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Abstract

Starting with a coordination polymer, {[Cu(L)]2}n  (1 where H2L = salicylidene-2-aminophenol), we have explored the ability of polypyridyl ligands (P) to bridge the monomer complex to form nine {[Cu(L)]2(P)} complexes. The identity and solution stability of the [Cu(L)] units has been investigated through a novel combined UV-vis/EPR experiment and it has been found to be a stable supramolecular building unit for the construction of discrete complexes and coordination polymers. The reorganisation of [Cu(L)] units to a new coordination polymer on addition of 4,4’-bipyridine markedly changes the connectivity of the structure and the magnitude of the antiferromagnetic interactions through reorientation of the Cu(II) orbitals. We also present the structure of 1, 80 years after its synthesis was first reported.

Introduction

A key step in the rational design of coordination polymers is the control of linkages between metal centres. This allows for the rational design of specific structural motifs and inclusion of chemical properties in materials such as metal-organic frameworks (MOFs)1–3 and polyhedra (MOPs).4,5 Polypyridyls have been shown to be an important class of ligand in linkage control.6–10 Our previous work has shown that polypyridyls influence a range of properties in MOFs, such as molecular magnetism and anomalous thermal expansion and also play an important role in structure direction.11,12 Polypyridyls can be utilised to construct stable secondary building units for MOF formation,13 to provide functional groups for the post synthetic modification of frameworks14 and to tune spin crossover properties,15–17 making them a particularly versatile family of ligands.

Another important class of ligands are Schiff bases, which are some of the most versatile ligands in coordination chemistry,18 combining ease of synthesis (most are formed by simple condensation of an amine and an aldehyde or ketone) with a vast range of constituent functional groups. This leads to complexes that can be utilised as catalysts,19,20 as structure-directing components in supramolecular assemblies21–23 and as single-molecule magnets (SMMs).24–26 The ability to build Schiff bases with multiple coordination sites allows for the formation of coordination polymers, such as MOFs with heterogeneous catalytic properties.27–29  

We have begun to focus efforts on investigating the synthesis and properties of soluble coordination polymers and the potential to use them as a base to synthesise new materials. We selected the simple Schiff base salicylidene-2-aminophenol (H2L) on the basis that it has previously produced SMMs,30–32 clusters33–35 and coordination polymers.36 This ligand can also form discrete species with ancillary ligands37 and replacement of the latter with bridging ligands may potentially lead to coordination polymers. The versatility of closely related Schiff bases has been demonstrated in a number of fields, such as SMMs,38–40 metal extraction agents41 and liquid crystals,42 making H2L an excellent starting point. 

Complexes of Cu(II) and L2− have been studied since at least 193743 resulting in extensive characterisation of room temperature magnetic properties in an attempt to elucidate the structure44–46 which we can now report. We investigated the solubility of the complex to produce a soluble [Cu(L)] secondary building unit (SBU) for the synthesis of more complex coordination polymer species. We used a range of polypyridyl bridging ligands (P) to vary the size, shape and packing interactions of [Cu(L)]n(P) complexes.
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Scheme 1: Complexation of H2L with copper(II) and the polypyridyl bridging ligands used in this work. Numbers in bold refer to the complexes and structures produced.

Table 1 Compounds Synthesised In This Work.

	Compound
	Ligand
	Formula
	Cu···Cu / Åa
	[Cu(L)] Disorder

	1
	n/a
	{[Cu(L)]2}n
	2.961(6) 2.908(6)
	73:27

	2
	4,4ʹ-bipy
	{[Cu(L)]2(4,4ʹ-bipy)}n
	11.086(7)
	69:31

	3
	4,4ʹ-bipy
	[Cu(L)]2(4,4ʹ-bipy)·4DMSO
	11.112(8)
	89:11

	4
	4,4ʹ-bpac
	[Cu(L)]2(4,4ʹ-bpac)
	13.701(5)
	55:45

	5
	4,4ʹ-dtdp
	[Cu(L)]2(4,4ʹ-dtdp)
	10.439(3) [15.081b]
	50:50

	6
	3,3ʹ-bpaz
	[Cu(L)]2(3,3ʹ-bpaz)
	12.625(8) [15.289c]
	54:46

	7
	4,4ʹ-bpaz
	[Cu(L)]2(4,4ʹ-bpaz)
	15.357(3)
	64:36

	8
	3,3ʹ-bpox
	{[Cu(L)]2(3,3ʹ-bpox)}n·4nDMSO
	13.030(12) [15.725c]
	75:27  /  64:36

