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Abstract 

The incorporation of a redox-active nickel salen complex into supramolecular 

structures was explored via coordination-driven self-assembly with homobimetallic 

ruthenium complexes (bridged by oxalato or 5,8-dihydroxy-1,4-naphthoquinato ligands). 

The self-assembly resulted in the formation of a discrete rectangle using the oxalato 

complex and either a rectangle or a catenane employing the larger naphthoquinonato 

complex. The formation of the interlocked self-assembly was determined to be solvent 

and concentration dependent. The electronic structure and stability of the oxidized 

metallacycles was probed using electrochemical experiments, UV-Vis-NIR absorption, 

EPR spectroscopy and DFT calculations, confirming ligand radical formation. Exciton 

coupling of the intense near-infrared (NIR) ligand radical intervalence charge transfer 

(IVCT) bands provided further confirmation of the geometric and electronic structures in 

solution.   

Introduction 

Coordination controlled self-assembly of two-dimensional and three-dimensional 

structures has become one of the leading research areas in the field of supramolecular 

chemistry.[1,2,3,4,5,6,7,8,9,10] They are generally constructed from a metal complex and a ligand 

(or metalloligand) that can self-assemble into structural arrangements of diverse geometry 

and magnitude.[7,11,12,13,14,15,16,17,18,19,20,21] The energetic intermediacy of coordination bonds 
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(compared to covalent and weak non-covalent bonds) allows for reversibility and 

modulation of the self-assembly kinetics through the rigidity of the acceptors and donors 

to achieve a thermodynamic minimum.[2,22] Over the last two decades, interlocked 

systems, in particular catenanes,[23,24] rotaxanes,[23,25,26] Salomon links,[27,28,29,30,31,32] 

knots,[12,33,34] and Borromean rings[7,15,32,35,36,37,38] have received significant attention due to 

their intriguing structural arrangement and potential application as molecular machines 

and smart materials.[39,40]  

A large number of these structures are constructed from arene-linked Ru, Rh and 

Ir metallacycles. In particular, homobimetallic (6-arene)ruthenium complexes for which 

two coordinating sites are parallel and bridged by O,O-chelating oxalato, 2,5-dihydroxy-

1,4-benzoquinato, 5,8-dihydroxy-1,4-naphthoquinato, and 6,11-dihydroxy-5,12-

tetracenedionato ligands, have been studied in depth by the groups of Therrien,[41,42,43,44,45] 

Chi,[33,46,47,48,49,50,51] Stang[52,53,54] and Jin[15,24,40,55] for example. Their easily tunable Metal–

Metal distance makes these complexes ideal candidates for template-driven self-

assembly of interlocked structures.[31,46,52,56] 

In addition to having potential applications as smart materials, nanoscale devices, 

and molecular machines,[7] interlocked metallacyclic assemblies can display 

photophysical properties that may find applications in display technologies and 

photovoltaics.[57] Specifically, near-infrared (NIR) absorbing materials have optical and 

electronic applications[57] that have even been used in biomedical research.[58] Utilizing 

salen-type ligands (salen = N2O2 bis(Schiff-base)-bis(phenolate)) in the supramolecular 

self-assemblies introduces mixed-valence species upon oxidation that can exhibit low 

energy ligand radical intervalence charge transfer (IVCT) bands in the NIR.[59,60,61,62,63] 

Metal complexes with redox-active ligands as part of the supramolecular assemblies and 

frameworks provide an opportunity for reactivity tuning and development of materials 

applications.[64,65,66,67,68,69] 

Over five decades ago, Kasha described the relationship between molecular 

packing and photophysical properties in terms of spectral shifts, which are based on the 

alignment of transition moment dipoles and exciton coupling.[70,71] For instance, an in 

phase transition moment dipole alignment in a cofacial manner results in a blue-shifted 

absorption with doubled intensity in comparison to the monomer (Figure 1a). However, 

when this alignment is not planar, the interaction is evaluated based on the angle between 
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these transition moment dipoles (Figure 1b). Hence, the exciton model is useful in 

describing the resonance interaction between weakly coupled excited states. Our group 

has recently reported on a series of dimers with different orientations of the oxidized Ni 

salen ligand radical chromophores.[59,63] For example, a cofacial alignment in a Ni salen 

dimer showing a Ni…Ni distance of 3.98 Å in the neutral form results in a blue-shifted IVCT 

band of double intensity upon oxidation with respect to the oxidized monomeric 

analogue.[59] However, a Pd macrocycle containing four Ni salen units arranged into a 

square showed no exciton effect upon oxidation, due to the extended distance and 90 

angle between the salen units.[72]  

 

Figure 1. a) Planar and b) non-planar exciton models exhibiting band shifting and splitting 
for excited states in a planar orientation to one another (black arrows represent transition 
moment dipoles;[70,71] solid and dashed red arrows represent allowed and forbidden 
transitions, respectively).  
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Aside from our recent report on the coordination-driven self-assembly of the 

metallacycle containing Ni(Salen)pPy as a linker,[72] and characterization of its redox 

properties, the use of salen complexes in self-assembly is limited,[73,74,75] and the redox 

chemistry of the assembled macrocycles is virtually unexplored.[72] In this work, we outline 

the coordination-driven self-assembly of the redox-active metalloligand, Ni(Salen)pPy (1) 

with two bimetallic Ru complexes, bis-Ru(ox) (2a) and bis-Ru(naphtho) (2b) (Scheme 1). 

