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Abstract

Reactions of Zn" ion with the ligand H,L (H,L = N,N’-dimethyl-N,N'-bis(2-hydroxy-3-
methoxy-5-methylbenzyl)ethylenediamine) in presence of bridging co-ligands, chloride,
thiocyanate/acetate or azide/acetate yielded three new dinuclear complexes, [Zn,LCl,(H,0)]
(1), [Zn,L(SCN),(H,0)]-H,0 (2), [Zn,L(N3)(CH3CO,)] (3) whereas Cd" ion formed three
new tetranuclear complexes, [CdsL,Cly]-H,O (4), [CdsLo(SCN)(CH3CO;),]-2H,0 (5),
[Cd4Ly(N3)2(CH3CO;,),]-3H,0 (6) with the same ligand and co-ligands. The Zn ions are
penta-coordinated in all of its complexes, 1-3 except one zinc centre in complex 3, which is
distorted tetrahedral. All four Cd" centres in each of its complexes, 4 and 5 possess hexa-
coordinated distorted octahedral geometry. In complex 6, two Cd" centers are hexa-
coordinated and other two are hepta-coordinated. The deprotonated ligand (L*) is hexa-
/hepta-dentate in the Zn" complexes, 1-3 but octa-dentate in the Cd" complexes, 4-6. The
differences in nuclearity and in the coordination modes of the ligands in the resulting
complexes have been explained considering the preference for different coordination
numbers of these two metal ions. H,L exhibited highly specific, sensitive and selective turn-
on fluorescence sensing property for Zn’" ion. The mechanism of fluorescence enhancement,
host guest binding stoichiometry and binding constant has also been calculated. The detection
limit of Zn®" ion is 7.69 nM, with binding constant K=1.508 x 10'® M. The produced Zn(II)
complexes sense nitroaromatic explosives in solution via turn off florescence response. The
solution phase sensing mechanism has been studied thoroughly. Remarkably, the limit of
detection of picric acid is in ppt level (912, 910 and 896 ppt for complexes 1, 2 and 3
respectively) having a strong quenching constant (Kgy) are 8.063 x 10*, 7.987 x 10*and 8.51
x 10° M for complex 1, 2 and 3 respectively.
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Introduction

The rational design and synthesis of discrete multinuclear metal complexes have
attracted substantial interest owing to their structural diversity, interesting magnetic
properties and potential applications in the fields of catalysis, luminescence, gas adsorption
and functional materials. ''? The structural variety and nuclearity of these types of complexes
depend on various factors such as coordination number and geometry, charge of the metal
ions, HSAB behavior of metal ion and donor atoms of the ligands, denticity, flexibility, shape
and size of ligands and co-ligands etc.”>'® There are some reports in literature where the
polydentate Mannich base, N,N’-dimethyl-N,N’-bis(2-hydroxy-3-methoxy-5-methylbenzyl
(H,L) has been used as compartmental ligands to prepare some heterometallic M"-Ln™( M=
Ni, Zn, Co and Ln = Tb, Dy, Gd) and homometallic Cu(II), Ni(Il) complexes.m'19 The
complexes have been synthesized mainly with an aim to study their magnetic properties and
it has been found that these complexes are either dinuclear or tetranuclear but there is no
rationalization of factors on which the nuclearity of the complexes depends. Moreover, since
the ligand is a good complexing agent due to its polytopic and chelating nature, it has the
potential to be used as a sensor for various environmentally and biologically important metal

ions, which is still remained unexplored.

Recently, several groups are engaged in the specific design and synthesis of chemical
sensors for the specific detection of metal ions, anions, various poisonous organic analytes
and explosives because of their significant influences on environment and human life.*%
Among various metal ions, Zn*" is second most important metal ion in mammalian body after
iron.’>?! On the other hand, Cd*" is known as an extremely toxic and potentially carcinogenic
metal.**> These two metal ions are also having some potential applications in the field of
material chemistry as light-emitting diodes, luminescent probes, photovoltaic devices and
photocatalyst for the degradation of organic dyes.”>>’ A lot of fluorescence chemosensors for
Zn>" and Cd*" ions have been reported in literature; among them, turn-on fluorescent sensors

40-42
However, most

have great advantages in molecular recognition and as sensing materials.
of such sensors cannot distinguish metal ions like Zn*", Cd*" and Hg*" which exhibit similar
spectral and chemical properties due to d'" electronic configuration and show chelation

4546

enhanced fluorescence (CHEF)** and photoinduced electron transfer (PET) effects of
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the ligands upon coordination. Thus, it is a great challenge to design a highly specific and

selective turn-on fluorescent sensor for Zn>".

