step of
weight loss at 80-235°C and 70-180°C correspondshéo loss of lattice water
molecules. The second decomposition stage invollkesremoval of the ligand,

resulting in the collapse of the crystal structufer 1-3, the residue is CuO with
12



weight loss of 86.29% (Calcd. 84.18%), 84.87% (Gak5.09%), 83.55% (Calcd.
86.87%), respectively. As fd-6, the total weight loss amounts to 89.79% (Calcd.
93.04%), 89.86% (Calcd. 92.48%) leaving NiO as sidtee. Table S3 reports the
calculated and experimental weight losses, and témperature range of

decomposition for these complexes studied.

3.8 Antibacterial activity

The search for agents with antibacterial activetyan important field of research
nowadays. Many researchers have reported the atdita activity of complexes due
to various molecular architectures and differenttainecenter of complexes
[60-61,12,13]. In this work, from an insight of edmation chemistry]l-6 containing
same ligand are suitable for the research of artBbal mechanism and the
structure-function relationship. Herein, antibaetleactivity of as-prepared-6 and
Hstpt ligand against two Gram(+) bacterial straiBadillus subtilis CMCC(B) 63501,
Saphylococcus aureus ATCC 29213] and two Gram(-) bacterial straischerichia
coli ATCC 25922 Salmonella enteritidis ATCC 13076) was studied using the method
of the agar diffusion technique. As shown in Tahléhe diameters of inhibition zones
for 1-6 againstB. subtilis are obviously larger than those of other bactesiedins,
which shows that all complexes demonstrate selectantibacterial activity.
Compared to the metallic salt and the correspontigands, all complexes show
antibacterial activity toward®. subtilis, which can be attributed to the chelation
theory where chelation of metal ions and ligandkiices the polarity of the metal ion
mainly because of partial sharing of its positiverge with the donor groups and
possibler-electron delocalization within the whole chelategr[62-67]. Furthermore,
according to the theory of similarity and interniislity, the chelate process improves
lipophicity of central metal, which subsequently favours its patroa through the
lipid layer of cell membranes and further inhibiizgme activity, which resulting in
excellent antibacterial activity [68-70].

In order to further compare their antimicrobialiaties, 1-6 were selectedgainst
13



B. subtilis for minimum inhibitory concentration (MIC) studie&s present in Table 4,
compared with other copper complexe3, shows the excellent antibacterial
performance wittan MIC value of 2ug/mL. Analyzing from the structur&,contains
easily-leaving coordinated water molecules, themlposing more active sites easily,
which may be an important factor exhibiting excallantibacterial activity. Similarly,
compared witl6, 5 also exhibit outstanding activity becadskas also easily-leaving
coordinated water molecule. Furthermore, the diffiee of metal ion may be one of
the reasons wh¥ exhibits the higher antimicrobial activity tha In contrast,6
showed weaker antibacterial activity compared teentomplexes. This is probably
due to the fact that Ni(ll) is coordinated by teigyl nitrogen atoms of two #tpt
ligands adopting bis-tridentate chelating coordaratmode, thus it is difficult to
expose the active site because of its stable ateicOur results preliminary reveal
that the antibacterial activities are related tonptex structures. Namely, containing
easily-leaving coordinated water molecules in apared complexes, thereby
exposing more active sites easily, is an importatdtor exhibiting excellent

antibacterial activity.

4. Conclusion

In summary, four Cu(ll) complexes and two Ni(ll)naplexes based on it
ligand have been synthesized and characterizedmbggavimetric analysis has been
used to determine the structural stability, whibbws that the thermal decomposition
results in the metal oxides as residues. The arghal activities of as-prepardd6
againstfour strainshave been studied, which reveals all complexes stelective
antibacterial activity againsB. subtilis. Our study on antimicrobial activity
demonstrates that the complexes containing easalyihg coordinated water
molecules exhibit excellent antibacterial activitiis work preliminarily reveals that
the antibacterial activities are related to com@axctures. The mode of action and

antibacterial mechanism still need further expioratind validation.
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Figure 1. (a) The coordination environment of Cu(ll) atomlifA: 1-x, -y-1, -z+2; B: 2-x, -1-y,
3-2), all hydrogen atoms are omitted for clarity) The 1-D double chains structure. (c) 2-D

structure resulting from- - ot stacking.

