Discrete Complexes and One-Dimensional Coordination Polymers with [Cu(II)(2,2’-bpy)]2+  and [Cu(II)(phen)]2+ Corner Fragments: Insight into Supramolecular Structure and Optical Properties
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Abstract. Combination of [Cu(II)(2,2’-bpy)]2+ and [Cu(II)(phen)]2+ (2,2’-bpy=2,2’-bipyridine; phen=1,10-phenantholine) corner fragments predisposed to π-π stacking interactions with bridging ligands, 4,4’-bipyridine (4,4’-bpy), 4,4’-bipyridinethane (bpe), and 4,4’-bipyridinepropane (bpp) in the presence of linear SCN-, or tetrahedral ClO4- or BF4- inorganic anions and/or organic acetate anion provides an access to a series of new metal-organic materials including noncentrosymmetric polymeric chains, whose architectures were confirmed through single crystal X-ray crystallographic analysis. The nine reported compounds comprise one mononuclear complex, [Cu(2,2’-bpy)2(CH3COO)](SCN)(H2O) (1), three binuclear complexes, [Cu2(2,2’-bpy)2(CH3COO)2(SCN)2(4,4’-bpy)].0.5dmf (2), [Cu2(phen)2(CH3COO)2(SCN)2(bpe)] (3), [Cu2(phen)2(SCN)2(bpe)] (4), and five one-dimensional coordination polymers, {[Cu(2,2’-bpy)(4,4’-bpy)(ClO4)2](H2O)}n (5), {[Cu(phen)(4,4’-bpy)(BF4)2](H2O)}n (6), {[Cu(2,2’-bpy)(ClO4)(H2O)(bpp)](ClO4)}n (7), {[Cu(phen)(ClO4)(dmf)(bpp)](ClO4)}n (8), and {[Cu(phen)(bpp)(BF4)2][Cu(phen)(bpp)2(BF4)](BF4)}n.(9). Coordination polymers represent the neutral (5, 6), cationic (7, 8), or a blend of neutral and cationic chains (9), and differ by the Cu(II) coordination cores, conformations of the bridging ligands, and functions of the anions. All compounds except 7 reveal cooperative π-π stacking interactions of corner fragments. As expected for the paramagnetic d9 Cu(II) complexes, the polymeric solids show the luminescence quenching. The second order NLO properties of powders of the non-centrosymmetric compounds 8 and 9 were also tested. 
Keywords: Crystal engineering; Copper(II); Corner fragment; Stacking, Optical properties.

1. Introduction


Rational design of metal-organic materials (MOMs) with needed architecture and properties is in focus of crystal engineers and materials scientists for about two decades. The synthetic approaches relying on the handling of the preliminary constructed metal-containing building blocks, manipulation by the bridging and terminal ligands, templating cations and anions, the synthetic conditions, and post-synthetic modifications demonstrate their efficacy.1-5 The inherent properties of the copper metal ion suggesting different redox states, coordination numbers and geometries, thermodynamic and kinetic characteristics, together with the fascinating magnetic and biochemical properties explain this metal unique place in the crystal engineering,6,7 magneto-,8-13 and medicinal chemistry14 as well as in the non-linear optics (NLO) field.15-18 The tremendous progress in the directed design and crystal engineering of MOMs with targeted properties allows researchers moving to smart materials with cooperative properties (conductivity-magnetism, luminescence-NLO response, adsorption-magnetism) using the advantages of polymeric structures against discrete molecules.19-21 The progress in this direction became possible thanks to understanding that the same structural element of the coordination network, for example pyridine-n-aldoxime ligands, where n=2,3,4, can make an impact in improvement of  NLO activity and porosity.22-24
So far the reported examples show the efficiency of wide coordination space approach by fixing the geometry of Cu(II) coordination core through coordination of rigid ligands, such as 2,2’-bipyridine25,26 or 1,10-phenathroline27-30 that allows to control the adsorption properties of final materials. Not only the rigid three-dimensional (3D) frameworks but also low-dimensional MOMs reveal significant adsorption properties. Several studies demonstrate the breathing behavior and the open-gate mechanism for predominant CO2 capture by the intelligently designed one-dimensional (1D) polymers that provide their flexible transformations and adjustments for uptake and release of neutral guest molecules and anions’ exchange, along with the solvent exchange and gas sets adsorption.31-35 For example, 1D Cu(II) coordination polymer {[Cu(bpe)(2,2′-bpy)(MeOH)]·2PF6}n (bpe =1,2-bis(4-pyridyl)ethane; 2,2′-bpy =2,2′-bipyridine) with wide coordination space at the metal binding site shows smooth adsorption for EtOH, MeOH, and H2O vapors.36 On the other hand, the chelate type of coordination of 2,2’-bpy or phen ligands imposes the asymmetry around the Cu(II) metal center that might result in the asymmetric structural motifs and in noncentrosymmetric crystal packing preferable for the NLO response.37 

From crystal engineering perspective the Cu(II) complexes containing chelating aromatic ligands are attractive candidates to study supramolecular architectures produced by π-π interactions.38,39 The preservation of robust π-π stacking motifs in crystal and even in solution is widely explored and summarized in a number of review articles.40-45 The realm of existence of such multiple bonding stacking interactions may be essentially expanded due to recent finding that stacking interactions exist beyond the generally accepted geometrical criteria.46 Some of us have reported the repeated packing patterns in the mononuclear [Cu(II)phen]2+ sulfates that prove the robustness of multiple stacking interactions regardless of the interplay of other non-covalent interactions in the systems including rather strong hydrogen bonds.47
Herein we report the nine new mixed-ligand crystalline solids obtained by combination of [Cu(II)(2,2’-bpy)]2+ and [Cu(II)(phen)]2+ (2,2’-bpy=2,2’-bipyridine, phen=1,10-phenantholine) bulky corner fragments with the bridging ligands, 4,4’-bipyridine (4,4’-bpy), 4,4’-bipyridinethane (bpe), and 4,4’-bipyridinepropane (bpp) (Scheme 1) in the presence of linear SCN- or tetrahedral ClO4- or BF4- anions. 
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Scheme 1.The ligands used in this study with the abbreviations. 