Among various organic analytes, nitroaromatic compounds are of special concern
because they are serious pollution sources of environment and other security applications due
to their explosivity and high toxicity.*”* So, the rapid and highly effective detection of
nitroaromatic explosives is an important area of current research due to homeland security,
environmental and public safety.*” Various methods of explosives detection with high
selectivity are currently available like metal detectors, gas chromatography, trained surface
enhanced Raman spectroscopy, cyclic voltammetry etc.’®! but they are usually expensive,
inconvenient and not very easy to handle. On the other hand, fluorescence based detection
have recently been considered as one of the most promising techniques for explosive
detection due to their cost effectiveness, ease of operation, high selectivity, portability, and

the ability to be applied in both solution and solid phases.”*>*

Herein, we have synthesized and structurally characterized six discrete polynuclear
Zn(Il) and Cd(I) complexes, [ZnmLCL(H,O)] (1), [Zn;L(SCN)(H,O)]-H,O (2),
[Zn,L(N3)(CH3CO2)]  (3)  [CdsloCly]'H,O - (4),  [CdsLa(SCN)2(CH3CO2)2]-2H0 - (5),
[CdsL2(N3)2(CH3CO;,)2]-3H,0 (6) using the ligand HyL to investigate the influence of metal
ion in controlling the nuclearity of the complexes. All three complexes of Zn(II) are dinuclear
and those three of Cd(Il) are tetranuclear. This difference is explained considering the
preferences for the coordination numbers and geometries of these two metal ions. The
sensing behavior of the ligand, H,L is explored for the first time in this work. The ligand acts
as turn-on fluorescence chemosensor for the selective detection Zn>* ion. Again the Zn(Il)
complexes 1-3 have been found to act as turn-off fluorescence chemosensor for highly

selective detection of nitroaromatic explosives in the ppt level.
Experimental Section

All chemicals were of reagent grade and were commercially available. They were used

without further purification.
Synthesis of ligand H,L

The Mannich base ligand H,L was synthesized by a following standard literature method.'*"
Briefly, 5 mmol of N,N'-dimethylethylenediamine (0.55 mL) was stirred with 10 mmol of
formaldehyde (0.3 mL) for lhr in methanol solvent (25 mL). After the addition of 10 mmol
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2-methoxy-4-methylphenol (1.26 ml), the resulting solution was refluxed for about 5 hr. and
allowed to cool for one day. Then the appeared white colored ligand was washed with

methanol and collected for experiment.

Yield 1.164 g (60%). C22H3,N»04 (388.5). Calculated C, 68.01; H, 8.30; N, 7.21; Found C,
68.05; H, 8.20; N, 7.30; ESI-MS (positive ion mode, CH3OH) calculated. m/z 388.24, found
389.31 (100%, [H,L+1]").'H NMR (300 MHz, DMSO-d®, ppm): & 6.63 (s, 2H), & 6.49 (s,
2H), 6 3.69 (s, 6H), 6 3.53 (s, 6H), 8 2.53 (s, 4H), 6 2.14 (s, 6H), 8 2.12 (s, 6H) 1.22. UV/Vis:
Amax = 285 nm. IR: vio_g) = 3436 cm ™', vc 0y =1239 cm .

Synthesis of the complex [Zn,LCl>(H,0)] (1)

A methanol solution (10 ml) of zinc chloride (2 mmol, 272 mg) was added to the methanol
solution (20 ml) of ligand H,L (1 mmol, 388 mg) with stirring. The resulting solution was
stirred further for ca. 1 h. Diffraction quality single crystals were obtained after a few days on

slow diffusion of diethyl ether into the mother liquor.

Yield 0.212 g (70%). C22H3,CLbN,OsZn; (606.18). Calculated C, 43.59; H, 5.32; N, 4.62;
Found C, 43.50; H, 5.50; N, 4.70; ESI-MS (positive ion mode, CH3;0H) calculated. m/z
604.02, found 605.09 (100%, [Zn,LCl,(H,0)+1]")."H NMR (300 MHz, DMSO-d°, ppm): &
6.59 (s, 2H), & 6.36 (s, 2H), & 3.65 (s, 6H), 6 3.38 (s, 6H), 6 2.11 (s, 6H), 6 2.10 (s, 6H).
UV/Vis: Amax = 242 and 291 nm. IR: v(o_my = 3431 cm™', vic_0) =1253 cm ™.

Synthesis of the complex [Zn,L(SCN),(H>0)]-H,0 (2)

A solution of zinc acetate dihydrate (2 mmol, 439 mg) in 10 mL methanol, was added to a
methanolic solution (20 mL) of ligand H,L (I mmol, 388 mg) with stirring. Then a 1:1
methanol/water solution of sodium thiocyanate (2 mmol, 162 mg) was added to the mixture.
The resulting solution was stirred further for ca. 2 h. Single crystals suitable for X-ray
diffraction were obtained by slow evaporation of methanol solution in open atmosphere after

few days.

Yield 0.230 g (69%) C24H3:N406S,Zn; (667.44). Calculated C, 43.19; H, 4.83; N, 8.39; Found
C, 43.30; H, 4.70; N, 8.50; ESI-MS (positive ion mode, CH30H) calculated. m/z 574.05,
found 574.05 (100%, [Zn,(L)SCNT"). "H NMR (300 MHz, DMSO-d°, ppm): & 6.72 (s, 2H), &
6.47 (s, 2H), 6 3.79 (s, 6H), & 3.50 (s, 6H), 6 2.22 (s, 6H), 8 2.19 (s, 6H). UV/Vis: Anax = 239
and 291 nm. IR: v(o_i) = 3418 cm‘l, Viseny = 2084 cm‘l, Vc-0) =1254 cm L,
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Synthesis of the complex [Zn,L(N3)(CH;CO,)] (3)

Complex 3 was synthesized in a similar method to that of complex 2 except that sodium azide
(2 mmol, 130 mg) was used instead of sodium thiocyanate. Colourless single crystals were

obtained after few days by the slow evaporation of methanol solution.

