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The Cu(I) complex {[CuI(biq)2]ClO4-biq} with biq = 2,2-biquinoline, was prepared, fully characterized and its properties 

compared with those of the well-known [CuI(biq)2]ClO4 complex. The crystal structures were obtained for both complexes 

(crystal structure for [CuI(biq)2]ClO4 has not been previously reported). Complex [CuI(biq)2]ClO4 crystallizes as a racemate 

where each enantiomer has a different τ4 value while compound {[CuI(biq)2]ClO4-biq} crystallizes as a non-chiral 

supramolecular aggregate with an uncoordinated biq molecule forming a π−π stacking interaction with a coordinated biq. 

The 1H-NMR spectroscopy in non-coordinating solvents reveals that structures in solution are similar to those in the solid 

phase, confirming the presence of a supramolecular arrangement for compound {[CuI(biq)2]ClO4-biq}. Stability of the non-

covalent aggregate in solution of {[CuI(biq)2]ClO4-biq} causes significant differences between the spectroscopic and 

electrochemical properties of {[CuI(biq)2]ClO4-biq} and [CuI(biq)2]ClO4. 

Introduction 

Supramolecular motifs formed by aggregates of two or more 

complex units held together by non-covalent interactions are 

interesting systems because of their intrinsic chemical and 

physical properties.1,2 Various non-covalent interactions of 

differing energies may result in the reversible production of 

highly structured molecular architectures, quite different from 

those possible with conventional covalent bonds.3–5 In the last 

few decades there has been a significant increase in publica-

tions describing the preparation and properties of supramo-

lecular materials such as catenanes, rotaxanes, knots, heli-

cates, dendrimers, racks, grids, boxes, and macrocycles.6–13 

Most result from self-assembly of molecules that act as build-

ing units through self-recognition elements. In metal complex-

es, these element correspond to particular features of the 

ligands and metals, which act synergistically as preorganizers 

of the supramolecular arrangements.14,15  

 

Copper(I) complexes have played an important role in the 

development of supramolecular chemistry.16 The characteristic  

lability of copper(I) together with an accommodating tetrahe-

dral symmetry is consistent with the conditions required for 

the assembly of supramolecular structures.10,17 Consequently, 

a large number of copper(I) complexes showing the presence 

of structural assemblies governed by non-covalent interactions 

has been documented.10,17 In complexes with large π system in 

their ligands, such as 2,2’-biquinoline, the stacking stability in 

the solid phase is principally provided by π-π interactions.18–21 

It has been proposed that physical and chemical properties of 

materials based on coordination complexes can be supramo-

lecularly tunable, however most examples refer to effects of 

non-covalent intramolecular interactions on the properties of 

the complexes themselves.20,22,23  

 

However only a few examples of metal complexes presenting a 

supramolecular assembly that is sufficiently stable for study in 

solution have been reported, although such effects in reaction 

kinetics have been explored.24 In previous work we have 

shown that the mixed complex [Cu(N-{4-nitrophenyl}pyridine-

2-yl-meth-animine)(PPh3)Br] retains a supramolecular dimeric 

structure in solution, supported in π-π and Br...H non-covalent 

interactions, that is similar to the structure observed in the 

crystalline state.25 In this study, we report a new 

{[Cu(biq)2]ClO4-biq} complex which crystallizes in a supramo-

lecular assembly with one additional, uncoordinated ligand. 

We have used 1D and 2D NMR techniques to examine the 

structural behaviour in solution and compared optical and 

electrochemical properties with those shown by the analogous 

[Cu(biq)2]ClO4 complex. Although complex [Cu(biq)2]ClO4 has 
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been known for more than 50 years, its crystal structure has 

not been reported, and so we also report the structure deter-

mined by single-crystal X-ray diffraction. 

Results and discussion 

Crystallographic structures: A summary of crystal data and 

structure refinement for complexes {[CuI(biq)2]ClO4-biq} and 

[Cu(biq)2]ClO4 is presented in table S1. The structure of com-

pound {[CuI(biq)2]ClO4-biq} reveals that the copper cation, 

perchlorate anion and free biquinoline molecule all crystallize 

about symmetry elements (Fig. 1A). This complex is the struc-

tural isomorph of the BF4 salt previously reported by Ali et al.26 

however that work was done in solid state without studies in 

solution. The copper complex and perchlorate crystallize on 

independent two-fold axes (at [0.75, y, 0.25] and [0.25, y, 

0.25], respectively) and the free biquinoline molecule about an 

inversion center at [0.5, 0.5, 0.5]. The Cu center adopts a four-

coordinate, distorted tetrahedral geometry (Table 1 for details, 

τ4 = 0.73) and is coordinated by four nitrogen atoms from two 

biq ligands.27 Bond distances about the Cu center are compa-

rable with those found in related Cu complexes containing 

polypyridine ligands. The two coordinating biq ligands are 

almost orthogonal to each other (angle formed by the two, 

five-atom planes: [Cu1-N1-C9-C10-N2-(Cu1)] is 87.28(4)°). As 

expected, the quinoline moieties in each biquinoline molecule 

(ligand and free molecule) are essentially co-planar (Table 2). 