The reported compounds include one mononuclear and three binuclear complexes, [Cu(2,2’-bpy)2(CH3COO)](SCN)(H2O) 1, [Cu2(2,2’-bpy)2(CH3COO)2(SCN)2(4,4’-bpy)].0.5dmf 2, [Cu2(phen)2(CH3COO)2(SCN)2(bpe)] 3, [Cu2(phen)2(SCN)2(bpe)] 4; and five 1D coordination polymers, {[Cu(2,2’-bpy)(4,4’-bpy)(ClO4)2](H2O)}n 5, {[Cu(phen)(4,4’-bpy)(BF4)2](H2O)}n 6, {[Cu(2,2’-bpy)(ClO4)(H2O)(bpp)](ClO4)}n 7, {[Cu(phen)(ClO4)(dmf)(bpp)](ClO4)}n 8, and {[Cu(phen)(bpp)(BF4)2][Cu(phen)(bpp)2](BF4)2}n 9. The details of metal coordination geometry, modes of anions’ accommodation in the crystal lattice, conformational flexibility of the bridging ligands and contribution of (-( stacking in the crystal packing are documented. The selected crystallographic data for 1-9 are summarized in Table 1.The luminescence properties for all polymers and second order NLO properties for noncentrosymmetric compounds 8 and 9 are reported.  

2. Results and discussion

General.

All compounds are intensively green-blue colored, soluble in methanol, and stable in the solid state upon exposure to air. The diversification of the final products was achieved by variation of the neutral aromatic chelate and bridging ligands as well as the terminal anionic/neutral components that complete the metal coordination cores and influence the efficiency of crystal packing. Starting from Cu(CH3COO)2.4H2O, in the presence of linear thiocyanate SCN- anion and bipyridine-type ligands, 4,4’-bpy or bpe, an unexpected mononuclear complex [Cu(2,2’-bpy)2(CH3COO)](SCN)(H2O) 1 that does not contain the 4,4’-bpy bridge, and three binuclear complexes, [Cu2(2,2’-bpy)2(CH3COO)2(SCN)2(4,4’-bpy)].0.5dmf 2, [Cu2(phen)2(CH3COO)2(SCN)2(bpe)] 3, and [Cu2(phen)2(SCN)2(bpe)] 4, were obtained. After obtaining mononuclear compound 1 that did not contain the bridging 4,4’-bpy ligand due to the ligands’ competition in the reaction media, in the consecutive experiments we have used the twice reduced amount of chelating ligands (4,4’-bpy or phen) taking them and the starting Cu(II) salts in equimolar amounts contrary to the 2:1 molar ratio resulted in compound 1.  
Starting from the CuF2 salt in the presence of chelate ligands, 2,2’-bpy or phen, bridging ligands, 4,4’-bpy or bpp (Scheme 1), and potassium perchlorate KClO4 or potassium tetrafluoroborate KBF4 salts, five 1D coordination polymers were obtained which include the neutral ones, 5 and 6, the cationic ones 7 and 8, and the mixed one, 9. The last one represents the blend of two different chains, the neutral 9a, with the bidentate bridging bpp ligand, and the cationic 9b, where one additional bpp molecule replaces the axial BF4- anion in the Cu(II) coordination core.
Structural Studies.

Mononuclear complex [Cu(2,2’-bpy)2(CH3COO)](SCN)(H2O) 1. The mononuclear compound 1 comprises [Cu(CH3COO)(2,2’-bpy)2]+ complex cations, the uncoordinated SCN- anions and water molecules, the latter ones mediate anions and cations via two hydrogen bonds, O(1w)…O(2)=2.878(6), O(1w)…N(5)=2.816(9) Å (Fig. 1a). The Cu(II) cation adjusts the N4O-square-pyramidal geometry with the N(1) atom in the axial position at 2.185(3) Å, while four other metal-ligand distances in the basal plane are within the range 1.990(3)-2.039(3) Å. The crystal packing reveals (-(-stacking interactions between the centro-symmetry related 2,2’-bpy molecules that combine the [Cu(CH3COO)(2,2’-bpy)2]+ cations in the chains running along the [011] crystallographic direction (Fig. 1b). For one of the 2,2’-bpy molecules only one pyridine cycle is involved in the stacking (the interplanar separation and centroid….centroid distance are 3.435 and 3.659 Å), while for another one both pyridine cycles are involved in stacking (the interplanar separation 3.533 Å, centroid….centroid distance 3.690 Å). The SCN- anions and water molecules occupy the channels formed by the chains of stacked complexes (Fig. 1c). The similar stacking pattern has been reported recently for the series of [Cu(phen)2]2+ sulfates,47 while several compounds with the same complex cation [Cu(CH3COO)(2,2’-bpy)2]+ reported so far48-51 also reveal stacking interactions between the 2,2’-bpy units identical to those found in 1. 
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Fig. 1. Structure of the mononuclear complex 1. (a) View of the formula unit with partial numbering scheme. (b)  The supramolecular aggregation of the [Cu(2,2’-bpy)2(CH3COO)]+ cations sustained by stacking interactions. (c ) View of the fragment of crystal packing along the chains of stacked complexes. H-atoms are omitted for clarity.