The two Ru complexes were chosen based on their Ru–Ru distances (5.5 Å vs. 8.3 Å), 

allowing for the self-assembly of these metallacycles to result in arrangements with 

varying salen-salen distances. Each assembly was characterized in the solid state and 

solution, and depending on the conditions, an interlocked assembly was determined to 

form when utilizing the larger bis-Ru(naphtho) acceptor. Macrocycle oxidation resulted in 

salen ligand radical formation with shifts in the associated near-infrared (NIR) intervalence 

charge transfer (IVCT) bands in comparison to the monomer analogue consistent with 

exciton coupling and maintenance of the macrocyclic structure in solution upon oxidation.    

Results and Discussion 

Synthesis and Characterization 

The preparation of the linear ditopic metalloligand Ni(Salen)pPy (1) has been 

previously reported,[72] and the homobimetallic Ru pillars, 2a and 2b were synthesized 

according to previously described reports (See SI).[76,77] The assembly of metallacycles 

(3a and (3b)2) was achieved by reacting equimolar amounts of the ditopic metalloligand 

(1) and a ditopic pillar (2a or 2b) in nitromethane at 60C (C = 4.0 mM and 2.0 mM, 

respectively), as outlined in Scheme 1 (See Supporting Information for synthesis details). 

Conversion from (3b)2 to 3b can be achieved through the dilution of a methanol solution 

(< 0.1 mM) or solubilizing (3b)2 in dimethyl sulfoxide/dichloromethane (1:1) solvent mixture 

(vide infra). Alternatively, 3b can be produced from a dimethyl sulfoxide solution. 

The synthesis and isolation of  monomeric analogue 4 (Scheme 1) was necessary 

to better characterize and compare the redox properties of 1 to its macrocyclic 

counterparts as we have previously reported that oxidation of 1 results in intermolecular 

interaction of the terminal pyridyl groups with the Lewis acidic Ni centre.[72] The [Ru(en)(p-

cym)OTf][OTf] (p-cym = p-cymene) complex was used as a node to cap the coordinating 

pyridyl moieties, and was synthesized in two steps (See SI).[76,78,79] 
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Scheme 1. Self-assembly of metallacycles 3a, (3b)2 and 3b and monomer analogue 4. 

 

The self-assembly of 3a and (3b)2 was confirmed via Electrospray Ionization – 

Fourier Transform Ion Cyclotron Resonance (ESI-FTICR) mass spectrometry to 

unambiguously support the formation of the monomeric (M2L2, where M = 2a and L = 1) 

self-assembly 3a and a dimeric or interlocked (M4L4, where M = 2b and L = 1) self-

assembly (3b)2. Characteristic multicharged peaks for 3a at m/z = 602.14, 852.49, and 

1353.20, correspond to [3a–4(OTf-)]4+, [3a–3(OTf-)]3+, [3a–2(OTf-)]2+, respectively (Figure 

S1). Similarly, multicharged peaks for (3b)2 at m/z = 1132.82, 1453.25 and 1987.37 

correspond to [(3b)2–5(OTf-)]5+, [(3b)2–4(OTf-)]4+, and [(3b)2–3(OTf-)]3+, respectively 

(Figure S2). The peaks at m/z = 652.16, 919.18, and 1453.25 are attributed to the 

presence of 3b as [3b–4(OTf-)]4+, [3b–3(OTf-)]3+, and [3b–2(OTf-)]2+, respectively, 

highlighting the lability of interlocked (3b)2 in the gas phase.  

Single crystals of 3a and (3b)2 were obtained from slow diffusion of diisopropyl 

ether (3a) or diethyl ether ((3b)2) into a concentrated solution in methanol/nitromethane 

(1:1) at room temperature. The solid-state structure of the metallacycle 3a (Figure 2a, 

Tables S1-S2), confirms the M2L2 assembly. The Ni salen units are staggered, with a 

Ni…Ni distance of 3.84 Å. The Ni…Ni separation in 3a is significantly shorter in comparison 

to the 5.48 Å distance between the Ru centers in the pillar, and could be due to a crystal 

packing effect, and/or - stacking of the salen units.[7,80] The crystal structure of 

metallacycle (3b)2 (Figure 2b, Table S1) further supports that two M2L2 assemblies are 

interlocked to form a [2]catenane as M4L4. Each Ni salen unit is separated by ~4.4-4.9 Å 

with a twist of ca. 50º between each M2L2 assembly (Figure 2b). Ni salen units belonging 

to each individual M2L2 assembly are stacked (i.e., tBu groups oriented in the same 
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direction), in contrast to 3a. This orientation aids in minimizing steric interactions in the 

[2]catenane, as each adjacent salen unit is staggered, with an alternate orientation of tBu 

groups. In both solid-state structures, the coordination sphere at the Ni centre closely 

resembles that of the Ni(Salen)pPy complex (1)[72] with a slightly distorted square planar 

geometry at the metal centre.  

 

Figure 2. X-Ray crystal structures of metallaring 3a (a) and interlocked structure (3b)2 (b). 

Hydrogen atoms and counterions are excluded for clarity. 