In contrast to the enforced syn-geometry of the coordinated 

biq ligand, the quinoline groups of the free biq molecule adopt 

an anti-conformation. The free biq molecule is located in a 

space between biq ligands of two copper complexes in the 

lattice (Fig. 1B, green/yellow, copper complexes and light blue 

free biq). The close intermolecular contacts from the free biq 

molecule to the neighbouring coordinated biq ligands demon-

strate a high degree of π-π stacking with centroid to centroid 

contacts less than 3.6 Å (Table 3). More critically, the centroid 

to shortest perpendicular contacts are also short, well within 

Van der Waals contacts. The motif in the lattice is pairs of Cu 

cations sandwiching the uncoordinated biquinoline between 

coordinated biquinoline ligands. There is further π-stacking 

overlap of the terminal phenyl moiety of each coordinated 

quinoline ring forming a π-stacked layer with another phenyl 

moiety on an adjacent cation. 

 

The structure of compound [CuI(biq)2]ClO4 reveals that there 

are two crystallographically independent cations, associated 

anions and five water molecules of crystallization within the 

lattice (Fig. 2A). Similar to compound {[CuI(biq)2]ClO4-biq}, the 

copper centers in compound [CuI(biq)2]ClO4 adopt distorted 

tetrahedral geometries, with similar τ4 values (0.71 and 0.68 

for Cu1 and Cu2, respectively; Table 1 for details). The geome-

try about each Cu center, while similar to {[CuI(biq)2]ClO4-biq} 

shows that the cations reside in general positions within the 

lattice. In contrast with compound {[CuI(biq)2]ClO4-biq}, the 

coordinating biquinoline ligands deviate from an orthogonal 

arrangement with angles formed by the [Cu-N-C-C-N-(Cu)] 

rings of 84.79(10)° and 82.87(11)° for Cu1 and Cu2, respective-

ly. 

 

Fig. 1 (A) Crystallographic atom labels for compound 
{[CuI(biq)2]ClO4-biq}; (B) Space-filling packing of compound 
{[CuI(biq)2]ClO4-biq} showing π-stacking interactions; perchlorate 
anions removed for clarity. Green and yellow: Cu complexes; light 
blue: uncoordinated biquinoline molecule. 

 

Inspection of the biquinoline ligands reveals a slight twist of 

the quinoline rings (see Table 2 for periplanar angles). This 

slight twist induces a small amount of helical nature to the 

cation that is reflected in the spontaneous resolution of com-

pound [CuI(biq)2]ClO4 (space group P21). As with 

{[CuI(biq)2]ClO4-biq}, π-stacking appears to play a role in the 

extended packing of these molecules. The terminal phenyl 

rings of the biquinoline ligands overlap with neighboring phe-

nyl moieties. While the contacts are not as close as 

{[CuI(biq)2]ClO4-biq} above, there is an obvious amount of 

sterically directed organization of the molecules within the 

lattice. The water molecules and perchlorate anions occupy 

interstitial sites. The water molecules are disordered, with only 

one of the sites having a full occupancy water molecule and 

the remaining four sites partially occupied water. Although the 

hydrogen atoms could not be located for these water mole-

cules, they are at reasonable distances from other water mole-

cules and perchlorate oxygen atoms to form hydrogen bonds 

(Table S2). One perchlorate (Cl1) and the four partial occupan-

cy waters form a chain within the lattice parallel to the crystal-
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lographic b-axis, while Cl2 and the fully occupied water mole-

cule form a discrete hydrogen-bonded pair in a pocket with no 

contacts to the external chain, Figure 2B. 

Table 1. Selected bond distances (Å) and angles (°) for compounds 

{[CuI(biq)2]ClO4-biq}  and [CuI(biq)2]ClO4. 

{[Cu
I
(biq)2]ClO4-biq} 

Cu1-N1 1.9847(14) N1i-Cu1-N1 131.02(8) 
Cu1-N1i 1.9847(14) N1i-Cu1-N2 125.82(6) 
Cu1-N2 2.0013(14) N1-Cu1-N2 81.59(6) 

Cu1-N2i 2.0013(14) N1i-Cu1-N2i 81.59(6) 

  N1-Cu1-N2i 125.82(6) 
  N2-Cu1-N2i 116.05(8) 

[Cu
I
(biq)2]ClO4 

Cu1-N4 2.007(3) N4-Cu1-N2 134.27(14) 
Cu1-N2 2.016(4) N4-Cu1-N3 80.73(12) 
Cu1-N3 2.032(3) N2-Cu1-N3 117.34(14) 
Cu1-N1 2.034(4) N4-Cu1-N1 126.10(14) 
  N2-Cu1-N1 80.78(16) 
  N3-Cu1-N1 123.44(14) 
Cu2-N5 1.973(3) N5-Cu2-N8 129.52(14) 
Cu2-N8 1.988(4) N5-Cu2-N7 133.98(14) 
Cu2-N7 2.004(3) N8-Cu2-N7 81.44(15) 
Cu2-N6 2.012(4) N5-Cu2-N6 81.21(14) 
  N8-Cu2-N6 120.80(14) 
  N7-Cu2-N6 114.12(14) 

 

To the best of our knowledge, there is only one other related 

reported structure {[Cu(biq)2]-biq} complexes: {[CuI(biq)2]ClO4-

biq} above, and Ali’s BF4 salt,26 both of which crystallize with 

biquinoline present in the lattice. Two effects on [Cu(biq)2]+ 

complex are caused by non-covalent assembly of the third biq 

in {[CuI(biq)2]ClO4-biq}: one effect in the coordination envi-

ronment of ion and the other effect on coplanarity of the 

biquinoline halves relative to complex [CuI(biq)2]ClO4. As ex-

pected, it is these differences that can influence in properties 

of the complex. 
 