Binuclear complexes [Cu2(2,2’-bpy)2(CH3COO)2(SCN)2(4,4’-bpy)].0.5dmf (2), [Cu2(phen)2(CH3COO)2(SCN)2(bpe)] (3), [Cu2(phen)2(SCN)2(bpe)] (4). The binuclear molecules 2-4 with the [Cu(2,2’-bpy)]2+ (2) and [Cu(phen)]2+ (3, 4) corner fragments are shown in Figs. 2-4. Compounds 2 and 3, being the products of incomplete substitution of the parent acetate for thiocyanate anion in the metal coordination core, are isomorphous taking into account the amount and ratio of the similar moieties, namely anions and aromatic amines coordinated to the metal center. The binuclear molecule 2 resides on a two-fold axis in the monoclinic C2/c space group, while 3 and 4 reside on inversion centers in the triclinic P-1 space group. The pyridine moieties of the bridging ligands are virtually parallel in 2 (the corresponding dihedral angle is 0.37 (), and obviously parallel in 3 and 4. The pentacoordinated square pyramidal environment is formulated as N4O in 2 and 3, and N5 in 4, being composed of the [Cu(2,2’-bpy)]2+ and [Cu(phen)]2+ corner fragments that fix the basal plane, and completed by the N-atom from the bridging ligands, and the O–atom from the acetate anion in 2 and 3 or N-atom from one of the two coordinated SCN- anions in 4. Everywhere the thiocyanate anion coordinates in axial position at the distances of 2.199(7), 2.180(7), and 2.150(5) Å in 2, 3, and 4, respectively. In all three binuclear complexes the Cu(II) square pyramidal coordination polyhedron geometry is confirmed by the general descriptor τ=(β - α)/60, where α and β, being the two largest angles at the metal center for five-coordinated complexes,52-54 adopt the values of 0.085, 0.032, and 0.158 in 2, 3, and 4, respectively. The distances Cu-N(O) in the basal plane fit in the narrow interval, 1.946(5)-2.077(4) Å. The Cu(II) deviation from this plane towards axial ligand is equal to 0.232 Å in 2, 0.227 Å in 3, and 0.302 Å in 4. The chelate and bridging ligands are situated nearly in perpendicular planes as the dihedral angles [CuN2(2,2'-bpy)/(phen)]/[CuN(4,4'-bpy)/(bpe)] of  88.87º in 2, 83.69º in 3, and 78.46º in 4 indicate. The Cu…Cu separations across the bridging 4,4’-bpy and bpe ligands are as long as 11.124 Å in 2, 13.212 Å in 3, and 13.177 Å in 4. 

Of three binuclear solids only 2 represents solvate with accommodation of the dmf solvent in the crystal lattice. In the lack of strong hydrogen bonds, the weaker interactions such as (-(-stacking afford significant impact to the different structural motifs. In 2 the linear SCN- anion that occupies axial position in the square pyramidal Cu(II) core, is situated almost in the same plane with the bridging 4,4’-bpy ligand (Fig. 2a). It provides an effective rapprochement of the neighboring binuclear units with the formation of the ‘double bricks wall’ layer motif parallel to the (011) crystallographic plane and sustained by the (-(-stacking interactions between the angular fragments bearing the 2,2’-bpy aromatic chelate. In this stacking assembly two sides of 2,2’-bpy molecule reveals different stacking patterns: the parallel center-symmetry related 2,2’-bpy moieties overlap by both pyridine fragments with the interplanar distances and centroid-centroid separation being 3.462 and 3.611 Å, respectively; the second side of the 2,2’-bpy moiety overlaps with two other 2,2’-bpy moieties along the edges of pyridine fragments with the centroid-centroid separation between the overlapping rings 3.810 Å, and dihedral angle of 12.60 ( (Fig. 2b). The solvent inclusion occurs in the infinite channels c.a. 8.6(5.0 Å2 (measured from the extreme H-atoms pointed inside the channel), along the crystallographic c axis, formed by the stacked complexes and filled with the dmf molecules (Fig. 2c). Inspection of the crystal packing using PLATON facilities upon removal of the solvent molecules diagnoses the potential solvent accessible voids (SAVs) in the channels of 764.9 Å3 constituting 18.6% of the unit сell volume of 4103.2 Å3 (Fig. 2d). 
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Fig. 2. (a) View of  2; (b) stacking motif between the [Cu(2,2’-bpy)]2+ corner fragments in 2; (c) the solvent accommodation in the crystal lattice in 2. DMF is shown in space-filling mode; (d) The infinite channels along the c axis are shown by golden color and represent the contact surface.
Otherwise, the solvent-free solids 3 and 4 with flexible bpe ligand demonstrate more effective crystal packing. In 3 this is achieved by the synchronized disordering of the SCN- anion and bpe ligand over two positions with the dihedral angle between two sites in the bpe molecule of 30.70 º (Fig. 3a,b). The center-of-symmetry related phen ligands form column along the [100] direction supported by the (-(-stacking interactions. The interplanar separation between the phen units and centroid…centroid distances between and nearest overlapped six-membered moieties along the stack equal 3.355 and 3.584 Å, and 3.388 and 3.645 Å, respectively. These stacking interactions combine the molecules in the layers parallel to the (011) crystallographic plane with van der Waals interactions between the layers (Fig. 3c). 
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Fig. 3. (a) View of the binuclear molecule 3. (b) Fragment of the layer in 3 sustained by (-( stacking interactions (the second position for the disordered fragments is shown by dots). (c) Packing of the (-( bonded layers in 3.

When two linear SCN- anions coordinate to the metal centers in 4 (Fig. 4a), the infinite phen…phen stacking is generated along the a axis. The center-symmetry related phen moieties reside in parallel planes with the interplanar distance of 3.499 Å and centroid…centroid separations of 3.773 and 4.259 Å between the overlapping fragments (Fig. 4b). These stacking interactions combine the molecules in the undulated layers parallel to the (011) plane, with van der Waals interactions between the layers (Fig. 4c). 
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Fig. 4. (a) View of the binuclear molecule 4; (b) stacking motif between the [Cu(phen)]2+ corner fragments in 4; (c) View  of  the (-( bonded layer in 4. 

1D coordination polymers, {[Cu(2,2’-bpy)(4,4’-bpy)(ClO4)2](H2O)}n (5), {[Cu(phen)(4,4’-bpy)(BF4)2](H2O)}n (6), {[Cu(2,2’-bpy)(ClO4)(H2O)(bpp)](ClO4)}n (7), {[Cu(phen)(ClO4)(dmf)(bpp)](ClO4)}n (8), and {[Cu(phen)(bpp)(BF4)2][Cu(phen)(bpp)2(BF4)](BF4)}n.(9). The fragments of 1D polymeric chains in 5-9 are shown in Figs. 5-9. The corner fragments are fixed as [Cu(2,2’-bpy)]2+ in 5 and 7, and [Cu(phen)]2+ in 6, 8 and 9. In all polymeric arrays the Cu(II) coordination cores represent the distorted square bipyramids whose equatorial planes are fixed by the chelate 2,2’-bpy or phen ligands, and two bridging 4,4’-bpy or bpp ligands, while the weakly coordinated anionic/neutral species occupy two axial positions. The Cu(II) coordination cores are formulated as N4O2 in 5, 7 and 8, N4F2 in 6 and 9a, and N5F in 9b. 