Figure 2. (&) The coordination environment of Cu(ll) atom2 (A: x, y, z+1), part of the
hydrogen atom is omitted for clarity. (b) The 2-peamolecular network. (c) 3-D supramolecular

structure constructed by hydrogen-bonding inteoasti

Figure 3. (a) The coordination environment of Cu(ll) atonBifA: -x+3/2, y-1/2, z), all hydrogen
atoms are omitted for clarity. (b) The 1-D zigzdgins structure. (c) 2-D structure resulting from

n- - o stacking.

Figure 4. (a) The coordination environment of Ni(ll) atom5n(A: x, -y+1/2, z+1/2; B: -1+,
-y+1/2, z-1/2), all hydrogen atoms are omitted dlarity. (b) The 2-D planar network. (c) Views
of topology of5 [The blue balls represent Ni(ll) atoms, the pinKeepresent the Htptligands,

respectively].

Figure 5. (a) The coordination environment of Ni(ll) atom@énall hydrogen atoms are omitted

for clarity. (b) 2-D structure resulting from C-HO hydrogen-bonding interactions.
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Table 1. Crystallographic data fdr-3.

Complexes 1 2 3

Formula CoH13CUNsOg  CygHao CICWNEO 34 CagHagCUNGO2.S
Fw 502.91 1067.51 1212.00
Temperature(K) 293(2) 293(2) 273(2)
Wavelength(A) 0.71073 0.71073 1.54178
Crystal system triclinic triclinic rthorhombic
Space group P-1 P-1 Pbcn

a(hd) 9.2864(14) 8.1583(16) 25.5176(5)
b(A) 10.9212(16) 11.151(2) 13.9277(3)
c(A) 12.1185(18) 12.752(3) 13.5555(3)
a(deg) 112.949(3) 77.00(3) 90

Bdeg) 107.104(3) 76.20(3) 90

Kdeg) 94.009(4) 85.53(3) 90

V(A3 1057.7(3) 1097.4(4) 4817.65(18)

z 2 1 4

D(g@m?) 1.579 1.615 1.671

F(000) 510 542 2480
Orangefordata 33578460 = 3.367~27.103 3.464~68.424
collection(deg)

Zifi'gjgons collected 30315/5326 432254843 51354/4435
Data/restraints/

params 5326/3/314 4843/14/346 4435/7/359
(F32°°d“ess‘°f'ﬁt on 1080 1.044 1.052
Absorption 1.081 1.108 2.323
coefficient

Tmin/Tmax 0.6871,0.7457  0.6933, 0.7455 0.647&H 37
Final R, wR2 0.0819, 0.1429 0.0399, 0.1106 0.0490, 0.1366

°R1 =ZE| Fd -|Fd D/Z| Fd . PWR2 = IZW(‘ FA -|FA )2/2M F2 2]1/2.
wy = L[ (Fo)*+ 0.0594° + 1.987#], whereP = (Fo*+ 2F)/3. wp = 1/[0*(Fo)° + 0.073%% +
0.806%], whereP = (Fo2+ 2FA)/3. Wy = 1/[0A(Fo)>+ 0.086%° + 4.718P], whereP = (F,’ +

2FA)/3.



Table 2. Crystallographic data fe¥-6.

Complexes 4 5 6
Formula C,4H13CuUN;Op CsoH33N7Ni,014 CygH34NgNIO15
Fw 502.91 1073.25 993.52
Temperature(K) 293(2) 298(2) 293(2)
Wavelength(A) 1.54178 0.71076 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2;/n P2;/c P2;/c

a(h) 13.276(3) 20.79(6) 11.7921(6)
b(A) 13.867(3) 14.59(4) 16.3564(7)
c(A) 16.406(3) 17.61(4) 23.2228(12)
a(deg) 90 90 90

Bdeg) 111.90(3) 114.66(3) 100.938(2)
Kdeg) 90 90 90

V(A3 2802.4(12)  4854(23) 4397.8(4)

z 4 4 4

D(gEm?) 1.192 1.469 1.501

F(000) 1020 2200 2048

0 range for data 3.676~71.998 2.904~25.249 3.065~24.804
collection(deg)