 

The initial self-assembly of the metallacycles in solution was monitored by 1H NMR 

spectroscopy. The synthesis of 3a and (3b)2 was achieved in CH3NO2 (at 4.0 and 2.0 mM, 

respectively) through pyridyl group coordination of 1 to the Ru(II) centres of the pillars 2a 

and 2b, respectively. 1H NMR spectra of 3a in CD3NO2 (Figure 3a, S5 and S6) confirm a 

M2L2-type assembly and the formation of the rectangular metallacycle. An upfield shift of 

the -pyridinyl and -pyridinyl protons from 8.52 and 7.58 ppm in 1 to 7.87 and 7.44 ppm 

in 3a, respectively, is due to the increased shielding from the adjacent -electron-rich Ni 

salen unit.[31,81] The characteristic set of doublets for the p-cymene moiety were observed 

at 5.69 and 5.86 ppm in 3a, shifted downfield slightly compared to 2a (5.69 and 5.81 

ppm).[31] To confirm a discrete assembly of the metallacycle and estimate its hydrodynamic 
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radius, Rh, Diffusion-Oriented Spectroscopy (DOSY) was used. 1H DOSY NMR of 3a in 

nitromethane (Figure 3a) shows a single alignment of signals with a diffusion rate of DNMR 

= 3.50 × 10-10 m2 s-1 in comparison to 1 (DNMR = 1.38 × 10-9 m2 s-1)[72], confirming that only 

one discrete self-assembled structure exists in solution. Using the diffusion coefficient 

determined in the 1H DOSY NMR experiment and the Stokes-Einstein equation[82] the 

hydrodynamic radius for 3a was calculated to be 10.4 Å in nitromethane (see Table S3 

and description for the calculated value).  
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Figure 3. 1H NMR with corresponding 1H DOSY NMR of a) 3a (4 mM) in CD3NO2; b) (3b)2 
(4 mM) in CD3NO2, (*) Solvents: CH3NO2 (4.33 ppm) and H2O (2.06 ppm); c) 3b (2 mM) 
in CD2Cl2/DMSO-d6 (1:1), (*) Solvents: CH2Cl2 (5.55 ppm), H2O (3.22 ppm) and DMSO 
(2.50 ppm).  

Characterizing the self-assembly process of ligand 1 with complex 2b in solution 

is more complicated considering the possible interlocked nature of the resulting 

compound. The size of the bis-Ru(naphtho) acceptor (2b, Ru…Ru: 8.3 Å) governs the 

possible topologies involved in coordination-driven self-assembly, leading to the formation 

of a M2L2 rectangle (3b) or to the interlocking of the M2L2 fragments into a [2]catenane 

(3b)2, as observed in the solid-state. The 1H NMR spectrum of (3b)2 in nitromethane-d3 at 

4 mM (Figure 3b) presents a complex set of signals, suggesting the formation of a 

[2]catenane, or a mixture of species. However, a single alignment of the signals is 

observed in the 1H DOSY NMR spectrum, which supports a discrete self-assembly with 

DNMR = 2.41 × 10-10 m2 s-1, and which equates to a Rh value of 14.9 Å (see Table S3). In 

addition to nitromethane-d3, self-assembly to the [2]catenane (3b)2 also occurs in CD2Cl2 

(See SI – Figure S14 for 1H DOSY NMR spectra). The hydrodynamic radii for (3b)2, in the 

above-mentioned solvents, were calculated from the diffusion coefficients using the 

Stokes-Einstein equation[82] (Table S3), and as expected from their respective geometry, 

the Rh values for 3a (10.4 Å) are smaller in comparison to (3b)2, (14.6-14.9 Å).  

Interestingly, under dilute conditions in CH3OH (<0.1 mM) the coordination-driven 

self-assembly of 1 and 2b, results in the majority formation of 3b – an M2L2 rectangular 

metallacycle. Conversion of (3b)2 into 3b with dilution is reversible upon re-concentration 

(Figure S15). This behavior is also supported by a concentration-dependent ESI-FTICR 

mass spectrometry study on (3b)2 which shows conversion to 3b upon dilution of the 

CH3OH solution from 1 mM to 0.02 mM (Figure S3). Both solvent and concentration have 

been reported previously to have an effect on the formation of interlocked assemblies with 

p-cymene bis-Ru acceptors.[31,36,80,83,84] Conversion of (3b)2 to 3b also occurs upon dilution 

of a CD3NO2 solution (Figure S16), and addition of DMSO-d6 into a CD2Cl2 solution of 

(3b)2 (Figure S18). However, interlocked (3b)2 remains intact upon dilution of a CD2Cl2 

solution from 2.5 - 0.05 mM (Figure S19). The 1H NMR spectrum assignment for 3b in 

CD2Cl2/DMSO-d6 (1:1) at C = 2.5 mM together with the DOSY NMR spectrum is shown in 

Figure 3c, which indicates a single alignment of signals. A DOSY experiment was 

completed under conditions where both (3b)2 and 3b are present (0.5 mM in CD3NO2) in 

order to compare the associated diffusion rate and Rh values (Figure S17). A diffusion rate 
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of DNMR = 2.41 × 10-10 m2 s-1 was determined for (3b)2 and DNMR = 2.79 × 10-10 m2 s-1 for 

3b, corresponding to Rh values of 14.9 Å and 12.8 Å, respectively (Table S3). Thus, the 

DOSY results show the expected decrease in the Rh for 3b in comparison to interlocked 

(3b)2.      