Two compounds {[Cu(2,2’-bpy)(4,4’-bpy)(ClO4)2](H2O)}n 5 and {[Cu(phen)(4,4’-bpy)(BF4)2](H2O)}n 6 that differ only by the chelate ligands and axial anions, crystallize in the same monoclinic centrosymmetric P21/n space group with the very close unit cell dimensions (Table 1), and could be considered as the pseudo isomorphous ones.  All species reside in general positions (Figs. 5, 6). The species related by the two-fold screw axis are united in the neutral zig-zag chains with the Cu…Cu separations of 10.976(1) and 10.930(1) Å, respectively. The Cu(II) positive charge is balanced by two unevenly bound perchlorate (Cu-O 2.400(4) and 2.718(4) Å) / tetrafluoroborate (Cu-F 2.415(9) and 2.610(5) Å) anions in axial positions, resulted in square-bipyramidal 4+1+1 N4O2 / N4F2 surroundings of Cu(II), that displaces from the N4 equatorial plane at 0.108 Å in the direction of the closest anion in 5 and at 0.078 Å in 6. Being isomorphous between themselves, these two compounds 5 and 6 are also isomorphous to the [Cu(phen)(4,4’-bpy)(ClO4)2]n monohydrate,55 and also bear a resemblance to its anhydrous analog that crystallizes in the orthorhombic Pbcn space group in the form of very similar zig-zag chains.56 The water accommodation in 5, 6, and in {[Cu(phen)(4,4'-bipy)(ClO4)2].H2O}n55 resulted in an essential expansion of the polymeric chains compared with an anhydrous form.56 Although the Cu…Cu distances across the 4,4’-bpy bridge in these polymers fall in the narrow interval of 10.926-10.976 Å, the distances from Cu to the next nearest Cu atom along the chain being equal to 14.107 Å in 5, 14.249 Å in 6, and 14.417 Å in {[Cu(phen)(4,4'-bipy)(ClO4)2].H2O}n are notably longer than 12.287 Å in an anhydrous form; that finds reflection in the increased Cu(Cu(Cu angles along the polymeric chains ranging from 79.98 º till 82.57 º in monohydrates against 68.42 º in an anhydrous form. The water inclusion in 5, 6 and in {[Cu(phen)(4,4'-bipy)(ClO4)2].H2O}n also results in the twisting of the bridging 4,4’-bpy molecule indicated by the dihedral angle between its pyridine rings of 40.20 º, 42.66 º, and 41.45 º compared with the planar 4,4’-bpy molecule that occupies position on an inversion center in the parent anhydrous compound.56 The adjacent chains are interconnected through the water molecules that link the proximal ClO4- anions of neighboring chains (O-H…O=2.896 and 3.042 Å), (Fig. 5b), and result in the layer parallel to the (101) plane. Adjacent parallel layers interdigitate and reveal the linear stacking between the 2,2’-bpy moieties (Fig. 5c), that resembles the fragment of the stacking motif found in structure 2. The dihedral angle between the neighboring rings in stack and the centroid…centroid distance are equal to 8.43 º and 4.417 Å in 5, and 1.13 º and 4.557 Å in 6. 
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Fig. 5. (a) Fragment of neutral chain in 5; (b) fragment of crystal packing in 5 showing the chains’ interconnection via water molecules and stacking motif; (c) stacking motif between the [Cu(2,2’-bpy)]2+ corner fragments in 5. Color scheme: Cu – brown, N – blue, O- red, Cl - green
[image: image18.png]



(a)

[image: image19.jpg]4,867

. 4.687




(b)

Fig. 6. (a) Fragment of neutral chain in 6; (b) stacking motif between the [Cu(phen)]2+ corner fragments in 6. Color scheme: Cu – brown, N – blue, B  - pink, F - green