Yield 0.235 g (76%). Co4H33N506Zn; (618.33). Calculated C, 46.62; H, 5.38; N, 11.33; Found
C, 46.70; H, 5.50; N, 11.20; ESI-MS (positive ion mode, CH3;OH) calculated. m/z 575.11,
found 575.09 (100%, [Zny(L)N3]"). '"H NMR (300 MHz, DMSO-d®, ppm): & 6.57 (s, 2H), &
6.35 (s, 2H), 6 3.64 (s, 6H), 6 3.38 (s, 6H), 5 2.08 (s, 6H), & 1.68 (s, 3H). UV/Vis: Apax = 242
and 293 nm. IR: V(o) = 3410 cm ' ,vn3) = 2077 cm ™', vc ) =1253 cm .

Synthesis of the complex [CdL,Cl,]-H,0 (4)

A 1:1 water methanol solution (10 ml) of cadmium chloride (2 mmol, 272 mg) was added to
the methanol solution (20 ml) of ligand H,L (1 mmol, 388 mg) with stirring. The resulting
solution was stirred further for ca. 1 h. Diffraction quality single crystals were obtained after

a few days on slow diffusion of diethyl ether into the mother liquor.

Yield 0.260 g (75%). C44H;CdsCl4N4Oyg (1382.44). Calculated C, 38.23; H, 4.52; N, 4.05;
Found C, 38.30; H, 4.60; N, 4.10; UV/Vis: Anax = 244 and 298 nm. IR: vo_n) = 3431 cm’!,

V(c-0) =1250 cmﬁl.
Synthesis of the complex [CdL,(SCN),(CH3;CO,),]-2H0 (5)

A solution of cadmium acetate dihydrate (2 mmol, 533 mg) in 10 mL methanol, was added to
a methanolic solution (20 mL) of ligand H,L (1 mmol, 388 mg) with stirring. Then a 1:1
methanol/water solution of sodium thiocyanate (2 mmol, 162 mg) was added to the mixture.
The resulting solution was stirred further for ca. 2 h. Single crystals suitable for X-ray
diffraction were obtained by slow evaporation of methanol solution in open atmosphere after

few days.

Yield 0.268 g (72%) CsoHscCdsNgO14S; (1488.86). Calculated C, 40.34; H, 4.47; N, 5.64;
Found C, 40.40; H, 4.30; N, 5.80; UV/Vis: Amax = 264 and 290 nm. IR: v(o_m) = 3408 cm !,

V(SCN) = 2077 cm‘l, V(Cc-0) =1247 cm_l.

Synthesis of the complex [CdyL,(N3),(CH3CO;),]-3H>0 (6)

5
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Complex 6 was synthesized in a similar method to that of complex 5 except that sodium azide
(2 mmol, 130 mg) was used instead of sodium thiocyanate. Colourless single crystals were

obtained after few days by the slow evaporation of methanol solution.

Yield 0.262 g (71%). CasHesCdsN;9O1s (1474.76). Calculated C, 39.09; H, 4.65; N, 9.50;
Found C, 39.20; H, 4.50; N, 9.60; UV/Vis: Amnax = 252 and 294nm. IR: vio-n) = 3430 cm

ViN3) = 2066 cmﬁl, V(c-0) =1255 cmﬁl.
Physical measurements

Elemental analyses (C, H and N) were performed using a Perkin—Elmer 2400 series II CHN
analyzer. IR spectra in KBr pellets (4000—500 cm™") were recorded using a Perkin-Elmer RXI
FT-IR spectrophotometer. The electronic absorption spectra (800-200 nm) in methanol
solution were collected in a Hitachi U-3501 spectrophotometer. The steady-state fluorescence
emission spectra were recorded using a PerkinElmer LS-55 spectrofluorimeter after proper
background correction with individual solvents in quartz cells with 1 cm path length. The
decay times of the zinc complexes 1-3 and ligand in the micro seconds region were also
acquired by fluorescence decay mode in QM-30 fluorimeter from PTI, U.S.A. The decay
parameters were recovered using a nonlinear iterative fitting procedure based on the
Marquardt algorithm. "HNMR spectra were recorded in DMSO-dg on a 300 MHz instrument
(Bruker), where tetramethylsilane (TMS) was used as an internal standard. ESI mass spectra
were recorded on a WATERS Xevo G2-S QTof mass spectrometer in HRMS grade
methanol. The fluorescence quantum yield (®f) of ligand and zinc complexes 1-3 were
calculated using tryptophan as reference standard in water having quantum yield (®g) 0.13,

following the equation

% _ Ag (Abs)g 77§

= X X
Dp  Ag (Abs)s 77,23

Where the subscripts S and R stands for sample and reference standard respectively, @ is the

fluorescence quantum yield, A is integrated area under fluorescence curve, Abs is

absorbance; 1 is the refractive index of the solvent.*’
X-ray Crystallographic data collection and refinement

Suitable single crystals of complexes 1-6 were mounted on a Bruker-AXS SMART APEXII
diffractometer equipped with a graphite monochromator and Mo-Ka (L = 0.71073A)