Table 2. Periplanar angles for quinoline moieties within biquinoline 
ligands and molecules. 

 

Ring 1 Ring 2 Periplanar angle (°) 

{[Cu
I
(biq)2]ClO4-biq} 

N1-C9 N1i-C9i 3.36(6) 
N2-C18 N2ii-C18ii 0.00(5) 

 [Cu
I
(biq)2]ClO4  

N1-C9 N2-C18 8.86(18) 

N3-C27 N4-C36 12.02(16) 
N5-C45 N6-C54 2.11(19) 
N7-C63 N8-C72 16.64(16) 

Symmetry codes: (i) -x+3/2, y, -z+1/2, (ii) -x+1, -y+1, -z+1. 

 

 

 

Table 3. Biquinoline intermolecular contacts.28  

{[Cu
I
(biq)2]ClO4-biq} 

Cg(A) Cg(B) Cg(A)…Cg(B) (Å) Cg(A)…perp(B) 
(Å) 

Cg3 Cg5v 3.9084(2) 3.3679 
Cg3 Cg9vi 3.6619(2) 3.1758 
Cg3 Cg10vi 3.8274(2) 3.4044 
Cg4 Cg9vii 3.6368(2) 3.3874 
Cg5 Cg5v 3.7044(2) 3.3921 

Cg(A): Centre of gravity of ring (A/B). Cg(A)…perp(B) is the closest 
perpendicular contact from ring A to B. Cg3: N1-C1-C6-C7-C8-C9-
(N1); Cg4: N2-C10-C11-C12-C13-C18-(N2); Cg5: C1-C2-C3-C4-C5-
C6-(C1); Cg9: N3-C19-C24-C25-C26-C27-(N3); Cg10: C19-C20-C21-
C22-C23-C24-(C19). Symmetry codes:(v) –x+1, -y+1, -z; (vi): -
x+1/2, y, -z+1/2; (vii) x+1/2, -y+1, z+1/2. 

[Cu
I
(biq)2]ClO4 

Cg(A) Cg(B) Cg(A)…Cg(B) (Å) Cg(A)…perp(B) 
(Å) 

Cg4 Cg18viii 3.6051(3) 3.5448 
Cg6 Cg18ix 3.6814(3) 3.4594 
Cg7 Cg10x 3.7064(3) 3.4915 
Cg9 Cg17xi 3.6579(3) 3.5419 
Cg4: N2-C10-C11-C12-C13-C18-(N2); Cg6: N4-C28-C29-C30-C31-
C36-(N4); Cg7: C1-C2-C3-C4-C5-C6-(C1); Cg9: C19-C20-C21-C22-
C23-C24-(C19); Cg10: C31-C32-C33-C34-C35-C36-(C31); Cg17: 
C37-C38-C39-C40-C41-C42-(C37); Cg18: C49-C50-C51-C52-C53-
C54-(C49). Symmetry codes: (viii) x-1, y, z; (ix): -x+1, y-1/2, z+2; 
(x): -x, y-1/2, z+2; (xi): -x+1, y-1/2. –z+1. 

 

 

Fig. 2 (A) Crystallographic atom labels for compound [CuI(biq)2]ClO4; 
(B) Space-filling packing of compound [CuI(biq)2]ClO4 showing the 
hydrogen-bonded channel.  
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Characterization and stability of solution structures by 
1
H-

NMR spectroscopy: The behaviour of the crystalline samples 

{[CuI(biq)2]ClO4-biq} and [CuI(biq)2]ClO4 was investigated using 

1D and 2D 1H-NMR techniques in solution phase of the com-

plexes using CDCl3 and CD3CN as solvents. The objective was 

the acquisition of structural information in solution with a view 

to evaluating their effect on the of UV-Visible spectroscopy 

and cyclic voltammetry properties. The proton labels were 

based on those already reported in the literature for the biq 

ligand and confirmed by COSY and NOESY.29–32 Figure 3 and 

Fig. S1 provides the numbering of the protons and the 1H 

chemical shifts (δ/ppm) of the ligands in both complexes. A 

summary is in the experimental section and table S3. The 

characteristic proton spectrum of bi-coordinated biq was ob-

served for [CuI(biq)2]ClO4 in CDCl3 showing six aromatic reso-

nances distributed in two doublets [8.95 (H3) and 8.80 ppm 

(H4)] corresponding to the hetero aromatic ring. In addition, a 

spin system formed for the protons of the fused aromatic ring 

appears as two doublets 7.95 (H8) and 7.68 ppm (H5), and two 

triplets 7.48 (H7) and 7.34 ppm (H6), Fig. 3, spectrum B.  