Compound {[Cu(2,2’-bpy)(ClO4)(H2O)(bpp)](ClO4)}n 7 with the longer and flexible bpp bridging ligand crystallizes in the triclinic centrosymmetric P-1 space group in the form of flatten helix-like cationic chains running along the [-110] direction and composed of two alternating crystallographically non-equivalent Cu(II) atoms, Cu(1) and Cu(2) bridged by two crystallographically unique bpp ligands (Fig. 7a). The outer sphere ClO4- anions balance the charge of the cationic tape. Both Cu(II) atoms have the identical N4O2 square-bipyramidal coordination cores with the ClO4- anion and water molecule occupying the axial positions at the distances Cu(1)-O(10)=2.463(5) and Cu(1)-O(1w)=2.543(5) Å, and Cu(2)-O(2)=2.727(4) and Cu(2)-O(2w)=2.453(4) Å. The Cu(1) and Cu(2) atoms displace from their N4 basal plane only at 0.017 and 0.023 Å, respectively. The dihedral angles CuN2(2,2'-bpy)/CuN(bpp) are equal to 71.70 and 78.35º for Cu(1) and 69.06 and 73.48 º for Cu(2). The Cu(1)…Cu(2) separations across the bpp ligands are 13.254(3) and 14.101(3) Å, provided by the flexible bpp ligand which adopts different conformations with the N…N distances of 9.889 and 10.365 Å, respectively. The polymer pitch calculated as the Cu…Cu distance between the adjacent non-bonded metal ions in the chain is 17.484 Å and corresponds to the length of the b–a translation. The shape of the chain essentially differs from the closest analogue, [Cu(2,2'-bpy)(bpp)(EtOH) (BF4)](BF4)}n25 with the alcohol and BF4- anion at axial positions that crystallizes as a festoon chain with the unique Cu…Cu separation within the chain of 11.96 Å and with N…N distance of 9.113 Å. Comparison of these two structures reveals an essential increase of the Cu…Cu separation in 7 provided by the flexibility of the bpp ligand, and clearly demonstrates the possibility of extension for 1D polymers due to the accommodation of anions in the crystal lattice. Comparison of 5 and 7 with the reported examples evidences in favor of the easiness of anion-water exchange at the Cu(II) axial coordinate. The crystal packing in 7 shows the charge assisted hydrogen bonds (O-H…O=2.83(1) Å) between the coordinated to Cu(2) water molecules and ClO4-  anions between the chains separated by translation a that unite them in the well-defined undulated layers parallel to the (110) plane with the aromatic 2,2’-bpy moieties on the surface of the layer (Fig. 7b). However these layers deeply mutually interpenetrate, and the structure does not reveal any notable face-to-face stacking interactions between the corner fragments (Fig. 7c) in contrast to the cited analogue,25 where the 2,2’-bpy moieties of the neighboring chains form linear stacking (centroid…centroid separation between the adjacent parallel pyridine rings equals to 4.044 Å) similar to that in 5. It seems reasonable that the distance between the aromatic moieties of angular fragment along the chain is critical for the presence or absence of stacking interactions. Moreover, only in 7 the neighboring corner fragments in the chain are essentially non-parallel forming the dihedral angle of 79.4º which makes unfavorable the formation of infinite stacking motif.
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Fig. 7. (a ) Fragment of cationic chain in 7;  (b) fragment of H-bonded layer in 7 showing the chains’ interconnection via hydrogen bonding; (f) crystal packing in 7 showing interdigitation of  polymeric arrays. Color scheme: Cu – brown, N – blue, O- red, Cl - green
Compound {[Cu(phen)(bpp)(dmf)(ClO4)](ClO4)}n  8 that differs from 7 by the bulkier phen ligand in the Cu(II) corner fragment, and by the dmf molecule replacing the water molecule at one of the Cu(II) axial sites, crystallizes in the monoclinic noncentrosymmetric P21 space group as the cationic festoon-like 1D coordination polymer (Fig. 8a). The consecutive species in the polymeric chain are related by translation b. The Cu(II) square-bipyramidal N4O2 coordination core comprises four nitrogen atoms from phen and bpp ligands in the equatorial plane, while two axial sites occupy the dmf molecule, Cu…O= 2.356(6) Å, and the weakly coordinated disordered ClO4- anion, Cu…O=2.806(6)/2.76(2) Å. The displacement of Cu(II) atom from the equatorial plane is 0.123 Å towards the dmf molecule. The festoon shape of the polymer is fixed by an angular conformation of the bpp bridge with the dihedral angle of 83.03( between the pyridine rings. The dihedral angles CuN2(phen)/CuN(bpp) are 67.25 ( and 69.54 (. The Cu…Cu separation in the chain is 11.844 Å, being somewhat less than 11.96 Å in the above mentioned [Cu(2,2'-bipy)(bpp)(EtOH) (BF4)](BF4)}n25. These two structures are isomorphous with the increased unit cell volume in 8. The crystal packing reveals the linear stacking between the virtually parallel phen moieties (Fig. 8b) similar to that found in 5. The dihedral angle between the neighboring rings in stack and the unique centroid…centroid distance are equal to 1.36 º and 4.505 Å. The axial bulky dmf molecule and the perchlorate anion cap the [Cu(II)phen]2+ chelate and prevent the further rapprochement of the polymeric chains.
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Fig. 8. (a) Fragment of crystal packing in 8; (b) stacking motif between the [Cu(phen)]2+ corner fragments in 8. Color scheme: Cu – brown, N – blue, O- red, Cl - green
Compound {[Cu(phen)(bpp)(BF4)2][Cu(phen)(bpp)2(BF4)](BF4)}n 9 crystallizes in the noncentrosymmetric orthorhombic space group P212121 in the form of two types of meander-like chains, neutral [Cu(phen)(bpp)(BF4)2]n 9a, and cationic [Cu(phen)(bpp)2(BF4)]+n 9b (Fig. 9). The shapes of the chains are fixed by the close to the 90( dihedral angles between the pyridine rings in the bridging bpp ligands being 89.27 ( in 9a, and 91.81 ( in 9b that results in the same distance of 11.607 Å between the Cu(II) centers in the two tapes. In the neutral chain 9a two BF4- anions occupy two axial sites in the Cu(II) coordination core, Cu(2)-F= 2.599(1) and 2.473(9) Å, the Cu(2)-N distances are in the range 1.898(12)-2.046(11) Å. The Cu(2) resides in the basal plane of four nitrogen atoms, with the displacement from this plane of only 0.011 Å. The dihedral angles CuN2(phen)/CuN(bpp) are 67.25 and 69.54 (. In the cationic chain 9b the Cu(II) atom adjusts the N5F octahedral coordination core composed of the chelate phen, two crystallographically different bpp ligands, that vary by their binding functions, being the bridging bidentate one, and terminal monodentate one; and one BF4- anion. Thus, herein one additional bpp molecule acts as a terminal ligand replacing the weakly bound BF4- anion in the metal coordination core. This results in the elongated single Cu(1)-F contact till 2.721(10) Å,  Cu(1)-N distances being in the range 1.989(5)-2.032(5) Å in the basal plane and equal to 2.287(10) Å to the nitrogen atom in axial site (Table 1S) in direction of the axial nitrogen atoms, indicating significantly different coordination nodes in the two chains. The dihedral angles CuN2(phen)/CuN(bpp) are 69.12 ( and 68.63 ( for the bridging  and 67.14( for the terminal bpp ligand. The phen moieties of the neighboring non-equivalent chains afford the linear stacking again, the dihedral angle between these moieties along stack is 6.47 ° with the centroid…centroid separations being 4.000 and 4.415 Å (Fig. 9b).  
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Fig. 9. (a ) The blend of polymeric chains in 9; (i) stacking motif between the [Cu(phen)]2+ corner fragments in 9. Color scheme: Cu – brown, N – blue, B  - pink, F - green  

Inspection of the molecular structures of binuclear molecules 2, 3 and 4 that contain the tightly bound acetate and thiocyanate anions reveals in all of them the square-pyramidal coordination of Cu(II) with thiocyanate anions being cis-oriented in 2 against trans-orientated in 3 and 4 regarding the bridging ligand. These compounds crystallize in the centrosymmetric space groups, and stacking interactions provide significant impact in the crystal packing. In these complexes where the Cu(II) atom is five-coordinated in a square-pyramidal mode, at least one side of the aromatic moiety in an angular fragment remains available for the face-to-face stacking interactions with an essential overlapping of the aromatic metallo-chelates including two aromatic rings, while the compact linear SCN- anion anchored in axial position makes favorable the stacking interaction from another side of the aromatic chelate ligand. This situation provides pronounced contribution of (-( stacking interactions in the supramolecular solid state architectures of 2, 3 and 4 with formation of 2D or 1D infinite stacking motifs.