 

Electrochemistry 

The electrochemical properties of metalla-structures 3a and (3b)2 were 

investigated in CH2Cl2 via cyclic voltammetry (CV) and differential pulse voltammetry 

(DPV), and were compared to their constituent components 2a, 2b, and ligand 1 as well 

as reference compound 4 (Table 1). While Ni salen derivatives usually exhibit reversible 

ligand-based redox processes, ligand 1 undergoes an irreversible oxidation at 0.88 V 

(Figure S28), due to intermolecular interaction between the oxidized molecule and the 

pyridyl substituents from additional Ni salen units via axial coordination, resulting in 

structural rearrangement and Ni(III) formation (vide infra).[72] Complex 4 can be considered 

as the monomer analogue of 3a and (3b)2 in which the pyridines are capped with Ru(en)(p-

cym) (en = ethylenediamine) nodes to prevent intermolecular interactions upon oxidation 

and thus compare to the redox events for the Ni salen unit in the metallacycles, 3a and 

(3b)2. The CV of 4 shows two quasi-reversible one-electron redox processes (Figure 

S29a), at 0.74 V and 1.20 V vs. Fc+/Fc (as determined by DPV). These redox potentials 

are in agreement with a previously reported Ni(Salen)CF3 complex containing a para-CF3 

substituent of a similar electron-withdrawing ability and matching Hammett constant to 

para-pyridyl.[85] 

Table 1. Redox potentials for 1, 2b, 3a, and (3b)2 vs. Fc+/Fca (1.0 mM (1), 0.5 mM (2b, 
3a, 4), 0.25 mM ((3b)2), 0.1 M nBu4PF6, scan rate 100 mV s−1, CH2Cl2, 298 K). 

Compound 1E1/2 (V) 2E1/2 (V) 3E1/2 (V) 4E1/2 (V) 

Ni(Salen)pPy (1) - - 0.88[b] - 
4[c] - - 0.74 (85) 1.20[d] 
3a - - 0.85 (140) - 
2b[e] - - 0.25[f] 0.62[f] 
2b + pyridine[e] -1.31 (170) -0.90 (160) 0.85[f] - 
(3b)2 -1.34 (180) -0.87 (160) 0.82 (160) 1.24 (160) 

aPeak-to-peak differences in brackets (|Epa-Epc| in mV). Peak-to-peak difference for the Fc+/Fc couple at 298 K is 200 
mV (1); 115 mV (4), 220 mV (2b), 160 mV (3a); 150 mV ((3b)2); bIrreversible, see Figure S28; cin CH2Cl2/CH3NO2 (9:1); 
ddetermined by DPV; e0.1 M nBu4ClO4, see Figure S31b; fEpa only. Note that 2a does not show any redox processes in 
the electrochemical window. 
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Cyclic voltammetry of 3a (Figure 4a) reveals only a single quasi-reversible redox 

process (E1/2 = 0.85 V vs. Fc+/Fc) that is characterized as a one-electron oxidation of each 

salen unit (overall a two-electron process), as determined by the chemical oxidation 

experiments (vide infra). The low solubility of this metallacycle in CH2Cl2 precludes using 

scan-rate dependence measurements (Figure S30a) to approximate the number of 

electrons transferred. Additionally, by running CV of 3a in CH3NO2 two one-electron 

processes of each salen are observed with the small difference in potentials indicating 

little interaction of these redox processes (Figure S30b). In order to rule out bis-Ru pillar 

(2a moiety) participation in the oxidation events, the CV of 2a alone and with excess 

pyridine (Figure S31a) revealed no redox processes in the range of the couple for 3a, 

supporting the previous assignment. The pyridine-ligated 2a was studied to mimic the Ru 

coordination sphere in the metallacycle 3a.  

 In contrast to 3a, the CV of (3b)2 in CH2Cl2 shows four separate redox events 

(Figure 4b): two quasi-reversible reductions (-1.34 V and -0.87 V) and two quasi-reversible 

oxidations (0.82 V and 1.24 V). The concentration-dependence of the 1H NMR spectrum 

for (3b)2 was investigated in CD2Cl2 showing that the catenane does not dissociate in the 

concentration range 2.5 – 0.05 mM (Figure S19). It should be noted that the peak shape 

of the redox process at 3E1/2 = 0.82 V suggests overlapped couples (see Figure S32 for 

DPV). Structurally, (3b)2 is composed of four Ni salen units and four bis-Ru pillars. The 

first oxidation process (3E1/2) was determined to be an eight-electron transfer, based on 

the chemical oxidation experiments. Peak height comparison of each redox process 

(Figure 4b), shows that each reduction (-1.34 and -0.87 V) is a four-electron process, 

which is in agreement with two sets of four Ru(II) to Ru(I) reductions.[86] To further assign 

the identity of the first oxidation event, the CV of 2b was collected alone and with excess 

pyridine (Figure S31b). Two oxidation processes at much lower potentials of 0.25 V and 

0.62 V were observed for 2b, however, addition of excess pyridine shifted the oxidation to 

0.85 V, matching that of (3b)2. We assign the oxidation event for the pyridine adduct of 2b 

to the naphthoquinonato moiety (see calculation section), with the shift to higher potential 

in comparison to 2b due to the 2+ charge of the pyridine adduct. We therefore conclude 

that the redox process at 0.82 V for (3b)2 can be assigned to four one-electron oxidations 

of each salen unit and four additional one-electron oxidations of each bis-Ru pillar.   
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Figure 4. Cyclic voltammogram of a) 3a (0.50 mM, 100 mV s-1), b) (3b)2 (0.25 mM, 100 
mV s-1), Conditions: 0.1 M nBu4PF6 in CH2Cl2 at 298 K. 