 

The same pattern of proton signals was observed in CD3CN 

where no substitution of the biq by solvent took place in an 

extended time scale (8h) (Fig. S2). In contrast to 

[CuI(biq)2]ClO4, the 1H-NMR spectrum of {[CuI(biq)2]ClO4-biq} in 

CDCl3 exhibits two different signal systems for biq in a 2:1 

integration ratio, spectrum A in Fig. 3. These assignments were 

confirmed by 2D COSY spectra, Fig. S3 and S4. The more in-

tense pattern signals is assigned to the [CuI(biq)2]+ unit in the 

complex, with signals: 8.93 (H3; d), 8.90 ppm (H4; d), for the 

hetero-ring, and 7.98 (H8;  d), 7.68 (H5; d), 7.52 (H7; t) and 7.35 

ppm (H6; t) for the remaining aromatic system. This assign-

ment is in accordance with the high degree of symmetry of the 

two ligands coordinated to Cu(I) in a manner similar to the 

spectra of [CuI(biq)2]ClO4. Relative to this pattern, a second 

pattern of signals appears at higher fields; this belonging to the 

uncoordinated biq unit in the complex {[CuI(biq)2]ClO4-biq}. It 

bears a strong resemblance to the proton spectrum of the free 

biq.  

 

On the basis of the strong similarity among the 1H-NMR spec-

tra of {[CuI(biq)2]ClO4-biq} and the corresponding [CuI(biq)2]+ in 

[CuI(biq)2]ClO4 and biq spectra (A, B, C in Fig. 3, respectively), it 

could be concluded that the {[Cu(biq)2]ClO4-biq} interaction 

observed in the crystal is lost in solution phase. However, the 

pattern of signals of coordinated biq in {[CuI(biq)2]ClO4-biq} is 

slightly displaced towards lower fields relative to the same 

signals in complex [CuI(biq)2]ClO4. Moreover, the 2D NOESY 

spectra reveal the correlation between the protons H3-H3’, H4-

H3’, H8-H5’, H6-H7’ which is only possible if some type of non-

covalent assembly between one unit of [CuI(biq)2]+ and one biq 

is retained in the solution phase, Fig. 4. These NOESY correla-

tions in {[CuI(biq)2]ClO4-biq} can be attributed to a supramo-

lecular interaction that involves π-π stacking in a similar struc-

ture to those observed by X-ray technique, which is sufficiently 

strong to maintain the association even in a wide range of 

concentrations of the complex {[CuI(biq)2]ClO4-biq} in CDCl3. 

These NOESY correlations were observed when low concentra-

tions of biq were added to [CuI(biq)2]ClO4  in accordance with  

a high association constant (Fig. S5). Thus, small changes have 

been observed in the chemical shifts of the biq signals in highly 

diluted CDCl3 solution of complex {[CuI(biq)2]ClO4-biq} (around 

1.36 x 10-5 M), (Fig. 5A). These can be attributed to a dissocia-

tive equilibrium of {[CuI(biq)2]ClO4-biq} to yield [CuI(biq)2]ClO4 

and free biq , i.e., as is shown in eq. 1. This suggests a high 

stability of the non-covalent assembly of {[CuI(biq)2]ClO4-biq} 

in CDCl3 solvent; however, the low sensitivity of NMR tech-

nique does not permit determination of a reliable equilibrium 

constant KD for a dissociative process.  

 
��Cu����	
��ClO� � ��	� ⇄ 	 �Cu����	
��ClO� � ��							  eq. 1 

 

 

Fig. 3 
1H-NMR spectra of (A) complex {[CuI(biq)2]ClO4-biq} (3.5 x 10-3 

M), (B) complex [CuI(biq)2]ClO4 (5.0 x 10-5 M) and (C) biquinoline 
ligand in CDCl3 at 300K. 

 

 

Fig. 4 2D-NOESY interaction spectra of {[CuI(biq)2]ClO4-biq}. All 
measures in CDCl3 at 300K. 

 

Small changes in resonance frequencies were observed with 

concentration increases. When ∆δ is plotted against 

{[CuI(biq)2]ClO4-biq} concentration, the behaviour (Fig. 5B) 

observed suggest the tendency of the complex to form self-

assembled species of higher associations.33,34  

 

The stability of {[CuI(biq)2]ClO4-biq} also was evaluated in the 

coordinating solvent, CD3CN. In contrast to the observations 

made in CDCl3, the 1H-NMR spectrum of {[CuI(biq)2]ClO4-biq} 

shows a unique signal pattern, Fig. S6 (spectrum at 298 K). The 

chemical shifts observed are 8.85 (H3; d), 8.68 (H4; d), 8.04 (H8; 

d), 7.94 (H5; d), 7.59 (H7; t) and 7.54 ppm (H6). 
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Fig. 5. (A) Concentration-dependence 1H-NMR spectra of complex {[CuI(biq)2]ClO4-biq} from 6.97x10-3 M to 5.45x10-5 M  in 

CDCl3 at 300 K. (B) Concentration versus ∆δ for protons of [CuI(biq)2]+ unit (left) and biquinoline ligand (right) in complex 

{[CuI(biq)2]ClO4-biq}. ∆δ=  δi−δ0, where δi correspond to δ observed at any concentration and δ0    correspond to the lowest 

concentration measured. 
 