	9
	4,4ʹ-bpox
	[Cu(L)(DMSO)]2(4,4ʹ-bpox)
	15.482(6)
	65:35

	10
	4,4ʹ,4ʹʹ-tppy
	[Cu(L)]2(4,4ʹ,4ʹʹ-tppy)·DMSO
	13.387(2) [15.343d]
	100:0  /  74:26

	11
	4,4ʹ-bpnd
	4,4ʹ-bpnd·2DMSO
	n/a
	n/a


a) Major component only; b) Measured Cu−S−S−Cu; c) Measured Cu−(centroid of py1)− (centroid of py2)−Cu; d) Measured Cu−(centroid of 4,4ʹ,4ʹʹ-tppy)−Cu

Results and Discussion

Formation and structure of {[Cu(L)]2}n (1). 

We began this work by investigating the production of a simple binary complex of Cu(II) and H2L,  leading to compound 1. This forms rapidly from a solution of H2L and CuCl2·2H2O in methanol on addition of triethylamine to give a fine green powder of {[Cu(L)]2}n and a dark green-brown supernatant. This reaction proceeds in several solvents (DMF, MeCN, EtOH) to give the same product. Recrystallisation of 1 from DMSO affords very small green crystals suitable for single crystal X-ray diffraction. The structure of 1 (Figure 1a) consists of two independent [Cu(L)] units where the Cu ions are chelated by L2− in the short [image: image3.png]


 plane, as denoted by the short Cu−N (av. 1.924 Å) and Cu–O bonds (av. 1.873 Å from the salicylidene phenoxide, Osal, and 1.956 Å from the aminophenol phenoxide, Oap). There is full-molecule disorder and it can be seen in Figure 1b that rotation of the [Cu(L)] unit near the Cu−N bond produces an image occupying essentially the same molecular volume, providing a low barrier to disorder. The ratio of disordered components is 73:27 and is the same in both units. Coordination in the [image: image5.png]


 plane is completed by dimerisation with a symmetry-generated unit through the oxygen atoms of the aminophenol moiety of L2− (Oap) to give square Cu−(Oap)2−Cu cores. The resultant [Cu(L)]2 units then are linked through long Cu···O bonds in the [image: image7.png]


   axis of the Cu ions to the salicylidene  oxygen atoms (Osal) to form similar Cu−(Osal)2−Cu linkages, extending the structure from a dimer to a one-dimensional coordination polymer chain in the a-axis with an inter-dimer distance of 3.18 Å for the Cu1 chain and 3.22 Å for the Cu2 chain (Figure 1c). The chains then close pack through van der Waal’s interactions to form the 3D structure of 1. The rapid precipitation of 1 from most solvents and the considerable crystallographic disorder have contributed to the structure being unknown until this study.
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Figure 1 a) Dimerisation of the [Cu(L)] units in 1 (major component of Cu1 chain only). Oap is the 2-aminophenol moiety and Osal is the salicylidene moiety; b) full molecule disorder in the [Cu(L)] unit of 1 and c) stacking of [Cu(L)]2 dimers in the a-axis.