 

Electron Paramagnetic Resonance Spectroscopy 

Room temperature X-band EPR measurements were used to further characterize 

the electronic structure of the oxidized systems, 3a and (3b)2, via chemical oxidation using 

an aminium radical oxidant, [N(C6H3Br2)3]•+[SbF6]− (E1/2 = 1.14 V vs. Fc+/Fc).[87] It is worth 

mentioning that [1]+ was characterized via EPR at 100 K in CH2Cl2, and showed an 

isotropic signal (gave = 2.141) confirming the formation of a Ni(III) species upon 

intermolecular coordination of p-pyridyl groups (vide infra).[72] Solution EPR measurement 

of [3a]2•+ in CH2Cl2 (Figure S33) reveals a ligand radical signal at giso = 2.065, with a 

deviation of the g value from the free electron value (ge = 2.0023) due to the metal 

contribution to the SOMO.[85,88] The low intensity of the signal is due to the limited solubility 

of 3a and [3a]2•+ in CH2Cl2, compounded with the slow decay of [3a]2•+ in solution. A sample 

of 2a in the presence of the aminium oxidant was evaluated via EPR spectroscopy as well 

(Figure S36, inset). As confirmed by chemical oxidation experiments (vide infra), no 

oxidation of 2a was observed, instead, the EPR spectrum shows a signal due to the 

oxidant ([N(C6H3Br2)3]•+[SbF6]−) with a g value of 2.007, matching the previously published 

report.[89] This evidence further supports only salen ligand oxidation in [3a]2•+.  
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In contrast to 2a, solution EPR measurement of the oxidized bis-Ru(naphtho) 

complex, [2b]+, shows features consistent with ligand radical formation with a gave value of 

2.007 and g = 0.085 (Figure 5a, Table 2). Only a slight deviation from the free electron 

ge value indicates a dominant organic radical character. Similar bis-Ru complexes bridged 

by the naphthazarin ligand were reported to form Ru(II)-semiquinone radical complexes 

with giso values of ca. 2.003 and exhibiting small g-anisotropy (g = 0.058-0.064).[90,91] Ru-

based oxidation is expected to lead to much larger g-anisotropy (i.e., broader signals).[92] 

Furthermore, the solution spectrum of [2b]+ displays hyperfine coupling that was simulated 

in the fast-motion regime to four 1H nuclear spins (I = 1/2);99/101Ru contribution was not 

included in the simulation as no satellite hyperfine coupling is observed in the spectrum 

(99/101Ru: 12.7% and 17.0% abundance, respectively; I = 5/2).[93] Finally, the electronic 

structure of the interlocked metallacycle [(3b)2]8+ was analyzed to evaluate the locus of 

oxidation. Solution EPR measurement of [(3b)2]8+ in CH2Cl2 (Figure 5b, black) reveals a 

complex spectrum, which displays a combination of spectral features from two 

components: representing the oxidation of the salen unit (component 1, gave = 2.025) and 

the bis-Ru pillar (component 2, gave = 2.001) in a simulation shown in Figure 5b (red).[72] 

The EPR spectrum of [4]+ (see Figure S34) represents the oxidation of the salen unit (gave 

= 2.051) and the gave value calculated for component 2 is in agreement with ligand-based 

oxidation, similar to [2b]+. The deviation of the g values for [4]+ and component 1 from the 

free electron ge value is once again due to the metal (i.e., Ni) contribution to the 

SOMO.[85,88] However, metallacycle assembly slightly shifts the g value for the component 

radicals in comparison to the monomer counterparts ([4]+ and [2b]+) potentially due to the 

sterics of the metallacycle. This suggests that ligands from the four Ni salen units and four 

bis-Ru pillars comprising the metallacycle are oxidized, forming [(3b)2]8•+.  
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Figure 5. a) EPR of [2b]+ (2.8 mM, black solid line) in CH2Cl2 at 298 K (gave = 2.007, 
simulation: red solid line); b) EPR of [(3b)2]8+ (0.5 mM, black solid line) in CH2Cl2 at 298 K 
(component 1: gave = 2.025 (red dashed line), component 2: gave = 2.001 (red dashed line), 
simulation sum (red solid line)); Conditions: frequency = 9.86 GHz, power = 2.0 mW, 
modulation frequency = 100 kHz, modulation amplitude = 0.1 mT. 

 

Table 2. X-Band EPR simulation parameters for [4]+, [2b]+ and [(3b)2]8•+. 

Complex Components g1 g2 g3 gave AH1 [MHz] 

[4]+ a,b - 2.062 2.049 2.041 2.051 - 

[2b]+ c - 2.054 1.999 1.969 2.008 
156, 67,  
28, 13 

[(3b)2]8+ d 1 2.092 1.997 1.986 2.025 - 

[(3b)2]8+ e 2 2.051 1.965 1.986 2.001 
136, 71, 
64, 43 

aSee Figure S34 for experimental data; line-broadening parameters (lwpp): b[0.74 3.70], c[0.1 0.05], d [0.5 4.5], e [0.001 
0.001]; 

 

Electronic Spectroscopy 

Chemical oxidation of 1 using the aminium radical oxidant, [N(C6H3Br2)3]•+[SbF6]− 

(E1/2 = 1.14 V vs. Fc+/Fc)[87] in dichloromethane at room temperature (Figure S35a) results 
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in no NIR transitions, with the only band at 20,000 cm-1 indicative of metal-based oxidation 

to form a NiIII complex, further evidenced by EPR analysis (vide supra: gave = 2.141).[72] 