The lineshapes of some protons are very broad (H4, H5, H6) 

suggesting an intermediate rate for rate for biq exchange rela-

tive to NMR time scale (eq. 2). This observation shows that the 

three biq are chemically equivalent which is evidence for lig-

and exchange in the complex {[CuI(biq)2]ClO4-biq}. At higher 

temperatures, the spectral definition improves in accordance 

with a faster exchange rate, Fig. S6.  
 

��Cu����	
��ClO� � ��	�� ⇄ 	 ��Cu����	
���	�
�ClO� � ��	� eq. 2 

In conclusion, in CDCl3 solvent dissociation of the stacking 

interaction in {[CuI(biq)2]ClO4-biq} occurs at very low concen-

trations, in CD3CN a coordinative exchange between three biq 

exist. This suggests than CD3CN it participates in this exchange 

equilibrium by a combination of solvolysis and ligation.35–41 

However, for [CuI(biq)2]ClO4 the 
1H-NMR spectrum did not 

show spectral evidence of biq substitution by CD3CN.   
 

Electrochemical properties: In order to evaluate whether the 

structural effect caused by non-covalent assembly with the 

additional biq in {[CuI(biq)2]ClO4-biq}, which was revealed by X-

ray crystallography and 1D/2D NMR techniques in CH2Cl2 (see 

above), might influence in the electrochemical and electronic 

properties, we investigated the electrochemical behaviour of 

both complexes {[CuI(biq)2]ClO4-biq} and [CuI(biq)2]ClO4, in 

similar solvents to those that were used in the NMR studies. 

 

A summary of the mid-point potential values: E1/2 = (Epa+Epc)/2 

vs Ag/AgCl for solutions of {[CuI(biq)2]ClO4-biq}, and 

[CuI(biq)2]ClO4 is presented in Table 4. Cyclic voltammograms 

of the complexes in dry CH3CN or CH2Cl2 reveal that mass 

transfer processes are diffusion controlled in both solvents and 

that redox responses are solvent dependent as was observed 

in NMR results. The free ligand, biq in CH3CN, undergoes an 

irreversible, ΔE = 120 mV and Ipc/Ipa ≠1, single reduction step at 

E1/2 = -1.73 V. No oxidation waves for biq were observed within 

the potential window allowed by the solvent. 

 
Table 4. Summary of cyclic voltammetry data, E°1/2 (V) [∆Ep (mV)]. 

 

*Fc+/Fc= 0.47 V vs Ag/AgCl in CH3CN 
*Fc+/Fc= 0.51 V vs Ag/AgCl in CH2Cl2 
*∆E= Epa-Epc 

 

The complex [CuI(biq)2]ClO4, in CH2Cl2 shows three quasi re-

versible redox processes, Fig. 6-C., the Cu(II)/Cu(I) redox pro-

cess occurs at positive potentials. At negative potential, two 

redox couples, each via one-electron, were assigned to 

(biq/biq●-) and (biq●-/biq-2) processes of the coordinated lig-

ands.31 On the other hand, in complex {[CuI(biq)2]ClO4-biq}, the 

presence of the non-covalent interaction appears to disrupt 

this reduction pattern and only one irreversible process is 

observed, Fig. 6-A.  

 

The Cu(II)/Cu(I) oxidation process for {[CuI(biq)2]ClO4-biq}, 

occurs at less positive potential (E1/2 {[CuI(biq)2]ClO4-biq} < E1/2 

[CuI(biq)2]ClO4), this suggests that the presence of π-π stacking 

in {[CuI(biq)2]ClO4-biq}. HOMO destabilization can be explained 

{[CuI(biq)2]ClO4-biq} 

Solvent  
Metal centered 

Cu(II)/Cu(I); ∆E/ V 
Ligand centered; ∆E/ V 

CH2Cl2  0.80; 0.079 -1.4 

ACN  0.79; 0.081 -1.7 

[CuI(biq)2]ClO4 

Solvent  
Metal centered 

Cu(II)/Cu(I)); ∆E/ V 
Ligand centered; ∆E/ V 

CH2Cl2  0.96; 0.099 
-1.1; 0.091 
-1.4; 0.010 

ACN  0.78; 0.072 -1.7; 0.011 
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by an increment in the distortion from the tetrahedral struc-

ture of copper(I) complex,20,42–44 induced by the presence of π-

π stacking between coordinated and non-coordinated biq in 

{[CuI(biq)2]ClO4-biq} adduct. Although both complexes shows 

only small differences in τ4 value (see Crystallographic struc-

ture section), is possible to assume that the tetrahedral distor-

tion is increased in solution.44,45  

 

The diffusion coefficient value for both complexes was calcu-

lated through current (I/ µA) vs square root of scan rate (V1/2/ 

Vs-1) plot for Cu(II)/Cu(I) oxidation process in CH2Cl2 (see ex-

perimental and Fig. 6-B/D). These values were 5.45 x 10-8 

cm2/s for complex {[CuI(biq)2]ClO4-biq} and 4,67 x 10-7 cm2/s 

for complex [CuI(biq)2]ClO4. D2>D1, this is indicative that the 

oxidized complex: {[CuII(biq)2]ClO4-biq}, diffuses slower than 

the oxidized complex [CuII(biq)2]ClO4, can be concluded that 

the non-covalent interaction is retained in {[CuI(biq)2]ClO4-biq}. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6 Cyclic voltammetry of Copper (I) complexes at 50 mV/s (A) 
{[CuI(biq)2]ClO4-biq}  and (C) [CuI(biq)2]ClO4. Cu(II)/Cu(I) couple for 
{[CuI(biq)2]ClO4-biq} (B) and [CuI(biq)2]ClO4 (D) at different scan 
velocity. Insert: ip vs V1/2 in CH2Cl2. 