Polypyridyl complexes, [Cu(L)]2(P)

The addition of a competing bridging ligand was able to disrupt the formation of 1. For example, when 4,4ʹ-bipyridine (4,4ʹ-bipy) was added to a DMSO solution of 1 and allowed to stand overnight dark brown plate-like crystals were formed. The resultant structure, {[Cu(L)]2(4,4ʹ-bipy)}n (2) consists of a pair of [Cu(L)] units bridged by a 4,4ʹ-bipy ligand (Figure 2) with a Cu···Cu distance of 11.086(7) Å. Surprisingly, the long axial linkages between [Cu(L)] units were retained while the dimerisation through Oap was prevented. The axial linkages between the {[Cu(L)]2(4,4ʹ-bipy)} units form a two-dimensional coordination polymer with a brickwork motif (Figure 3). As with 1, substantial disorder was present in the [Cu(L)] unit while the 4,4ʹ-bipy ligand remained ordered. This was complicated further by pseudomerohedral twinning (a and c differ by < 0.1 % and β = 119.564°).

A minor impurity phase in the synthesis of 2 was found where the [Cu(L)]2(4,4ʹ-bipy) unit forms a discrete DMSO-solvated complex, [Cu(L)]2(4,4ʹ-bipy)·4DMSO (3). In 3, the axial Cu−O bonds are absent, removing the 2D framework structure of 2. While the core unit is the same, there is a far smaller torsion angle in the 4,4ʹ-bipy (0.5(5)°) in 3 compared to 43.2(6)° in 2. In both 2 and 3, the [Cu(L)] unit is coplanar with the pyridine coordinating to it. While 3 is essentially flat, the two ends of 2 are twisted relative to the torsion angle at the centre of the 4,4ʹ-bipy.

[image: image9.png]



Figure 2: [Cu(L)]2(4,4ʹ-bipy) units and end-on view of torsion angles in a) 2 and b) 3.
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Figure 3: Brickwork layer motif in 2 displaying chains in the b-axis (majority of each L unit removed for clarity).

Having established the ability of 4,4ʹ-bipy to bridge these units in both a coordination polymer and a discrete species, we investigated more complex bridging polypyridyls. Reaction of 4,4ʹ-bipyridylacetylene (4,4ʹ-bpac) with a solution of 1 gives a discrete [Cu(L)]2(4,4ʹ-bpac) complex (4, Figure 4) without the formation of a coordination polymer, similar to 3 and increases the Cu···Cu distance across the bridging ligand from 11.112(8) Å in 3 to 13.701(5) Å. The [Cu(L)]2(4,4ʹ-bpac) units pack by minimising the space in the material with no obvious hydrogen bonds, π···H or π···π interactions. Reaction of 1 with 4,4ʹ-dithiodipyridine (4,4ʹ-dtdp) produces [Cu(L)]2(4,4ʹ-dtdp) (5, Figure 4b). The 4,4ʹ-dtdp ligand takes a non-planar, non-linear conformation with a py−S−S−py torsion of 87.7(3)° (average taken from the Cambridge Structural Database = 87(4)°).The [Cu(L)]2(4,4ʹ-dtdp) units stack over the bend in the ligand in the c-axis (Figure 4c) and these stacks pack in the ab plane to form the three-dimensional structure of 5.
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Figure 4 a) [Cu(L)]2(4,4ʹ-bpac) unit in 4; b) [Cu(L)]2(4,4ʹ-dtdp) unit in 5; c) stacking of [Cu(L)]2(4,4ʹ-dtdp) units in 5, looking down the b-axis.