Therefore, 4 was designed to have terminal pyridine groups capped by the Ru complex 

([Ru(en)(p-cym)OTf][OTf]) in order to efficiently characterize and compare the electronic 

structure of the oxidized metallacycles to a monomeric analogue. The electronic spectrum 

of [4]•+ shows the evolution of two broad low energy bands at 8,800 and 4,400 cm-1 (Figure 

S35b), the energy of the NIR bands is in agreement with ligand-based oxidation, matching 

the previously characterized ligand radical IVCT bands for [Ni(Salen)CF3]•+ and 

[Ni(Salen)pPy]•+ units in a Pd-containing square.[72,85] 

Table 3. Spectroscopic properties of [4]•+, [3a]2•+ and [(3b)2]8•+. 

Metallacycle 
max [cm-1] 

( [M-1 cm-1]) 

max [cm-1] 

( [M-1 cm-1]) 
1/2 (Experimental) HTL (Calculated)a 

[4]•+ 8,800 (2,000) 4,400 (5,000) 750 3,150 

[3a]2•+ 8,800 (8,500) 4,800 (18,000) 1,000 3,300 

[(3b)2]8•+ 8,800 (37,000) 4,600 (66,000) 1,000 3,250 
a  ∆𝜈𝐻𝑇𝐿 =  √16𝑙𝑛2𝑅𝑇𝜈𝑚𝑎𝑥  . Where HTL = peak width at half height for the high temperature limit (in cm-1), R = 

gas constant (8.3145 J K-1 mol-1), T = temperature (in K), max = energy of the band (in cm-1). 
 

Chemical oxidation of 3a in CH2Cl2 at room temperature (Figure 6a) results in the 

formation of intense slightly broadened bands (see Table 3) in the NIR region, indicative 

of salen ligand radical formation. An equimolar addition of the aminium oxidant to 2a, 

results in no reaction as evidenced by UV-vis-NIR and EPR (Figure S36, confirmed by 

EPR, vide supra).[89] This further supports that only the two salen units are oxidized in 3a 

to form [3a]2•+. 

Oxidation of (3b)2 (Figure 6b) with eight equivalents of oxidant also results in the 

formation of intense and broad NIR bands at 4,600 and 8,800 cm-1 (Table 3), with a 

shoulder peak at ca. 11,000 cm-1. In order to assign the loci of oxidation in [(3b)2]8+, 

oxidation of 2b was investigated as well. Spectral analysis of 2b reveals two bands at 

14,500 and 16,000 cm-1 (Figure S37, black spectrum), indicative of intra/intermolecular 

→* transitions mixed with metal-to-ligand charge transfer (MLCT) transitions.[46,94] 

These bands are also present in the neutral and oxidized forms of (3b)2. An oxidation 

titration with one equivalent of the oxidant results in three isosbestic points (14,000, 17,000 

and 20,500 cm-1) and formation of [2b]+ (see Figure S37, red spectrum). A new band at 

11,000 cm-1 is assigned as an intra-ligand transition of the ligand radical, corroborated by 
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a literature example of an organometallic bis-Ru complex bridged by anthrasemiquinone, 

resembling similar spectral features pre- and post-oxidation.[91] Furthermore, DFT 

calculations on [2b]+ reveal delocalization of the unpaired electron across the 

naphthazarin ligand scaffold, and TD-DFT calculations predict a number of transitions of 

high intensity in the energy range of the new band at 11,000 cm-1 (Figure S37, green bars 

and inset). Combined with EPR analysis (vide supra), ligand-based oxidation is observed 

in 2b, leading to the formation of [2b]•+. This further supports that oxidation of 3b is fully 

ligand-based, and each salen and pillar unit is oxidized in [(3b)2]8+.  

 

Figure 6. a) Electronic spectra of chemical oxidation of 3a (0.01 mM, black) to [3a]2•+ (red), 
Inset: lowest energy NIR band; b) Electronic spectra of chemical oxidation of (3b)2 (0.1 

mM, black) to [(3b)2]8•+ (red), Inset: lowest energy NIR band; Conditions: in CH2Cl2, at 298 

K, titrated with 16 mM (3a) and 19 mM ((3b)2) [N(C6H3Br2)3]•+[SbF6]− as oxidant. Grey 
spectra represent aliquot additions of the oxidant. Solvent peaks were removed for clarity 
(5,800-6,000 cm-1). 

The reversibility of the oxidation and the stability of the oxidized species were 

investigated through stepwise in situ reduction and re-oxidation (Figure S38). [3a]2•+ and 

[(3b)2]8•+ were reduced with two and eight molar equivalents of decamethylferrocene 

(FeCp*2; E1/2 = -0.48 V in dichloromethane[87]), respectively, returning to the original 

spectra (Figure S38, black dashed lines).   The samples of [3a]2•+ and [(3b)2]8•+ were 

regenerated after re-oxidation with 90% and 70% recovery, respectively, as determined 

by the intensity of the lowest energy bands (Figure S38, insets).   
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Characterization of the energy, intensity, and shape of the NIR bands can inform 

the assignment of the degree of localization in the mixed-valence systems. Class III 

delocalized systems display sharp (1/2  2,000 cm-1) and intense (  5,000 M-1 cm-1) 