 

On the other hand, when we studied the complexes in a coor-
dinating solvent such as CH3CN their behaviour is different to 
that observed in CH2Cl2 solvent. The compound [CuI(biq)2]ClO4 
in CH3CN shows multiple redox processes: the same processes 
described in CH2Cl2 and one reduction process and one anodic 
stripping peak (Fig. S9). An adequate interpretation of this 
behaviour is difficult, however, as the results suggest that in 
coordinating solvent such as CH3CN, an equilibrium with the 
heteroleptic intermediary [Cu(biq)(CH3CN)2]+ can be generated 
in low concentration as follows (eq 3).  

 
�Cu����	
��ClO� � 2CH�CN ⇄ 	 �Cu����	
�CH�CN
��ClO� � ��	     eq.3 

From the equilibrium described above (eq. 3), the reduced 

complex [CuI(biq)(biq•-)]0 can undertake a charge rearrange-

ment (and for resulting in the presence of the anodic stripping 

peak). The behaviour is presented in eq. 4-5. The same effect 

would be obtained from intermediary complex (eq. 4). The IR-

SEC experiments showed vibrational changes at (ν/ cm-

1
∼1600), probably assigned to C=C or N=N, suggesting the 

formation of the [CuI(biq)(CH3CN)2]+  specie (Fig. S10).  

 
�Cu����	
��� � ClO�

� � 1�� ⇄	 �Cu����	
���	•�
�� � ClO�
�  eq. 4 

�Cu����	
���	•�
�� � ClO�
� ⇄	Cu� � 2��	 � ClO�

�   eq. 5 

On the other hand, {[CuI(biq)2]ClO4-biq} in CH3CN is different to 

eq. 2 and eq. 4 proposed previously for [CuI(biq)2]ClO4. The 

additional biq appears to disrupt these precesses. Compound 

{[CuI(biq)2]ClO4-biq} in CH3CN shows only two irreversible re-

duction processes at Epa=-1.28 V and Epa=-1.73 V. In the same 

way, the Cu(II)/Cu(I) process values in CH3CN, E1/2 = 0.79 V for 

{[CuI(biq)2]ClO4-biq} and 0.78 V for [CuI(biq)2]ClO4 are similar in 

accordance to equation 2.  

 

As shown above, both complexes are solvent dependent. In 

non-coordinating solvent it is possible to obtain evidence for 

the existence of the adduct {[CuI(biq)2]ClO4-biq} even in a high 

ionic strength environment (0.1M TBAClO4) as used in cyclic 

voltammetry measurements.  

 

UV-Vis spectroscopy: Considering that both complexes have 

different NMR structural and electrochemical behaviour in 

solution and show solvent dependence, we have carried out a 

UV-Vis study in similar conditions to those used in cyclic volt-

ammetry studies (CH2Cl2 and TBAClO4) in order to evaluate 

both the stacking assembly effect and the impact of supporting 

electrolyte on electronic properties of {[CuI(biq)2]ClO4-biq}. A 

very broad MLCT band with a similar spectral profile is ob-

served for both complexes in solution in both the CH2Cl2 and 

CH3CN solvents with λmax values close to 550nm (Fig. 7 and Fig. 

S11 and S12). Thus, no discernible differences between the 

spectra are observed. The molar extinction coefficients values 

(εεεε) for [CuI(biq)2]ClO4 in both solvents used are relatively simi-

lar to each other (Table S4). The ε values of {[CuI(biq)2]ClO4-

biq} are slightly greater than the value exhibited by 

[CuI(biq)2]ClO4 but cannot be determined accurately. On the 

other hand, a good linear regression (R2> 0.99) was obtained 

from absorbance vs concentration plots in all cases (Fig. 7). 

Although this might suggest the presence of only one specie 

absorbing in each case, the similarity in ε values and the pres-

ence of ion pairing effects do not discount contributions of 

species in lower concentrations as the proposed in eq. 1 and 

eq. 3 from both NMR and electrochemical discussion.  

 

However, these data suggest that {[CuI(biq)2]ClO4-biq} is mainly 

retained as non-covalent assembly between one complex unit 

and one biq in non-coordinative solvents, i.e. in CH2Cl2 and 

CHCl3. However, this is not necessarily obvious in the high ionic 

strength as used in the cyclic voltammetry. With a focus on 

clarifying this last point, a plot of absorbance at 549 vs an 

increasing amount of biq added to [CuI(biq)2]ClO4 solution in 

CH2Cl2, in presence of supporting electrolyte was carried out 
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(Fig. 8 and S13 respectively). An initial increase in absorbance 

is observed at low added [biq] reaching a maximum when the 

[CuI(biq)2]ClO4/biq ratio is close to 1:1 (Figure 8B). This pro-

vides further evidence of the tendency toward formation of 

non-covalent adducts predominating in concentration even in 

high ionic strength. 