The reaction of 3,3ʹ-bipyridylazine (3,3ʹ-bpaz) and 4,4ʹ-bipyridylazine (4,4ʹ-bpaz) with [Cu(L)] also generated discrete complexes, [Cu(L)]2(3,3ʹ-bpaz) (6) and [Cu(L)]2(4,4ʹ-bpaz) (7) respectively. The 3,3ʹ-bpaz ligand in 6 bridges the [Cu(L)] units in a flattened Z-shape (Figure 5a) rather than adopting the conformation that would result in the widest separation of the [Cu(L)] units. Compound 7 (Figure 5b) displays disorder not only in the L group, but also in the 4,4ʹ-bpaz ligand. The disorder in the [Cu(L)] unit is 64:36 and 85:15 in the 4,4ʹ-bpaz ligand, indicating that either orientation of 4,4ʹ-bpaz can bind to at least one of the [Cu(L)] orientations. Reaction of 3,3’-bipyridyloxamide (3,3’-bpox) with [Cu(L)] gives {[Cu(L)]2(3,3ʹ-bpox)}n.4nDMSO (8), which has a similar bridging mode to 6 (Figure 5c). Dimerisation of [Cu(L)] units coupled with a further interaction with an oxygen of one of the amides produces a complex one-dimensional coordination polymer with a chain running in the b-axis (Figure 6). The chains pack to produce channels in the b-axis parallel to the chain that contain disordered DMSO solvent molecules. SQUEEZE47 analysis suggests three DMSO molecules per [Cu(L)]2(3,3ʹ-bpox) unit in addition to the ordered DMSO molecule found in the structure solution. 4,4’-bipyridyloxamide (4,4’-bpox) and [Cu(L)] gives [Cu(L)(DMSO)]2(4,4ʹ-bpox) (9), which has a similar [Cu(L)]2(P) unit to 7 (Figure 5d) but with one DMSO molecule bound to each Cu ion, which hydrogen bonds to neighbouring 4,4ʹ-bpox molecules to build the three-dimensional structure of the compound. 
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Figure 5 [Cu(L)]2(P) units of a) compound 6 (P = 3,3ʹ-bpaz); b) compound 7 (P = 4,4ʹ-bpaz); c) compound 8 (P = 3,3ʹ-bpox); d) compound 9 (P = 4,4ʹ-bpox). 
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Figure 6 View of the chain structure in 8 looking down the 101 direction with L carbon atoms removed for clarity.
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Figure 7 a) Bridging in [Cu(L)]2(4,4ʹ,4ʹʹ-tppy)·DMSO (10); b) Packing of [Cu(L)]2(4,4ʹ,4ʹʹ-tppy) units in 10, looking down the b-axis.

Having demonstrated the successful synthesis of [Cu(L)]2(P) complexes with ditopic bridging pyridyl ligands, we investigated longer ligands and ligands with higher connectivities. Modifying the synthesis of 4'-(4-pyridyl)-2,2':6',2''-terpyridine,48,49 we obtained the tritopic ligand 4'-(4-pyridyl)-4,2':6',4''-terpyridine (4,4ʹ,4ʹʹ-tppy) with which we synthesised [Cu(L)]2(4,4ʹ,4ʹʹ-tppy)·DMSO (10, Figure 7a). This tritopic ligand bridged two [Cu(L)] units, instead of the potential three. From synchrotron single-crystal X-ray diffraction data, the structure of 10 displays disorder in one of the [Cu(L)] units (74:26) with the disorder being too low to model in the other. The 4,4ʹ,4ʹʹ-tppy ligand also appears to be ordered, despite the possibility for a three-fold rotational disorder in the plane of the ligand. A triple C−H···O interaction with DMSO marks the position of one C−H carbon in the central pyridine ring and the other takes part in a triple C−H···N interaction. The complexes are held together by this last interaction with a neighbouring 4,4ʹ,4ʹʹ-tppy to form one-dimensional chains in the c-axis (Figure 7b) with the chains packing to produce the three-dimensional structure.

The ligand 1,4-bis(4,2';6',4"-terpyridinyl)benzene (4,4ʹ,4ʹʹ,4ʹʹʹ-hxpb) has poor solubility in most solvents (except acetic and trifluoroacetic acid in which it readily dissolves) and precipitates quickly on cooling from hot DMSO, preventing formation of a complex. Ligand N,N’-bis(4-pyridyl)naphthalenediimide (4,4ʹ-bpnd) is somewhat more soluble, but crystallised as the DMSO solvate of the ligand only (compound 11 – see ESI).