On the other hand, in the case of CuF2 as the starting salt with the easy-leaving fluoride anion, the anion exchange is facilitated that results in the square-bipyramidal N4O2, N4F2 or N5F Cu(II) coordination cores in the five reported 1D coordination polymers 5-9 with the weakly-bound neutral (water, dmf) or anionic (BF4-, ClO4-) species in axial positions. The asymmetric mixed-ligand metal environment in combination with the conformational flexibility of the bridging ligands are most probably the factors in charge for the lack of other but translational symmetry in the chain polymers 5-9. Analysis of crystal packing for 1D arrays reveals similar motifs formed by the stacking along the edges of pyridine fragments of the aromatic chelate ligands in which only one side of the aromatic moieties is involved in structures 5, 6, 8, and 9. These motifs resemble fragments of stacking found in 2 and 3. The bulky anions/neutral ligands anchored in axial positions partially cap the chelate aromatic moieties and create the steric impediments that prevent  essential overlapping of the aromatic moieties, so only their edges may participate in weak stacking interactions. It looks obvious, that such interactions require correlation between the area of the aromatic moieties and their separation in the chain, the significant inconsistency in the case of 7 as well as an essential non-parallel arrangement of the aromatic corner fragments results in the absence of stacking interactions in that structure.  

Optical Investigations. Despite the inherent asymmetry of all reported 1D arrays, only two of them crystallize in the non-centrosymmetric space groups, 8 – in P21 (point symmetry is C2), and 9 – in P212121 (point symmetry is D2), indicating that they are potentially interesting for NLO applications. The solid-state second-order NLO response of powders of these two solids has been investigated using the Kurtz-Perry technique working at 1907 nm. Only compound 9 revealed the measurable response equal to 0.1 that of the standard urea despite its crystallization in the less preferable 222 crystallographic class. Taking into account the very similar crystal packing patterns in 8 and 9 with the polymeric chains running virtually parallel to the polar 21 axis in both structures (Fig. 10), the registered NLO response in 9 against the nil value in 8 might be related with the availability of two different types of chains in the former solid, the neutral and cationic ones (9a and 9b, respectively) as well as with the asymmetry of two Cu(II) coordination cores with weakly bound BF4- anions. These events provide easy polarization of this material.
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Fig. 10. Crystal packing in 8 (a) and 9 (b). 

Fluorescent sensors for the detection and measurement of copper ions are actively investigated, as this metal ion is a significant environmental pollutant and an essential trace element in biological systems.57,58 However, Cu(II) represents an inherent problem for fluorescent sensing due to quenching of fluorescence by mechanisms inherent to paramagnetic species.59 Several research groups have addressed Cu(II) fluorescence quenching by designing supramolecular assemblies that suppress the interaction between the metal and the fluorophores. On the other hand examples appeared in the current literature indicate an enhanced emission of non-fluorescent ligands through ligating to the Cu(II) centers via ‘turn-on’ mechanism.60-62 In the recent studies conducted by some of us we have registered the luminescence quenching by mononuclear [Cu(II)phen)]2+ sulfates43 while the binuclear Cu(II) dioximates revealed an essential sharp emission in the solid state.63 Herein the emission spectra for the monocrystals of the polymeric compounds 5, 6, 8, and 9 were measured at room temperature on an Exitation YAG:Nd3+ laser, third harmonic generation, k = 355 nm, duration = 10 ns, time repetition 10 Hz. The shapes of the spectral dependence of the luminescence spectra for all samples indicate the superposition of several radiative processes. The intensity of photoluminescence in polymers in comparison with the starting ligands reveals the 250 times decrease in 7 and 50 times decrease in 9 (Fig. 11) since copper cations are most active luminescence quenchers. No measured response was registered for 6. The positions of very weak unstructured broad maxima in coordination polymers 5, 7, 9 registered at 450 nm are red-shifted compared with the free 2,2’-bpy, and bpp ligands (Fig. 11). 
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Fig. 11. Emission spectra for the free ligands and compounds 5 (a), 7 (b), 9 (c), and comparative plot for  5, 7, 9. 
Conclusion

The approach of rational design of coordination polymers with the chelate 2,2’-bipyridine and 1,10’-phenanthroline ligands as space-controlling units was successfully applied for the synthesis of five new Cu(II) 1D coordination polymers. Among them two 1D polymers that combine the bulkier [Cu(phen)]2+ corner fragment with the long and flexible 4,4’-bipyridinepropane bridging ligand were also obtained. All new polymeric materials demonstrate the possibilities of solvent-anion exchange at the Cu(II) axial coordinates, and the accommodation of neutral molecules (water, dmf) and anions in the crystal lattices. Three new discrete binuclear molecules with the [Cu(2,2’-bpy]2+ and [Cu(phen)]2+ extended platforms reveal infinite 1D and 2D stacking patterns between the chelate ligands, and possibilities for accommodation of small molecules in the crystal lattices. Four polymers with the [Cu(2,2’-bpy)]2+ (5) and [Cu(phen)]2+ (6, 8 and 9) corner fragments reveal similar infinite stacking patterns. Thus, the infinite stacking motif between the chelate metallocycles being the corner fragments in the discrete and polymeric metal-organic compounds, represents the reliable supramolecular synthon. The non-centrosymmetric solids 8 and 9 were tested as the NLO candidates and only 9 revealed the NLO response. As expected for the paramagnetic d9 Cu(II) complexes, polymeric solids show the luminescence quenching.
ASSOCIATED CONTENT 

Supporting Information

The synthetic procedures, details of structure solutions and refinement and selected geometric parameters for 1-9, and the ORTEP drawings for the Cu(II) coordination cores in 1-9. This material is available free of charge via the Internet at http://pubs.acs.org. 
Accession Codes

Crystallographic data for new structures reported herein were deposited with the Cambridge Crystallographic Data Centre and allocated the deposition numbers CCDC 1482115-1482123. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif .

■ AUTHOR INFORMATION

Corresponding Authors

*M.S.F. E-mail: fonari.xray@phys.asm.md
Notes

The authors declare no competing ﬁnancial interest.

Acknowledgement. 

The authors thank bilateral Moldova-Italy project, 15.820.16.02.01/It.  The authors from Moldova are indebted to Project CSSDT 15.817.02.06F for support.