  

 
Fig. 7 Plot of the absorbance vs concentration for similar range of 
concentrations in CH2Cl2 (black line) and CH3CN (red line) for (A) 
{[CuI(biq)2]ClO4-biq} and (B) [CuI(biq)2]ClO4. (C) UV-Vis spectra of 
{[CuI(biq)2]ClO4-biq} in CH2Cl2 solutions at different concentrations 
(120 μM to 40 μM). 
 

Fig. 8 (A) UV-Vis spectra of MLCT recorded with solutions of 
[CuI(biq)2]ClO4 of  1 x 10-5 M in presence of several biq concentra-
tions in CH2Cl2 solvent with 0.1 M TBAClO4; (B) Plot of the absorb-
ance at 549 nm (MLCT band) vs biq concentration. (i) Correspond to 
initial point, [CuI(biq)2]ClO4 only; (ii) Correspond to 1:1 relation 
between [CuI(biq)2]ClO4 and biq; (iii) Correspond to final point, biq 

excess.  

 

At higher [biq], above the 1:1 molar ratio, the absorption of 

the MLCT decreases. This is attributed to species of greater 

association between {[CuI(biq)2]ClO4-biq} and biq, for example 

{[CuI(biq)2]ClO4-(biq)n}. A tendency toward higher order associ-

ations of this complex was observed in NMR studies in CDCl3 

(see before). To attempt to clarify this behavior, we titrated a 

solution of [CuI(biq)2]ClO4, 1x10-5 M (A solution)  with a mixture 

of {[CuI(biq)2]ClO4-biq}, 1x10-5 M and biq 1x10-4 M (B solution). 

This system always provides an excess of biq in the titrated 

solution. The plot of absorbance vs B solution concentration 

shows that the absorbance at 550 decreases in the same way 

as in the previously experiment, (Fig. S14). 

Experimental 

Materials 

2,2’-biquinoline (biq) from Sigma-Aldrich was used as received. 

Acetonitrile (CH3CN), dichloromethane (CH2Cl2) and chloro-

form (CHCl3) and deuterated solvents were obtained from 

Merck and used as received. CH3CN and CH2Cl2 were specially 

treated for use in electrochemistry studies. 

 
{[Cu

I
(biq)2]ClO4-biq} syntheses  

The precursor of the complexes, [CuI(CH3CN)4]ClO4, was pre-

pared according to literature reports.46 Complex [Cu(biq)2]ClO4 

was prepared following a literature protocol.19 Two types of 

crystals were obtained from a concentrated solution of 

[Cu(biq)2]ClO4 in 1:1 (v:v) CH2Cl2/CH3CN when the solvent was 

slowly evaporated. Small amounts of compound 

{[Cu(biq)2]ClO4-biq} appeared as red colored crystals while 

compound [Cu(biq)2]ClO4 formed as purple colored crystals. To 

obtain pure {[Cu(biq)2]ClO4-biq}, biq was added to a concen-

trated solution of [Cu(biq)2]ClO4 in equivalent quantities (Fig. 

S15).  

 

Complex {[Cu
I
(biq)2]ClO4-biq}, Elemental analyses: Found: 

C=68.33, H= 4.23, N=8.69, Calc. for C54H36ClCuN6O4·H2O: C= 

68.28, H= 4.03, N= 8.85%. Yield: 70%. 1H-NMR δ(CDCl3, 

300K)/ppm: 8.93 (H3; 4H; d; J3-4=8.86 Hz), 8.90 (H4; 4H; d), 7.98 

(H8; 4H; d; J8-7=7.71 Hz), 7.68 (H5; 4H; d; J5-6=7.52Hz), 7.52 (H7; 

4H; t; J7-6=7.41 Hz), 7.35 (H6; 4H; t), 8.85 (H3’; 2H; d; J3’-4’=8.70 

Hz), 8.34 (H4
’; 2H; d), 8.24 (H8’; 2H; d; J8’-7’=8.02 Hz), 7.90 (H5’; 

2H; d; J5’-6’=7.72 Hz), 7.77 (H7’; 2H; t; J7’-6’=7.66 Hz), 7.59 (H6’; 

2H; t). UV-Vis: λmax(CH2Cl2)/nm (ε/dm3 mol-1 cm-1): 549.0 

(5900), 206.5, 225, 258, 337.5, 325, 313, 300(s).  

 

Complex [Cu(biq)2]ClO4, Elemental analyses: Found: C=60.55, 

H= 3.78, N=7.86, Calc. for C36H24ClCuN4O4·(H2O)2: C=60.76, 

H=3.97, N=7.87. Yield: 89.67%. 1H-NMR δ(CDCl3, 300K)/ppm: 

8.95 (H3; 4H; d; J3-4=8.87 Hz), 8.80 (H4; 4H; d), 7.95 (H8; 4H; d; 

J8-7=7.66 Hz), 7.68 (H5; 4H; d; J5-6=7.47 Hz), 7.48 (H7; 4H; t; J7-

6=7.39 Hz), 7.34 (H6; 4H; t). UV-Vis: λmax(CH2Cl2)/nm (ε/dm3 

mol-1 cm-1): 549.0 (4925), 207.5, 259, 285(s), 298.25, 313.5, 

326.5, 338.5, 357.  