Magnetic properties of 1 and 2

Analysis of the structure of compound 1 indicates that the magnetic behaviour of the compound is likely to be dominated by the short-contact dimers. Bis-µ2-hydroxo/alkoxo bridged copper(II) dimers have couplings that are highly dependent on the Cu−O−Cu bridging angle, φ (equation 1).50
J/kB = (−74.53φ + 7270) / 0.695 K
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eq. 2

The magnetic susceptibility plot for 1 (Figure 8a) shows a broad maximum centred around 270 K followed by a decreasing susceptibility on cooling with a rising tail under 50 K. Modelling of the curve is considerably complicated by the presence of two chains, each with substantial disorder, giving a statistical mixture of major and minor component dimers in each chain. From the disordered model of 1, it can be seen that in the dimers, there are a wide range of Cu−O−Cu bridging angles from strongly antiferromagnetic to strongly ferromagnetic. However, we can obtain an estimate of the average coupling in the major component chains from modelling the region 100-300 K with the Bleaney-Bowers model51 (equation 2) and ignoring the scale of the plot, giving J/kB = −427 K. This value matches well with the calculated coupling of −404 K for the average of all the Cu−O−Cu angles (101.3°). The EPR signal of 1 in the solid state at 330 K (Figure S19, ESI) is essentially flat apart from a very small peak (likely from the impurity tail seen in the susceptibility plot of 1), indicating a strong dominant antiferromagnetic coupling, as measured and predicted.
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Figure 8 a) Magnetic susceptibility of 1 with fit for a single S = ½ dimer model with J/kB = −427 K and b) Magnetic susceptibility of 2 with fit from S = ½ antiferromagnetic chain model with g = 2.088 and J/kB = −2.02 K. Inset: EPR spectrum of 1 (solid line) with simulation (dashed line) g = 2.10 and J/kB = −1.95 K.

The magnetic susceptibility of compound 2 (Figure 8b) shows an increase on cooling from 300 K without displaying a maximum above 2 K. The χT(T) plot (Figure S21, ESI) shows a constant value on cooling from 300 K of 0.403(2) cm3Kmol−1 with a decrease in value below 34 K. A Curie-Weiss fit to the data gives C = 0.403(1) cm3Kmol−1 and θ = −0.4(3) K. From the Curie constant and the value of χT > 45 K, we can derive a g-value of 2.07. The Weiss constant is small, but indicates a dominant antiferromagnetic interaction. The structure of 2 consists of Cu−(O2)−Cu chains connected through the magnetically-inactive  [image: image23.png]


 orbital and contains two distinct linkages, not including any interaction across the 4,4’-bipyridine (which would be considerably weaker52). As an approximation, the two linkages were treated as equal and the Feyerherm53 polynomial (equation 3) for a uniform antiferromagnetic S = ½ chain applied:
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eq. 3

where a = │J│/kBT.

We obtained g = 2.088(1) and J/kB = −2.02(1) K, consistent with the observations from the Curie-Weiss fit and the χT(T) plot. The EPR spectrum of 2 (Figure 8b inset) shows a single signal. PHI54 was used to simulate the EPR data of 2 from the crystal structure and resulted in a fit with g = 2.10 and J/kB = −1.95 K, presenting a good agreement with the magnetic susceptibility modelling.

The modulation of the subunit linkage substantially modifies the magnetic interaction between the Cu(II) centres through directing the orientation of the magnetically-active [image: image29.png]


 orbital (Figure 9).
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Figure 9 Structural comparison of the bis-µ2-phenoxo bridged copper(II) in 1 (top, J/kB = −427 K) and 2 (bottom, J/kB = −2.02 K). Dashed bonds represent linkages in the Jahn-Teller axis.