6
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radiation. The structure was solved by direct methods and refined by full-matrix least squares
on F? using the SHELXL-2014 package.” Non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms attached with oxygen atoms of water molecules in
complexes 1 and 2 were located by difference Fourier maps and were kept at fixed positions.
All other hydrogen atoms were placed in their geometrically idealized positions and
constrained to ride on their parent atoms. Successful convergence was indicated by the
maximum shift/error of 0.001 for the last cycle of the least squares refinement. Absorption
corrections were carried out using the SADABS program.”® Data collection, structure

refinement parameters and crystallographic data for complexes 1-6 are given in Table 1.
Results and discussion
Syntheses of the complexes

The ligand H,L was prepared by the Mannich reaction between 2-methoxy-4-methylphenol,
N,N’-dimethylethylenediamine and formaldehyde following literature method and
characterized by Mass and NMR spectroscopy (figures S1 and S2, Supporting
Information).'"” The reaction of various zinc salts (zinc chloride/zinc acetate) with the
ligand H,L in 1:2 ratios in presence of chloride or pseudohalides (azide/thiocyanate) produces
complexes 1-3. The ligand acts as a compartmental hexa-/heptadentate (N,O,4) ligand and
coordinated to two metal centres (Scheme 1).The penta-coordination geometry of the Zn(II)
is completed by the solvent molecules and/or anionic coligands. All zinc complexes are
characterized by elemental analysis, IR, UV-Vis, Mass (figures S3-S5, Supporting
Information) and 'H NMR (figure S6-S8, Supporting Information) spectroscopy. The
cadmium complexes 4-6 have been prepared following the similar methods by reacting ligand
H,L with cadmium salts in 1:2 ratios in presence of azide or thiocyanate or acetate or
chloride co-ligands. All three Cd(IT) complexes possess tetranuclear structures where Cd(II)
centers are either six-coordinated or seven-coordinated. The structure of all complexes are

confirmed by single crystal X-ray diffraction.
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Scheme 1: Synthesis of complexes 1-6
IR and UV-Vis spectra of Complexes

In the IR spectra of complexes 1 and 2, bands around 3400 cm™ are observed due to the
presence of the coordinated water molecule. A strong absorption bands appear around 2080
cm” in the IR spectra of complexes 2 and 5, indicating the presence of thiocyanate groups.57
In the IR spectra of complexes 3 and 6, strong bands around 2070 cm™ are observed which
indicates the presence of terminal azide groups.”® The electronic spectra of all complexes are
recorded in methanol. All complexes show absorption bands in the UV region due to charge

transfer transitions.

Description of the structures

Complexes 1-3

8
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Single crystal X-ray diffraction studies reveal that all three zinc complexes 1-3 have
dinuclear structure where both zinc centers have penta-coordinated geometry except complex
3 where one zinc centre is distorted tetrahedral. The Addison parameter™ (trigonality index, t
= (o~ B)/60, where o and 3 are the two largest L-M-L angles of the coordination sphere) for
Znl are 0.423, 0.496 and 0.151 in complexes 1, 2 and 3, respectively and this confirms that
the geometry is intermediate between square pyramid and trigonal bipyramid (t = 0 for a
perfect square pyramid and a t = 1 for a perfect trigonal bipyramid) for complex 2, highly
distorted square pyramid for 1 and slightly distorted square pyramid for 3. The Addison
parameters (t) for Zn2 are 0.259 and 0.381 in complexes 1 and 2 respectively confirming the
distorted square pyramidal character. The asymmetric units of complexes 1-3 with selective
atom numbering scheme are shown in figures 1, 2 and 3, respectively. Penta-coordinated Zn1
centre is equatorially coordinated by two nitrogen atoms (N1 and N2) and two oxygen atoms
(O1 and 0O2) of the deprotonated Mannich base ligand L*. The fifth coordination site is
occupied by chloride ion CI1 for 1, nitrogen atom N3 from thiocyanate ion for 2, oxygen
atom O6 from acetate ion for 3. In complexes 1 and 2, Zn2 centre is equatorially cordinated
by four oxygen atoms (O1, O2 and O3 from ligand L*, O5 from water molecule) and axially
by chloride ion CI2 for 1, nitrogen atom N4 from thiocyanate ion for 2. In complex 3, Zn2
center is tetrahedrally coordinated by three oxygen atoms (O1 and 02 from ligand L%, O5
from acetate ion) and one nitrogen atom N3 from azide ion. Zn-N bond distances are within
the range of 1.90-2.23A. Zn-O bond distances are within the range of 1.97-2.47A. Selected
bond lengths and bond angles of all three complexes are given in Table S1(Supporting
Information). The intramolecular Zn-Zn distances are 3.125(4)A, 3.078(1)A and 2.903(6)A in

complexes 1, 2 and 3 respectively.

Figure 1: ORTEP view of complex 1 with 30% ellipsoid probability.
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Figure 2: ORTEP view of complex 2 with 30% ellipsoid probability. Solvent water molecule

is not shown for clarity.

Figure 3: ORTEP view of complex 3 with 30% ellipsoid probability.