Ei?qelcj:gons collected 61376/5515 70946/8761 86061/7519
Data/restraints/ 5515/0/308 8761/30/680 7519/13/664
Goodness-of-fit on ¥ 0.825 1.030 1.083
Absorption coefficient 1.424 0.851 0.523

Tmin/Tmax

Final RE, wR2

0.5306, 0.7536

0.0394, 0.1229

0.6413, 0.7456

0.0612, 0.1367

0.6787, 0.7451

0.0464, 0.0975

°R1 =Z|j Fo =IFd EVZ| Fd . P\WR2 = IZW(| FA -|FA )Z/ZW| F2 2]1/2.
Wy = U[F(Fo)’ + 0.097&°+ 3.4950), whereP = (F," + 2F)/3. Ws = 1/[F°(F,)° + 0.079P°+
0.848P), whereP = (Fo+ 2FA)/3. Ws = 1/[0X(F,)° + 0.0366 + 5.149P], whereP = (F +

2FA)/3.



Table 3. Antimicrobial screening results of thetht ligands,1-6 and metal salts.

Complexes and Inhibition zone diameter (mm)
metal salts Bacillus subtilis  Staphylococcus Salmonella Escherichia coli
aureus enteritidis

1 12.3 6.00 6.00 6.00
2 10 6.00 6.00 6.00
3 15.2 6.00 6.00 6.00
4 9.8 6.00 6.00 6.00
5 15 6.00 6.00 6.00
6 8 6.00 6.00 6.00
Hstpt 6.00 6.00 6.00 6.00
CuSQ-5H,0 6.00 6.00 6.00 6.00
CuClh-6H,0 6.00 6.00 6.00 6.00
CuBr, 6.00 6.00 6.00 6.00
NiCl,-6H,0 6.00 6.00 6.00 6.00

Control: DMSO 6.00 6.00 6.00 6.00




Table 4. Minimum inhibition concentration (MIC) values f&r6 and some standard drugs.

Polymers and standard MIC of Bacillus subtjlgsmL)
1 4
2 8
3 2
4 16
5 1
6 64
Kanamycin* -
Streptomycin* 10
Gatifloxacin* 4.0
Norfloxacin* 25
Ciprofloxacin* 1.1
Sparfloxacin* 2.0

* Standard drug.

- Dashes indicated zero inhibition, all microorgans were resistant to DMSO.
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Figure 1. (a) The coordination environment of Cu(ll) atomligA: 1-x, -y-1, -z+2; B: 2-x, -1-y,
3-z), all hydrogen atoms are omitted for clarify) The 1-D double chains structure. (c) 2-D

structure resulting from- - «t stacking.



Figure 2. (@) The coordination environment of Cu(ll) atom2 (A: x, y, z+1), part of the
hydrogen atom is omitted for clarity. (b) The 2-Dupsamolecular structure. (c) 3-D

supramolecular structure constructed by hydrogerding interactions.



Figure 3. (a) The coordination environment of Cu(ll) atonB8ifA: -x+3/2, y-1/2, z), all hydrogen
atoms are omitted for clarity. (b) The 1-D zigzdgins structure. (c) 2-D structure resulting from

n- - ¢t stacking.



Figure 4. (a) The coordination environment of Ni(ll) atom 3n(A: x, -y+1/2, z+1/2; B: -1+x,
-y+1/2, z-1/2), all hydrogen atoms are omitted dtarity. (b) The 2-D planar network. (c) Views
of topology of5 [The blue balls represent Ni(ll) atoms, the pinKeepresent the Htptligands,

respectively].



Figure 5. (&) The coordination environment of Ni(ll) atom@nall hydrogen atoms are omitted

for clarity. (b) 2-D structure resulting from C-HO hydrogen-bonding interactions.



Highlights:
1. Six complexes have been synthesized and characterized.
2. 1-3 show 1D structures, 4-5 are 2D frameworks and 6 is a mononuclear structure.

3. Therelationship between the structures and antibacterial activities was studied.