Compound 1 has a distinct structural similarity to [Cu(dsap)]255 (dsap = 2-(3,5-dichlorosalicylidene)aminophenol)) where the addition of two Cl atoms to the salicyl ring resolves the disorder seen in 1. The magnetic couplings between the two compounds are very similar with J/kB = −432 K for [Cu(dsap)]2, providing good agreement with Hatfield’s model prediction of −398 K for a 101.26° Cu−O−Cu angle. The coupling for 1 also matches well with a report on the magnetic properties of a range of substituted L ligands,46 although these lack any structural characterisation. The coupling in 2 is similar to that found in compounds with the same interaction pathway, such as Na2[Cu(C2O4)2]·2H2O56 (J/kB = −1.73 K). The magnetic susceptibility of 3-10 was not recorded due to the excessive distance between Cu centres across the polypyridyl ligands, minimising any magnetic coupling.

Solution properties of 1

Compound 1 has a room-temperature solubility of 11.4 mg/ml (21.3 mM) in neat DMSO (see SI) and UV-Vis spectroscopy (Figure 10) of a 10−5 M solution of 1 in DMSO with 5% NEt3 indicates that a [Cu(L)] complex exists in solution with a strong absorbance centred at 434 nm when compared to the spectra of H2L and CuCl2·2H2O. The intense peak for the deprotonated Schiff base L at 288 nm is not present in the spectrum of 1, indicating that the [Cu(L)] unit is very stable to dissociation. It is likely that a solvated [Cu(L)] unit is present, but whether this occurs as a monomer or dimer is unclear from the UV-vis data. Mass spectrometry would appear an ideal method to identify the solution-phase species present, but precipitation of 1 from DMSO on addition of other solvents and the non-volatility of the phase preclude standard MS techniques. To establish the identity of the solution species, we investigated the EPR spectra of solutions of 1: if the [Cu(L)]2 dimer is present as the dominant solution species, the solution would be effectively EPR-silent due to the strong antiferromagnetic coupling and dilution, but if the dimer is dissociated by the solvent, then a clear signal would result.
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Figure 10 UV-vis spectroscopy of 1 × 10−5 M solutions of a) H2L in DMSO (black); b) L2− in 5% NEt3 in DMSO (orange); c) compound 1 in 5% NEt3 in DMSO (green) and d) CuCl2·2H2O in  5% NEt3 in DMSO (blue).

There are four peaks in the EPR spectrum (Figure 11, left) with g = 2.18, 2.12, 2.07 and 2.03. The 2.18 peak corresponds to the DMSO-solvated Cu(II) ion,57,58 leaving three peaks. Deconvolution of the integrated spectrum reveals a ratio of 38:21:41 of the three peaks. Similarly, deconvolution of the UV-vis spectrum (Figure 11, right) reveals three peaks with a ratio of 33:19:48, closely matching the EPR data. This would indicate there are different solvation states of the [Cu(L)] monomer species in DMSO solution, likely forming [Cu(L)](DMSO)n where n = 1, 2 or 3, consistent with completing the square planar coordination sphere of the Cu(II) ion and variable solvation of the Jahn-Teller axis. The ratio of solvated species does not appear to be affected by concentration – a difference plot made from the EPR signal of a scaled 2 × 10−3 M plot subtracted from the 1 × 10−2 M plot revealed no difference peaks (figure S22, ESI).
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Figure 11 left: Integrated and deconvoluted EPR data for a 1 × 10−2 M solution of 1 in DMSO at 293 K (peak 1 is from a DMSO-solvated free Cu(II) ion); right: Deconvoluted UV-vis data for a 1 × 10−5 M solution of 1 in DMSO.