In complex 1, the hydrogen atom, H(2w), attached with O(5) of the coordinated water
molecule is engaged in intermolecular hydrogen bond formation with the symmetry related
chlorine atom,CI2* (*=x, 1.5-y,0.5+z) of the other molecule to form a helical chain (figure 4).
The hydrogen atom, H(1w), attached with O(5) of the coordinated water molecule is also
engaged in intra-molecular hydrogen bond with the methoxy oxygen atom O4. Similarly, in
complex 2, The hydrogen atom, H(2w), attached with O(5) of the coordinated water molecule
is engaged in intermolecular hydrogen bond formation with the symmetry related oxygen
atom, 06° ($= x, -1+y, z) of the water molecule (figure 5). The hydrogen atom, H(1w),

attached with O(5) of the coordinated water molecule is also engaged in intramolecular
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hydrogen bond with the methoxy oxygen atom O4. Details geometrical features of these

hydrogen bonding interactions are given in Table S2 (Supporting Information).

oNOYTULT D WN =

21 Figure 4: Hydrogen bonded helical chain of complex 1. All hydrogen atoms except water

23 molecules are omitted for clarity. "= x, 1.5-y,0.5+z.

38 Figure S: Hydrogen bonding interactions in complex 2. S~ x, -1+y, z.

43 Complexes 4-6

45 All three complexes possess very similar tetranuclear structures with double open cubane
47 core where all four Cd(II) centres have hexa-coordinated distorted octahedral geometry
except complex 6 where two Cd(II) centers are hepta-coordinated distorted pentagonal
50 bipyramid. The asymmetric unit of all complexes contain four Cd(II) ions except complex 6
52 where two centrosymmetric independent units are present with two Cd(II) ions in each unit,
53 two deprotonated Mannich base ligands L?* and four co-anions (chloride in 4, acetate and

55 thiocyanate in 5, acetate and azide in 6). The coordination environments of Cdl and Cd3 are

60 ACS Paragon Plus Environment
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almost similar to that of Cd2 and Cd4 respectively, only very small difference in bond
distances and angles in complexes 4 and 5, but for complex 6, these are identical due to the
presence of a centre of symmetry (1-x, -y, -z). Selected bond lengths and bond angles of all

three complexes are given in Table S3(Supporting Information).

Complex 4 is a double p3 chloride bridged tetranuclear complex where four Cd(II) centres are
bridged by two chloride ions. Cdl and Cd2 centres are coordinated by four ONNO donor
atoms respectively from each of the two ligands H,L (O1, N1, N2, O2 for Cdl and OS5, N3,
N4, 06 for Cd2) and two ps3 bridged chloride ions Cl1 and CI2. Cd3 and Cd4 centres are
coordinated by four oxygen atoms from two H,L ligands and one p3 bridged and one terminal
chloride ions. Perspective view of the asymmetric unit of complex 4 is shown in figure 6 with

selective atom numbering scheme.

Figure 6: ORTEP view of complex 4 with 30% ellipsoid probability. Solvent water molecule
is not shown for clarity.

In complex 5, two Cd(II) centers Cd1 and Cd2 are coordinated by four ONNO atoms
of the specific Mannich base ligand H,L (O1, N1, N2, O2 for Cdl and OS5, N3, N4, O6 for
Cd2) and two oxygen atoms of u3 bridging acetate ions (09, O10 for Cdland O11, O12 for
Cd2). Cd3 and Cd4 centres are also hexa-coordinated being bonded to four oxygen atoms of
two ligands H,L (O1, O3 O5 and O7 for Cd3 and 02, 04, O6 and O8 for Cd4) and another
two sites are coordinated by one oxygen atom (O11 for Cd3 and O12 for Cd4) of bridging
acetate group and one nitrogen atom (N5 for Cd3 and N6 for Cd4) of terminal thiocyanate
group. In this complex, acetate bridges among three Cd(Il) centers via tridentate (u3-

1k0:2k*0,0’) bridging mode where one oxygen atom bridges two Cd(II) centres in a -
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fashion and other oxygen atom coordinates to another Cd(II) center. So, all four Cd(II)
centres are interconnected through two acetate groups. ORTEP view of the asymmetric unit

of complex 5 is shown in figure 7 with selective atom numbering scheme.

Figure 7: ORTEP view of complex 5 with 30% ellipsoid probability. Solvent water

molecules are not shown for clarity.

Figure 8: ORTEP view of complex 6A with 30% ellipsoid probability. Solvent water

. *
molecules are not shown for clarity. = 1-x, -y, -z.

The structure of complex 6 contains two independent units (called A and B) both with

crystallographic centers of symmetry. Both units have identical structures with slight

13
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differences in bond angles and bond distances. A perspective view of molecules A and B are
shown together with the atom numbering scheme respectively in figures 8 and S9
(Supporting Information). Cdl centre is hexa-coordinated being bonded to four donor atoms
O1, N1, N2 and O2 from the ligand H,L and two symmetry related p; bridging nitrogen
atoms N3 and N3'(= 1-x, -y, -z) from two azide. Cd3 centre is hepta-coordinated by four
oxygen atoms O1, O3, 02", 04°("= 1-x, -y, -z) of two symmetry related ligands and p;
bridging nitrogen atoms N3 from azide and two oxygen atoms O5 and O6 from acetate ion

in bidentate fashion.