References 

1. Yaghi, O. M. ; O'Keeffe, M.;  Ockwig, N. W.; Chae, H. K.; Eddaoudi, M.; Kim, J. Nature 2003, 423, 705-714.

2. James, S. L. Chem. Soc. Rev., 2003, 32, 276-288

3. Mueller, U.; Schubert, M.; Teich, F.; Puetter, H.; Schierle-Arndt, K.; Pastré, J.  J. Mater. Chem. 2006, 16, 626-636.
4. Burrows, A. D.; Frost, C. G.; Mahon, M. F.; Richardson, C. Post-Synthetic Angew. Chem., Int. Ed. 2008, 47, 8482–8486. 

5. Zhang, M.; Bosch, M.; Gentle III, T.; Zhou, H.-C. CrystEngComm 2014, 16, 4069-4083. 

6. Lu, J.Y. Coord. Chem. Rev. 2003, 246, 327–347.

7. Ma, S.; Zhou, H.-C. Chem.Comm. 2010, 46, 44-53. 

8. Kato, M.; Muto, Y. Coord. Chem. Rev. 1988, 92, 45-83.

9. Ferlay, S.; Francese, G.; Schmalle, H. W.; Decurtins, S. Inorg. Chim. Acta 1999, 286, 108–113.

10. Ouellette, W.; Yu, M. H.; O'Connor, C. J.; Hagrman, D.; Zubieta, J. Angew. Chem.  2006, 118, 3577–3580.

11. Ouellette, W.; Prosvirin, A. V.; Chieffo, V.; Dunbar, K.R.; Hudson, B.; Zubieta, J. Inorg. Chem. 2006, 45, 9346-9366. 
12. Chandrasekhar, V.; Senapati, T.; Sañudo, E. C. Inorg. Chem. 2008, 47, 9553–9560.
13. Chandrasekhar, V.; Senapati, T.; Sañudo, E. C.; Clérac, R. Inorg. Chem. 2009, 48, 6192–6204.
14. Santini, C.; Pellei, M.; Gandin, V.; Porchia, M.; Tisato, F.; Marzano, C. Chem. Rev. 2014, 114, 815−862.
15. Gradinaru, J.; Forni, A.; Druta, V.; Tessore, F.; Zecchin, S.; Quici, S.; Garbalau, N. Inorg. Chem. 2007, 46, 884–895. 

16. Rigamonti, L.; Demartin, F. ; Forni, A.; Righetto, S.; Pasini, A. Inorg. Chem. 2006, 45, 10976–10989.

17. Cariati, E.; Roberto, D.; Ugo, R.; Ford, P. C.; Galli, S.; Sironi, A. Inorg. Chem. 2005, 44, 4077–4085.

18. Cariati, E.; Roberto, D.; Ugo, R.; Ford, P. C.; Galli, S.; Sironi, A. Chem. Mater. 2002, 14, 5116–5123.
19. Coronado, E.; Galán-Mascarós, J. R.; Gómez-García, C. J.; Laukhin, V. Nature 2000, 408, 447-449.
20. Maspoch, D.; Ruiz-Molina, D.; Veciana, J. Chem. Soc. Rev. 2007, 36, 770-818.  

21. Hou, Y.-L.; Sun, R. W.-Y.; Zhou, X.-P.; Wang, J.-H.; Li, D. Chem. Commun. 2014, 50, 2295-2297.

22. Aakeroy, C.B.; Beatty, A. M.; Leinen, D. S.; Lorimer, K. R. Chem. Commun. 2000, 935-936.
23. Croitor, L.; Coropceanu, E. B. ; Masunov, A. E.; Rivera-Jacquez, H. J.; Siminel, A. V.; Zelentsov, V. I.; Datsko, T. Ya.; Fonari, M. S. Cryst. Growth Des. 2014, 14, 3935−3948.
24. Croitor, L.; Coropceanu, E. B.; Siminel, A. V.; Masunov, A. E.; Fonari, M. S. Polyhedron 2013, 60, 140–150.
25. Carlucci, L.; Ciani, G.; Gramaccioli, A.; Proserpio, D.M.; Rizzato, S. CrystEngComm 2000, 29, 1-10.

26. Carlucci, L.; Ciani, G.; Proserpio, D. M.; Rizzato, S. Chem. Commun. 2001, 1198-1199.
27. Seidel, R. W.; Goddard, R.; Hoch, C.; Oppel, I. M. ZAAC 2011, 637,  1545–1554.

28. Seidel, R. W.; Dietz, C.; Oppel, I. M. ZAAC 2011, 637, 94–101.

29. Du, Zh.-X. and Li, J.-X. Acta Crystallogr. 2007, E63, m2282.
30. Blake, A. J.; S. J. Hill, Hubberstey, P.; Li, W.-Sh. J. Chem. Soc. Dalton Trans. 1998, 909–915.
31. Noro, S.; Kitaura, R.; Kondo, M.; Kitagawa, S.; Ishii, T.; Matsuzaka, H.; Yamashita, M. J. Am. Chem. Soc. 2002, 124, 2568-2583.

32. Cingolan, A.; Galli, S.; Masciocchi, N.; Pandolfo, L.; Pettinari, C.; Sironi, A. J. Am. Chem. Soc. 2005, 127, 6144–6145. 

33. Cheng, A.-L.; Liu, N.; Yue, Y.-F.; Jiang, Y.-W.; Gao, E.-Q.; Yan, C.-H.; He, M.-Y. Chem. Commun. 2007, 407-409. 

34. Kole, G. K.; Cairns, A. J.; Eddaoudi, M.; Vittal, J. J. New J. Chem. 2010, 34, 2392-2395. 

35. Li, L.; Yang, J.; Zhao, Q.; Li, J. CrystEngComm 2013, 15, 1689-1692

36. Noro, S.; Fukuhara, K.; Kubo, K.; and Nakamura, T. Cryst. Growth Des. 2011, 11, 2379–2385

37. Wang, C.; Zhang, T. ; Lin, W. Chem. Rev. 2012, 112, 1084-1104. 

38. Madalan, A. M.;  Kravtsov, V. Ch.; Pajic, D.; Zadro, K.; Simonov, Y. A.; Stanica, N.;  Ouahab, L.;  Lipkowski, J.; Andruh, M. Inorg. Chim. Acta 2004, 357, 4151 –4164. 

39. Madalan, A. M.; Kravtsov, V. Ch.; Simonov, Yu. A.; Voronkova, V.; Korobchenko, L.; Avarvari, N.; Andruh, M. Cryst. Growth Des. 2005, 5, 45-47.