IVCT bands that are solvent independent.[95] The Hush equation[95,96,97] was used to 

evaluate the lowest energy NIR bands for [4]•+, [3a]2•+, and [(3b)2]8•+ (see Table 3). The 

experimental 1/2 values fall under the minimum bandwidth predicted for the high-

temperature limit (HTL), designating the oxidized complexes as Class III delocalized 

systems. This in turn matches previously characterized [Ni(Salen)R]•+ (where R = tBu and 

CF3) complexes that also displayed experimental 1/2 values 30% lower than HTL.[85,98] 

The intensity of the low energy bands for [(3b)2]8•+ are comparable with the 

previously reported square metallacycle, also containing four oxidized salen units.[72] The 

difference in the intensities of the NIR bands for [4]•+ and [3a]2•+ is likely due to their limited 

solubility in CH2Cl2. It should be noted that 10 % nitromethane in CH2Cl2 was used to 

improve solubility in the oxidation experiment of 4, however for a Class III delocalized 

system, the solvent should have a limited effect on the IVCT bands.  

Assuming the metallacycle structure of both 3a and (3b)2 are maintained in solution 

upon oxidation, and based on our previous work investigating excited state NIR band 

coupling in comparable systems,[59,63] the exciton model predicts that both oxidized 

metallacycles will display a blue-shift of the ligand radical IVCT band upon oxidation 

(Figure 2), in comparison to the monomeric analogue ([4]•+). The extent of the blue-shift 

depends on the distance and angular orientation between the transition dipole moments 

in the metallacycles, [3a]2•+ and [(3b)2]8•+, in comparison to [4]•+.[59,63,70,71] For the 

metallacycle [3a]2•+, where the two salen units are cofacially aligned and 3.84 Å apart (Ni 

– Ni distance for 3a in the solid state), a  400 cm-1 blue-shift vs. [4]•+ is observed, consistent 

with the exciton model (Figures 1 and 7). This compares favourably to a previously 

reported Ni salen dimer complex, exhibiting a similar shift (330 cm-1) with two salen units 

cofacially aligned and 3.98 Å apart.[59]  

For the metallacycle (3b)2, the approximate orientation between the salen units in 

the two interlocked rectangles is ca. 50 (Figure 2b) in the neutral form, and a blue-shift of 

200 cm-1 for the IVCT band is observed for [(3b)2]8•+ vs. [4]•+ (Figure 7). This is in 

accordance with the exciton model in which the chromophores are stacked, but not 
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cofacially aligned (Figure 1).[71] Additionally, no shift is observed in the IVCT bands for [4]•+ 

in comparison to the supramolecular square containing four [Ni(Salen)pPy]•+ units due to 

the geometrical arrangement of the square, and larger distance between 

chromophores.[72] 

 

Figure 7. Electronic spectra comparison of the lowest energy bands for [4]•+ (black), [3a]2•+ 

(red), and [(3b)2]8•+ (blue). The max values are traced with dashed lines, [4]•+ (black), [3a]2•+ 

(red), and [(3b)2]8•+ (blue). Solvent peaks were removed for clarity (4,000-4,560 cm-1). 

  

Theoretical Calculations 

We further investigated 4 and 3a and the oxidized species [4]+ and [3a]2+ by 

Density Functional Theory (DFT) to provide insight on the geometric and electronic 

structure as well as excited state coupling for the oxidized forms. Calculations on (3b)2 

and [(3b)2]8•+ were not attempted due to the increased complexity of the interlocked 

metallacycle. Oxidation of 4 is predicted to result in a delocalized ligand radical [4]•+, 

matching the experimental results. The spin density plot is shown in Figure 8a, with 

minimal density on the Ru moieties. In agreement with previous reports,[61,62,99] ligand 

radical formation results in coordination sphere contraction due to removal of an electron 

from a predominantly ligand * orbital, and as a result [4]•+ is predicted to adopt a stepped 
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structure (Figure S39). Geometry optimization of 3a incorporating dispersion effects[100] 

results in a rectangular metallacycle with coordination sphere metrical parameters within 

0.02 Å of the X-ray data (Figure 8b). The Ni…Ni distance between the two salen units is 

predicted to be 3.75 Å, which is similar to the X-ray data (3.84 Å). Interestingly, without 

dispersion corrections the Ni…Ni distance is predicted to be 5.7 Å, suggesting that - 

stacking is an important determinant of the metallacycle structure.      

 

Figure 8. a) Spin density plot for [4]•+, b) DFT-optimized geometry for 3a, and c) broken-

symmetry spin density plot for [3a]2•+; The Ni…Ni distance for 3a is 3.75 Å and 3.79 Å for 

[3a]2•+. See Experimental Section for calculation details.  

 

Geometry optimization calculations of [3a]2•+ predict both triplet (S = 1) and broken-

symmetry (BS, S = 0) solutions to be essentially energetically equivalent spin states (BS 

is predicted to be 0.04 kcal mol-1 lower in energy), thus a non-interacting biradical 

description is appropriate.[59,101] Both the triplet and BS-optimized structures exhibit 

contracted coordination sphere bond lengths (Ni-O from 1.85 to 1.82 Å, and Ni-N from 
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1.85 to 1.84 Å) in agreement with the monomer analogue [4]•+. In addition, for both 

electronic states the predicted Ni…Ni distance only expands slightly from 3.75 Å to 3.79 Å 

upon bis-oxidation. Note that without added dispersion corrections significant distortion of 

the salen ligands occurs for the bis-oxidized forms with an expanded Ni…Ni distance of 

11.1 Å. The spin density plot for the broken-symmetry solution for [3a]2•+ (Figure 8c) shows 

radical delocalization across each of the salen moieties with minimal density on bis-Ru 

pillars, which agrees with the prediction for [4]•+ and the experimental data. 