It is worthy to note that herein, we have used same polydentate Manich base ligand
H,L, co-ligands (chloride, azide, thiocyanate and acetate) and reaction conditions for the
syntheses of the Zn(Il) and Cd(IT) complexes but we got dinuclear complexes for Zn(II) and
tetranuclear complexes for Cd(Il). The size and coordination number of Cd(Il) are greater
than those of Zn(Il). Zn(Il) usually prefers four-coordinated or five-coordinated geometry
whereas Cd(II) prefers coordination number six or higher. In all three Zn(II) complexes 1-3,
the deprotonated Manich base ligand L* acts as hexa-/hepta-dentate ligand and binds two
Zn(Il) centres; the anions (azide, thiocyanate, chloride) are cordinated as terminal ligands
except acetate ion which bridges two Zn(Il) centres in p,-1k0:2xO fashion. On the other
hand, for Cd(IT) complexes 4-6, each deprtonated Mannich base ligand L* acts as an octa-
dentate ligand to fulfil higher coordination number of Cd(Il) and coordinates simultaneously
to three Cd(II) centres. Moreover, in all three complexes two of the anionic co-ligands (azide,
acetate, chloride) also bridge three Cd(II) centres in ps-fashion to satisfy its coordination
number and to hold the four Cd(II) centres together. For Cd(Il) complexes, the ps3-bridging
modes of acetate and chloride ions are well known but it is rare in case azide ion; only four

us-azide bridged Cd(IT) complexes are reported in literature till date.*’

Luminescent Properties

The ligand H,L and Zn(Il) complexes 1-3 show fluorescence upon excitation at 290 nm in
methanol solution and the emission occurs in the range of 300-450 nm (figure 9). The
emission maxima for ligand H,L, occurs at 327 nm whereas the emission maxima for Zn(II)
complexes 1-3 appear at 347 nm. From the spectra it is clear that fluorescence intensity of
zinc complexes (1-3) are about 10-fold higher compared to ligand H,L and the emission
maximum is red shifted around 20 nm may be due to the strong electronic coupling between

the neighbouring ligands through Zn(II) ions.
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Figure 9: (a) UV-VIS and (b) Fluorescence spectra of ligand and complexes 1-3 in methanol

(excitation wavelength 290 nm and conc. 10 M).
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Figure 10: (a) Fluorescence spectra of ligand H,L (excitation wavelength 290 nm and conc.
10 M) in presence of various metal ions (2.0 equivalent) (b) Relative fluorescence intensity

of ligand H,L in presence of various metal ions.

In order to evaluate the sensing behaviour of ligand H,L, the fluorescence spectra of H,L is
measured in presence of various metal ions e.g. Cr*’, Mn®", Fe*", Co*', Ni*', Cu*", Cd*",
Hg2+, Na', K" and Zn?". However, except for Zn>" ion (where about 10-fold enhancement in
fluorescence intensity occurs) no significant change in fluorescence intensity is observed on
addition of the metal ions as shown in figure 10. This result indicates that ligand H,L acts as
a highly selective fluorescence only for Zn*" ion. The florescence quantum yields for H,L

and complexes 1-3 are 0.013,0.055,0.052 and 0.054, respectively.
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Figure 11: (a) Fluorescence titration of ligand H,L with Zn®" ion in methanol at room
temperature (excitation wavelength 290 nm and conc. 10° M). (b) change in fluorescence

intensity with the equivalent of Zn”" ion added.
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Figure 12: Determination of detection limit of ligand H,L towards Zn*" ion.

The fluorescence titration of ligand H,L in methanol is carried out by the gradual addition of
Zn*" ion (using ZnCl,) (figure 11). The fluorescence intensity increases linearly, indicating
that Zn*" is quantitatively bound to ligand HoL and shows excellent sensitivity with a
detection limit of 7.69 nM, which is better than most of the reported fluorescence sensors for
zinc ion.* The detection limit is calculated using standard literature method (Equation 1,

Supporting information) is shown in figure 12. ©
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17 Figure 13: Job's plot for determining the stoichiometry of H,L and Zn*" ion.

19 The binding stoichiometry of ligand with Zn®>" is calculated from the Job's plot (figure 13).
21 Job's plot is derived using fluorescence titration experiment and maximum fluorescence
intensity is observed when the mole fraction of the Zn*" ions is about 0.66, which implied a
24 1:2 ratio (H,L:Zn*") complex formation which is also confirmed from single crystal X-ray
26 structure. The binding constant K is 1.508 x 10" M obtained from the Benesi-Hilderbrand
(Equation 2, Supporting information) plot as seen in figure 14.°” Alternatively, the binding
29 constant, K for binding Zn(IT) with ligand H,L in 1:2 ratio (H,L:Zn"") is also calculated using
31 the fluorescence titration data using a reported method (Equation 3, Supporting information)
32 other than the Benesi-Hilderbrand method.®®*”" The binding constant K is 1.624 x 10'° M
34 calculated from figure S10 (Supporting information). Values obtained for K from two

different methods of calculations corroborate each other.
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54 Figure 14: Benesi-Hilderbrand plot for H,L and Zn(II) complex formation.
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The fluorescence lifetimes of ligand H,L and complexes 1-3 are measured in methanol
solution at room temperature (figure 15). Decay profiles are fitted to a multi-exponential
model (Equation 4, Supporting information) and average life time (tay) is calculated using
following literature methods (Equation 5, Supporting information).”’ The average life times
are given in Table 2. The average lifetime values of ligand H,L decreases upon complex
formation with Zn(II). In the free ligand (H,L), intramolecular hydrogen bonding interactions
between the hydrogen atoms of phenolic-OH groups and the amine nitrogen atoms impose
some rigidity in the structure and restricted the nonradiative decays via rotational and
vibrational relaxation pathways. This rigidification further increases due to complex
formation with Zn(II). As a consequence, the fluorescence emission maxima and intensity of
the ligand H,L increases upon complex formation with Zn(II) and resulting in an increase in
radiative decay rate of Zn(II) complex as compared to that of H,L and lifetime values

72
decreases.
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Figure 15: Fluorescence decay profile of ligand and complexes 1-3 in methanol.