40. Janiak, C. J. Chem. Soc. Dalton. Trans. 2000, 3885-3896.

41. Roesky, H. W.; Andruh, M. Coord. Chem. Rev. 2003, 236, 91-119. 

42. Ye, B.-H.; Tong, M.-L.; Chen, X.-M. Coord. Chem. Rev. 2005, 249, 545–565.
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Таble 1. Crystal and structure refinement data for 1 – 9.

	Compound 
	1 
	2
	3 
	4 

	Empirical formula
	C23H21Cu1N5O3S1
	C37.5H33.5Cu2N8.5O4.5S2
	C42H34Cu2N8O4S2
	C40H28Cu2N10S4

	Formula weight
	511.05
	866.43
	905.98
	904.04

	T (K)
	293(2) 
	293(2) 
	293(2) 
	293(2) 

	Crystal system
	triclinic
	monoclinic
	triclinic
	triclinic

	Space group
	P-1
	C2/c
	P-1
	P-1

	Z
	2
	4
	1
	1

	a, Å
	8.4737(5)
	26.249(2)
	8.2147(8)
	7.3057(5)

	b, Å
	10.2826(10)
	13.9884(10)
	8.8499(9)
	10.3498(7)

	с, Å
	14.7370(9)
	11.5839(8)
	14.4067(2)
	13.8622(9)

	α, (º)
	71.047(7)
	90
	92.813(9)
	77.157(6)

	(, (º)
	84.759(5)
	105.269(8)
	93.586(8)
	81.136(6)

	γ, (º)
	75.433(6)
	90
	105.018(9)
	76.740(6)

	V, Å3
	1175.34(2)
	4103.2(5)
	1007.28(2)
	988.80(11)

	Dcalc (g cm -3)
	1.444
	1.403
	1.494
	1.518

	μ(mm-1)
	1.052
	1.188
	1.213
	1.331

	F(000)
	526
	1776
	464
	460

	Reflections collected/unique
	7149 / 4351
	6674/3605
	5377 / 3508
	5707/3487

	Reflections with I > 2σ(I)
	3006
	2082
	1497
	2267

	Data/restraints/parameters
	4351 / 201 / 305
	3605 / 40 / 281
	3508 / 326 / 298
	3487 / 0 / 253

	Goodness-of-fit on F2
	0.999
	1.005
	1.002
	1.005

	R1, wR2 [I > 2σ(I)]
	0.0578, 0.0975
	0.0755, 0.1767
	0.0744, 0.1374
	0.0604, 0.0988

	R1, wR2 (all data)
	0.0934, 0.1104
	0.1370, 0.2001
	0.1699, 0.1522
	0.1037, 0.1163

	Δ(max, Δ(min, (e(Å-3)
	0.417, -0.335
	0.482, -0.381
	0.649, -0.576
	0.448, -0.366


Таble 1 (cont.)  Crystal and structure refinement data for 1 – 9.

	Compound 
	5 
	6 
	7 
	8 
	9 

	Empirical formula
	C20H18Cl2CuN4O9
	C22H18B2CuF8N4O
	C46H48Cl4Cu2N8O18
	C28H29Cl2CuN5O9
	C63H58B4Cu2F16 N10

	Formula weight
	592.82
	591.56
	1269.8
	714.00
	1429.51

	T (K)
	293(2)
	293(2)
	293(2) 
	293(2)
	293(2)

	Crystal system
	monoclinic
	monoclinic
	triclinic
	monoclinic
	orthorhombic

	Space group
	P21/n
	P21/n
	P-1
	P21
	P212121

	Z
	4
	4
	2
	2
	4

	a, Å
	12.8419(5)
	12.6275(5)
	9.2034(11)
	9.4998(7)
	11.607(2)

	b, Å
	14.1074(6)
	14.2492(5)
	15.103(2)
	11.8441(8)
	15.932(3)

	с, Å
	13.1783(4)
	13.1866(3)
	18.893(2)
	14.4743(10)
	36.130(4)

	α, (º)
	90
	90
	84.894(9)
	90
	90

	(, (º)
	95.056(3)
	92.943(3)
	89.531(9)
	102.610(7)
	90

	γ, (º)
	90
	90
	88.539(9)
	90
	90

	V, Å3
	2378.2(2)
	2369.56(14)
	2614.7(5)
	1589.3(2)
	6682(2)

	Dcalc (g cm -3)
	1.656
	1.658
	1.613
	1.492
	1.421

	μ(mm-1)
	1.202
	1.010
	1.099
	0.914
	0.728

	F(000)
	1204
	1188
	1300
	734
	2912

	Reflections collected/unique
	7891/4163
	7834/4145 
	15856/9668
	6517/4692
	12181/8938

	Reflections with I > 2σ(I)
	3203
	2499
	6013
	3046
	2610

	Data/restraints/parameters
	4163 / 83 / 360
	4145 / 270 / 441
	9668 / 5 / 706
	4692 / 205 / 432
	8938 / 816 / 891

	Goodness-of-fit on F2
	1.009
	1.007
	0.995
	1.002
	1.000

	R1, wR2 [I > 2σ(I)]
	0.0513, 0.1336
	 0.0618,  0.1134
	0.0631, 0.1255
	0.0693, 0.1780
	0.1067, 0.2034

	R1, wR2 (all data)
	0.0701, 0.1449
	0.1125,  0.1334
	0.1140, 0.1467
	0.1097, 0.2103
	0.2988, 0.2853

	Δ(max, Δ(min, (e(Å-3)
	0.530, -0.444
	0.469 and 
-0.443
	0.764, -0.439
	0.781, -0.373
	0.628, -0.361


R values are defined as R1 = (((Fo (– (Fc((/((Fo(; wR2=  ([w(Fo2–Fc2)2] /( [w(Fo2)2]]1/2 

GooF=S= {([w(Fo2–Fc2)2] /(n-p)}1/2, where n – is the number of reflections and p is  the total number of parameters refined. 
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Discrete and polymeric coordination compounds with the [Cu(II)(2,2’-bpy)]2+  and [Cu(II)(phen)]2+ corner fragments demonstrate an impact of stacking patterns in the crystal packing.  The infinite stacking motif between the chelate metallocycles represents the reliable supramolecular synthon.
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