The EPR spectrum of a reaction mixture for the synthesis of 2 revealed a difference in the position of the peaks, indicating that complexation of the [Cu(L)] units and 4,4’-bipy is occurring in solution before crystallisation (figure 12). 
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Figure 12 Comparison of EPR spectra of a 1 × 10−2 M solution of 1 (black line) and 2 (red line) in DMSO at 293 K.
Discussion
The solubility of 1 and the identification of the solution species in DMSO by a novel combination of UV-vis/EPR has allowed us to rationally design new complexes by bridging the monomeric [Cu(L)] units with a range polypyridyl ligands containing a number of functional groups (e.g. amide, disulfide, acetylene). The diffusion of water vapour from the air into the DMSO solution allows for the slow growth of crystals suitable for structural analysis. The limiting factor in the formation of complexes appears to be ligand solubility. Ligand 4,4ʹ,4ʹʹ,4ʹʹʹ-hxpb is sparingly soluble in hot DMSO: at 170 °C, 10.1 mg can dissolve in 25 ml DMSO and rapidly precipitates on cooling to room temperature, even after dilution to 250 ml. Ligand 4,4ʹ-bpnd has a lower solubility than 1 of 6.2 mg/ml (14.7 mM) in DMSO at room temperature and it crystallises from the reaction mixture before producing a complex to give a DMSO solvate structure (11 – see SI). In both cases, absorption of water into the DMSO causes precipitation of the ligand and compound 1 follows after standing for several days. The relative insolubility of these two ligands compared to that of 1 allows us to place some constraints on the applicability of using polypyridine ligands to form [Cu(L)]2(P) complexes. It has been previously shown that appending alkoxy groups to the central benzene core of 4,4ʹ,4ʹʹ,4ʹʹʹ-hxpb59 or nitriles to the peripheral pyridine moieties60 can increase the solubility of the ligand so that coordination complexes can be formed.

Structurally, the ability of the [Cu(L)] group to rotate around an axis just off the Cu−N bond made the structure solution of this series of compounds somewhat challenging, especially when coupled with disorder in the pyridine ligand resulting in full-molecule disorder. The value of [Cu(L)] disorder ranges from 50:50 to 89:11 (5 and 3, 4,4ʹ-dtdp and 4,4ʹ-bipy). This disorder likely arises from the similar molecular volume of the superposition of the two orientations, as illustrated in Figure 1. Several related ligands with additional groups on either the salicylidene or 2-aminophenol rings see this resolved with a lack of disorder.55,61,62
The polypyridyl-containing complexes are stable to air, water, methanol and acetone, except compound 8, which shows degradation on attempts to remove DMSO from the pores, resulting in a new crystalline phase that we have not been able to structurally characterise. The difficulties in removing DMSO in several cases make it somewhat difficult to obtain reliable elemental analysis data for several of these compounds. Compounds 8 and 10 show a small residual DMSO content by elemental analysis.

Conclusions

The solution behaviour of compound 1 in forming a stable [Cu(L)] unit in DMSO (as identified by the novel combined UV-vis/EPR experiment) is unusual and presents a novel strategy of utilising poorly soluble coordination polymers as source of supramolecular building units for the formation of new coordination compounds. The ability of bridging polypyridyl ligands to link the [Cu(L)] units in the resultant complexes allows us to fundamentally alter the connectivity from zero- to two-dimensional. The constraints placed by the solubility of the polypyridyl bridging ligands enable us to make predictions as to the success of complex formation so that specific complexes can be planned with a high degree of confidence. Further work into the design of soluble polypyridyls with multiple connectivity modes is being investigated to lead towards three-dimensional materials such as MOFs.
The presence of a paramagnetic metal ion coupled with the ability to change connectivity allows us to substantially modify the magnetic properties of these materials. The addition of 4,4ʹ-bipy to a solution of 1 markedly changes the strength of antiferromagnetic interaction through the Cu−(O)2−Cu linkages by reorientation of the magnetically-active[image: image34.png]


 orbital, a useful tool in the design of desirable  magnetic interactions. 

This work has laid the foundations for the rational design of both structure and magnetic properties from this type of Schiff base. Further work is planned for the inclusion of other paramagnetic ions into complexes with H2L to widen the range of structures and magnetic interactions. 