Time-dependent DFT (TD-DFT) calculations on [4]•+ and [3a]2•+ were completed to 

investigate the donor and acceptor orbitals as well as NIR band energy shifts. For [4]•+, an 

intense NIR IVCT band is predicted at 5232 cm-1 ( = 0.2661), which is blue-shifted in 

comparison to the experimental data. The donor (-HOMO) and acceptor (-LUMO) 

orbitals are delocalized across the salen ligand (Figure S40). For [3a]2•+, TD-DFT 

calculations for both triplet (Figure S41) and BS solutions (Figure 9) predict two NIR bands, 

however only the high energy band has appreciable intensity. For the BS solution the 

predicted higher energy band at 5500 cm-1 exhibits an increased intensity ( = 0.3872) in 

comparison to [4]•+, while the lower energy band at 4708 cm-1 is not predicted to have any 

intensity ( = 0.0000), in line with the exciton model for a cofacial arrangement of 

chromophores. Experimentally, the NIR band intensity for [3a]2•+ is ca. 4-fold in 

comparison to [4]•+, which is at least partially a result of the low solubility of [4]•+ in CH2Cl2. 

The donor and acceptor orbitals for [3a]2•+ are confined to the salen units and match the 

orbitals associated with the low energy transition of [4]•+; the predicted NIR bands are 

symmetric and antisymmetric linear combinations of -HOMO → -LUMO and -HOMO 

→ -LUMO transitions of the salen radical units (Figure 9).[59,63] Finally, the experimental 

shift to higher energy (ca. 400 cm-1) for the NIR band of [3a]2•+ in comparison to [4]•+ 

matches ½ the predicted energy difference between the NIR bands in the TD-DFT 

calculation for [3a]2•+ (396 cm-1). Thus, the TD-DFT calculations provide further evidence 

for excited-state interaction of the salen chromophores in [3a]2•+ and that the cofacial 

arrangement of the salen units is maintained in the oxidized form.  
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Figure 9. Predicted donor and acceptor orbitals for the broken-symmetry solution (S = 0) 

of [3a]2•+, associated with the calculated NIR transitions at 4708 ( = 0.0000) and 5500 

cm-1 ( = 0.3872) (black and red arrows; /-HOMO → /-LUMO). 

 

Conclusion 

Coordination-driven self-assembly was employed in the design and synthesis of 

two metallacycles containing Ni(Salen)pPy (1) metalloligands and two bis-Ru(oxalato) (2a) 

and bis-Ru(naphtho) (2b) complexes as acceptors. Using these bis-Ru complexes 

provides a strategy for simple variation of the metallacycle cavity size and topology (e.g. 

interlocking). Characterization of the self-assembly process revealed a solvent and a 

concentration dependence in the assembly of (3b)2 (a catenane (M2L2)2 assembly) and 3b 

(a non-interlocked, M2L2 assembly). Even though, 3b could not be isolated in the solid-

state, it was characterized by high resolution mass spectrometry and select NMR 

spectroscopy techniques (1H and 2D experiments, such as DOSY, COSY, HSQC, and 

HMBC). In addition, a new complex (4) was synthesized and studied as a monomeric 

analogue of the metallacycles, and its oxidation affords a ligand radical complex as 

evidenced by the generation of low energy IVCT bands at 8,800 and 4,400 cm-1. Oxidation 

of 3a results in ligand-based oxidation of both metallosalen units to form [3a]2•+, as 

characterized by low energy IVCT bands (8,800 and 4,800 cm-1) and EPR spectroscopy 

(giso = 2.065). However, oxidation of (3b)2 results in oxidation of all four salen and 

naphthazarin ligands (from the bis-Ru pillar), an overall 8-electron ligand radical-based 

process. UV-Vis-NIR and EPR spectroscopies corroborate this conclusion with low energy 

IVCT bands (8,800 and 4,600 cm-1 for salen and 11,000 cm-1 for Ru pillar) and a complex 

EPR spectrum for [(3b)2]8•+, displaying combined spectral features of [2b]•+ and [4]•+. 
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Finally, both [3a]2•+ and [(3b)2]8•+ exhibited blue-shifted IVCT bands (400 and 200 cm-1, 

respectively) in comparison to the monomeric analogue ([4]•+), in agreement with the 

exciton model for cofacially-oriented chromophores (Figure 1). Computational studies of 

[3a]2•+, in comparison to [4]•+, predict a blue-shift and increase in NIR band intensity in 

agreement with the co-facial arrangement of the transition moment dipoles, further 

confirming the similarity of the solution state structure of the oxidized complex in 

comparison to the neutral form in the solid state. In future work we aim to probe how the 

presence of guest molecules influences the formation of rectangle (3b) and [2]catenane 

((3b)2) in the neutral and oxidized forms.  
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TOC Text:  

Self-assembly of redox-active Ni salen donors and Ru dimer acceptors affords a [2+2] 

rectangle for the shorter acceptor and a catenane for the longer acceptor. Catenane 

formation is dependent on solvent choice and concentration. Oxidation to form salen 

ligand radicals results in exciton coupling of the intense near-infrared intervalence 

charge transfer band confirming that the macrocycles remain intact upon oxidation.  
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