The enhancement of fluorescence intensity of Zn(II) complexes 1-3 compared to the Mannich
base ligand H,L may be due to chelation enhancement of fluorescence emission (CHEF).*#*
In the free ligand the lone pair of electrons present in two nitrogen atoms quench the
fluorescence of the ligand H,L due to photo induced electron transfer (PET).***® On complex
formation, the binding of ligand to the metal ions causes an increase in rigidity in structure

and block the PET process and fluorescence intensity increases.
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22 Figure 16: "H NMR spectra of ligand and complex 1 in DMSO-dg.

The "H NMR-titration experiments are performed in DMSO-d; to elucidate the binding mode
26 of ligand H,L with Zn®" in solution. All aromatic and aliphatic protons of the ligand H,L are
28 shifted towards upfield due to complexation with Zn** (Figure 16).
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Figure 17: (a) Fluorescence spectra of complex 1 in methanol (excitation wavelength 290 nm
48 and conc. 10° M) upon the addition of various organic analytes (5.0 equivalent). (b) Relative
50 changes in fluorescent intensity of complex 1 in presence of different organic analytes (5.0

51 equivalent).
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Nitro sensing

In order to explore the potential application of zinc complexes as sensors for hazardous
organic analytes, fluorescence spectra of complexes 1-3 are recorded in presence of various
organic analytes such as benzene, chlorobenzene, bromobenzene, phenol, aniline, xylene, p-
cresol and aromatic nitro compounds. But significant quenching of fluorescence intensity is
observed only upon addition of nitroaromatics such as nitrobenzene, nitrotoluene,
nitrophenol, DNT, picric acid(PA) etc. (figure 17). This observation reveals that zinc
complexes 1-3 can be used as potential sensors for selective detection of nitroaromatics. The
reason for the significantly high quenching of fluorescence intensity by nitroaromatics
compared to other aromatics is most likely due to their more electron deficient nature. The
substantial quenching of fluorescence intensity is observed upon addition of PA in
comparison to other nitroaromatics. So, we have performed fluorescence titration of zinc
complexes (1-3) in methanol by the addition of PA with gradual increase in concentration.
The fluorescence intensity of complex 1 kept on decreasing with an increase in the
concentration of PA is shown in figure 18 ( for complexes 2 and 3 figures S11 and S12,
Supporting Information). The efficient quenching of PA in this system can be explain to the
polarizability of PA in methanol and also the n—= interaction between analytes and the host
materials, which induces the electron transfer from the excited zinc complex to electron-

deficient PA.”>™
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Figure 18: (a) Fluorescence spectra of complex 1 in methanol methanol (excitation

wavelength 290 nm and conc. 10° M) upon increasing concentration of PA. (b)

Stern—Volmer plot of complex 1.
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The quenching efficiency of PA is quantitatively determined by the Stern-Volmer equation
(Equation 6, Supporting information).””At low concentrations, the Stern-Volmer plot of PA is
linear where as at higher concentrations, consequently deviate from linearity and turn upward
(figure 18b), which may be due to self-absorption.”””” The Stern-Volmer quenching
constants (Ky,) is calculated from the slope of the linearly fitted curve (figure 18b) is 8.063 x
10* M (R*= 0.994) for complex 1 (for complexes 2 and 3, Ky, are 7.987 x 10° M (R*=
0.998) and 8.51 x 10* M (R* = 0.999) respectively, figures S11 and S12, Supporting
Information), which is comparatively higher than those reported other fluorescence

chemosensors for PA.’83!
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Figure 19: Plot of limit of detection of complex 1 towards PA.

The limit of detection of PA is 3.986 x 10° M (912 ppt) calculated from figure 19 for
complex 1 (for complexes 2 and 3, LOD are 3.974 x 10° M (910 ppt) and 3.914 x 10° M
(896 ppt) respectively, figures S13 and S14, Supporting Information). To the best of our
knowledge, this is the lowest detectable concentration of Picric Acid among the reported

chemosensor for selective sensing of PA till date.***
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Figure 21: '"HNMR titration of complex 1 with varying amount of PA in DMSO-dj.