Experimental

Experimental methods

Reagents were obtained from commercial suppliers and used without further purification. Single crystal X-ray diffraction data were collected at 100 K on a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn 724+ detector mounted at the window of an FR-E+ Superbright Mo-Kα rotating anode generator (λ = 0.71075 Å) with VHF (1 and 8) or HF (2-7, 9, 11) varimax optics63 apart from 10 which was collected on beamline I19 at Diamond (λ = 0.6889 Å). Unit cell parameters were refined against all data and an empirical absorption correction applied in CrysalisPro64 for (1, 2, 4-11) or CrystalClear 3.1 b 2765 (3). All structures were solved by direct methods using Superflip66–68 (1, 3-11) or SHELXT69 (2) and refined on FO2 by SHELXL-201370 in OLEX2 v1.2.71 All hydrogen atoms were added in calculated positions and refined in riding mode on the parent atom. Data deposited with the CSD (CSD-1528695-1528704 1-10, CSD-1528735 11). Powder X-ray diffraction was carried out using a Bruker D2 Phaser with a Lynxeye detector and Cu-Kα radiation (1.5405 Å). Le Bail profile fits on powder X-ray data were performed in Rietica72 to ensure phase identity and sample purity.

X-band EPR spectra were recorded on a Magnetech Miniscope 200 equipped with frequency counter. Samples were loaded into 50 μl glass capillaries and data collected at 293 K, except 1 in the solid state, which was collected at 330 K. Background subtractions were performed using a DMSO-filled capillary for solutions and an empty capillary for solids.  Magnetic susceptibility measurements for 1 were carried out on a Quantum Design MPMS XL-5 magnetometer from 2−300 K under an applied field of 10,000 G. Measurements for 2 were carried out on a Quantum Design PPMS with VSM magnetometer option from 2−300 K under an applied field of 2,000 G. Diamagnetic corrections were calculated from the approximation −0.45 × formula mass × 10−6 cm3mol−1. Data for 2 was then subsequently corrected for a zero-field offset to produce a linear plot above 200 K. 

NMR spectra of ligands were recorded on a Bruker DPX400 NMR spectrometer at 300 K except 4,4ʹ,4ʹʹ,4ʹʹʹ-hxpb which was recorded on a Varian NMR System 500 MHz spectrometer at 300 K. Chemical shifts are reported in parts per million and referenced to residual protonated solvent (CDCl3, DMSO-d6 or TFA). 

Elemental analysis was performed on an Exeter Analytical CE 440 elemental analyser.

Synthesis of {[Cu(L)]2}n (1)

H2(L) (832 mg, 4.00 mmol) was stirred in 70 ml EtOH at 75 °C and NEt3 added (1 ml). A solution of CuCl2·2H2O (680 mg, 4.00 mmol) in 40 ml EtOH was added dropwise with stirring. The resultant fine green precipitate of {[Cu(L)]2}n (1) was filtered, washed with 20 ml EtOH and left to dry overnight. Yield 832 mg (76 %). Single crystals of 1 were formed by dissolving 1 (27.5 mg, 0.1 mmol) from the above powder synthesis in 3 ml DMSO and leaving open in air to crystallise over six days.

Example synthesis of [Cu(L)]n(P) complexes: [Cu(L)]2(4,4ʹ-bpac) (4)

{[Cu(L)]2}n (27.5 mg, 0.05 mmol) and 4,4ʹ-bpac (18.0 mg, 0.1 mmol) were dissolved in 7 ml DMSO on a hotplate set to 170 °C and left to cool in air. After three days, greenish-black single crystals of [Cu(L)]2(4,4ʹ-bpac) (4) had formed which were filtered and washed with 2 × 2 ml 9:1 DMSO:H2O and 2 × 2 ml acetone. Yield 14 mg (38 %).

Full experimental details are given for all compounds in the ESI.
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Dissolution of a one-dimensional coordination polymer in DMSO with 4,4ʹ-bipyridine results in a new two-dimensional material where the coordination ‘monomers’ are now bridged, changing the connectivity and magnetic properties. Extending the bridging ligand family results in a series of discrete compounds of the monomer. We explore the limits of polypyridyls in bridging the monomers, finding a relationship between compound formation and polypyridyl solubility, allowing for the design of new coordination compounds of the monomer.
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