 

IR more characteristics frequencies [KBr, (ν/cm-1)]: 610 and 

1095 (ClO4, strong), 1504 (C=N stretching, medium), 1591 (C=C 

stretching, medium) for complex {[CuI(biq)2]ClO4-biq} and 

[Cu(biq)2]ClO4 (Fig. S16). Mass analysis (m/z)= 575.0 for 

[Cu(biq)2]+ in both compounds ({[CuI(biq)2]ClO4-biq} and 

[Cu(biq)2]ClO4) because a very dilute solution is necessary for 

this kind of experiment (Fig. S17). 
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Materials and methods 

NMR spectrometer: 
1H-NMR, 1H-1H 2D-COSY, 1H-1H 2D-NOESY 

spectra were recorded in a Bruker Avance 400 MHz spectrom-

eter (400.133 MHz for 1H) equipped with a 5 mm multinuclear 

broad-band dual probe head, incorporating a z-gradient coil. 

The measurements were carried out in CDCl3 and CD3CN at 

300 K. 1H-NMR-VT experiments were carried out in CD3CN at 

temperatures between 243-345 K.  Chemical shifts (δ/ppm) 

were calibrated with respect to the solvent signal (δ=7.26, 

CDCl3 and 1.94, CD3CN) and reported relative to TMS. UV-

Visible spectroscopy: The UV-Visible spectra were obtained on 

a Shimadzu Multispec 1501 spectrophotometer using quartz 

cells of 1.00 cm of path length in CH2Cl2 and ACN solvents with 

a complex concentration of 1.00 x 10-4 M. Elemental analyses: 

MIDWEST MICROLAB, Indianapolis, United States. Electro-

chemistry: All measurements were carried out using a Basi 

Epsilon potentiostat (Bioanalytical Systems Inc.). The electro-

chemical cell used consists of a glass chamber, provided with 

platinum disk electrode as working electrode, Ag/AgCl as ref-

erence electrode, adequate for organic solvents, and a plati-

num wire as auxiliary electrode. The supporting electrolyte 

tetrabutylammonium perchlorate, (TBA)ClO4, was dried for 24 

h. under vaccum before it was incorporated in the solutions. 

The working electrode was cleaned with polishing diamond 1.0 

µM and polishing alumina 0.1 µM and then rinsed with water 

and methanol. The cyclic voltammetry measurements were 

performed at room temperature under N2, using solutions 

containing concentrations 1 mM of the complexes and 0.1M 

(TBA)ClO4 in either dry ACN or CH2Cl2.47–49 The electroactive 

area of the working electrode was calculated from the absorp-

tion of hydrogen in the platinum electrode when immersed in 

0.5 M H2SO4.50  The calculated experimental area was 0.10 cm2 

and the geometric area is 0.126 cm2. The diffusion coefficients 

of the complexes were calculated with the Randles-Sevcik 

equation51: 	Ip = �2.69x10(
n
�

�* AD
-

�* cV
-

�*  where: Ip = cur-

rent for the process, n= number of electrons transferred, A = 

electrode electroactive area, D = diffusion coefficient, c = con-

centration of compound, V= scan velocity. X-Ray crystallog-

raphy: Arbitrary spheres of data were collected on a red block-

like crystal for (1) and orange plate-like crystal for (2), having 

respective dimensions of 0.238 × 0.142 × 0.110 mm (1) and 

0.496 × 0.236 × 0.215 mm (2), on a Bruker Kappa X8-APEX-II 

diffractometer using a combination of ω- and φ-scans of 0.5°.52 

Data were corrected for absorption and polarization effects 

and analysed for space group determination. The structure 

was solved by intrinsic phasing methods and expanded rou-

tinely.53 The model was refined by full-matrix least-squares 

analysis of F2 against all reflections.54 All non-hydrogen atoms 

were refined with anisotropic atomic displacement parame-

ters. Unless otherwise noted, hydrogen atoms were included 

in calculated positions. Atomic displacement parameters for 

the hydrogens were tied to the equivalent isotropic displace-

ment parameter of the atom to which they are bonded (Uiso(H) 

= 1.5Ueq(C) for methyl, 1.2Ueq(C) for all others). A summary for 

both crystals data is presented in table S1. 

Conclusions 

Two complexes of Cu(I) were obtained by using two stoichio-

metric Cu(I):biq ratios, 1:2 and 1:3, in their synthesis. The first, 

[CuI(biq)2]ClO4, corresponds to a classic homoleptic complex 

while the second, {[CuI(biq)2]ClO4-biq}, is a supramolecular 

compound. The stability of the supramolecular assembly is 

provided by a π-π stacking interaction of an uncoordinated biq 

with a coordinated biq ligand. Solution behaviour of both 

complexes is strongly solvent dependent. In the coordinating 

solvent CH3CN, dissociation of a biq ligand is observed and 

rapid ligand exchange is noted by NMR and coherently, not 

influence the HOMO energy. In non-coordinating solvents such 

as CH3Cl and CH2Cl2, there is evidence for a π-stacking interac-

tion similar to the one found in the solid state. This supramo-

lecular assembly in {[CuI(biq)2]ClO4-biq}, induces conforma-

tional rearrangement around metal centre destabilizes the 

HOMO relative to the homoleptic complex. Such non-covalent 

interactions open newly expectations to the design of Cu (I) 

compounds with unusual and improved properties.  
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