The fluorescence lifetime of complex 1 is measured in presence of different concentration of
PA to check the existence of dynamic quenching but observed no change in excited state
lifetime (figure 20), which implied that the quenching pathway is static only. In order to find
out the binding mechanism of PA with complex 1 in solution we have perform 'HNMR

titration with varying the amount of PA (0, 0.5, 1 and 5 equivalent) in DMSO-d; (figure 21).
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We observed that all protons are shifted to downfield region that means PA withdrawn
electron density from complex 1 and shifted proton towards deshielded region. By comparing
the '"HNMR titration spectra (Figures 16 and 21) it is clear that no ligand substitution is
observed during the interaction of PA with complex 1 which is again confirm by mass
spectrometry data for this titration (Figure S15, Supporting Information). From the mass
spectrometry data it is seen that a dinuclear ternary complex is form with PA [Zn,L(PA)]"

shows a base peak at m/z 744.06 (calcd 744.07).
Conclusions

In order to rationalize the coordination behavior of the flexidentate polytopic Mannich base
ligand, H,L towards metal ion that determine the nuclearity of the resulting complexes, we
have prepared three Zn(II) and three Cd(II) complexes varying the anionic co-ligands under
similar reaction conditions. All three complexes of Zn(II) are dinuclear and the coordination
mode of the ligand is hexa- or heptadentate, both of which can be explained considering the
preference of Zn(Il) for lower coordination number (four or five). On the other hand,
preference for higher coordination (six or seven) number of Cd(II) makes the ligand octa-
dentate in its all three complexes and consequently tetranuclear complexes are formed that
get additional stability with the help of respective p;-bridging anionic co-ligands (azide,
acetate or chloride). The polytopic Manich base ligand H,L is found to be very efficient in
acting as potential luminiscence sensor for the selective detection of Zn(II) ion. The detection
limit of Zn*" ion is 7.69 nM, which is higher than most of the reported fluorescence sensors
for Zn>" ion with binding constant K=1.508 x 10'® M. The produced Zn(II) complexes can
also be used as sensor for the selective detection of nitroaromatic explosives The solution
phase sensing mechanism has been studied thoroughly. The detection limit of PA has been
found to be the lowest (in ppt level) among all the reported complexes. Thus, the synthetic
simplicity, cost-effectiveness and high sensitivity of the Zn(I[) complexes are expected to

make them useful as sensor for picric acid.

Supporting Information

CCDC reference numbers are 1569928-1569933 for complexes 1-6 respectively, contain
supplementary crystallographic data for this paper. These data can be obtained free of charge

from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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ORTEP diagram of complex 6B, selected bond lengths and angles of all complexes,
geometrical features of hydrogen bonding interactions and crystallographic data for
complexes 1-6, Mass and NMR spectra of ligand and complexes 1-3, Fluorescence spectra,
Stern—Volmer plot and LOD calculation of complexes 2 and 3 in methanol upon increasing

concentration of PA.
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Table 1: Crystal data and structure refinement of complexes 1-6.

Complex 1 2 3 4 5 6
Formula CzQHj,ClzNzZl’lz C24H32N4Zn206 C24 H33N5Zn2 C44H60Cd4C14N4 C50H66Cd4N(,014 C48H6(,Cd4N|()
Os S, O Oy S, Ois
Formula 606.18 667.46 618.33 1380.40 1488.85 1472.75
weight
Temp (K) 293 293 293 293 293 293
Crystal Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
System
Space group P21/c P21/c P21/n P21 P21/n P21/c
alA 17.4024(11) 17.9488(14) 11.2371(8) 10.9102(5) 11.038(3) 22.6091(16)
b/A 13.3329(8) 12.3478(9) 14.5967(11) 20.3214(8) 18.718(4) 12.3306(9)
c/A 11.0429(7) 14.8452(11) 16.5066(12) 11.6017(5) 29.734(7) 21.6595(15)
pl° 95.699(2) 105.256(3) 95.170(3) 96.697(1) 94.577(3) 98.459(3)
Z 4 4 4 2 4 4
D./g cm® 1.579 1.397 1.523 1.794 1.615 1.638
u/mm’”! 2.126 1.683 1.826 1.906 1.501 1.473
F (000) 1248 1376 1280 1368 2976 2944
R(int) 0.058 0.061 0.082 0.041 0.055 0.031
Total 42797 52715 54413 62861 27155 149435
Reflections
Unique 4538 5656 4767 9029 10032 10681
reflections
Observed 4004 4884 3824 8839 7424 9467
data I>2o(J)
RI, wR2(all  0.0373,0.0800  0.0707,0.2026  0.0430, 0.1101 0.0223, 0.0565 0.0724, 0.1671 0.0535,0.1344
data)
R1, wR2 0.0308,0.0769  0.0824,0.2104  0.0612, 0.1256 0.0215, 0.0558 0.0510, 0.1520  0.0453,0.1266
[>20(])]
GOF on F* 1.077 1.476 1.107 1.168 1.049 1.192
Table 2: Fluorescence life time data of H,L and complexes 1-3.
(%) Tms)  0x(%) M) Ta(ns) 4
H,L 54.68 0.404 45.32 1.14 0.919 1.019
1 87 0.439 13 1.25 0.682 1.037
2 76.32 0.490 23.68 0.973 0.674 1.023
3 91.75 0.659 8.25 0.156 0.817 0.986
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Modulation of nuclearity by Zn(II) and Cd(II) in their complexes with a polytopic
Mannich base ligand: a turn-on luminescence sensor for Zn(II) and detection of

nitroaromatic explosives by the Zn(II) complexes

Avijit Das, Subrata Jana, Ashutosh Ghosh®
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Reactions of Zn" ion with the ligand H,L in presence of bridging co-ligands, yielded three
new dinuclear complexes, whereas Cd" ion formed three new tetranuclear complexes, with
the same ligand and co-ligands. The ligand, H,L exhibited highly selective turn-on
fluorescence sensing property for Zn*" ion. All three Zn" complexes also show fluorescence

and can be used as florescence sensors for specific recognition of nitroaromatic explosives.
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