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ABSTRACT  

Valence tautomerism (VT) and spin crossover (SCO) are promising avenues through which to 

develop a range of molecular materials for sensing, memory, and optoelectronic applications. 

However, these phenomena arise only when specific metal-ligand combinations are employed. 

The under-explored combination of cobalt(II/III) paired with bis((aryl)imino)acenapthene (Ar-

BIAN) ligands, which can exist as neutral Ar-BIAN0 (L0), monoanionic radical Ar-BIAN− (L−), 

and dianionic Ar-BIAN2− (L2−) forms, has potential to exhibit both VT and SCO. Aiming to 

develop a new family of switchable molecules, we systematically explored a dual tuning approach 

by varying the redox-state and aryl substituents in a series of homoleptic [Co(Ar-BIAN)3]n+ 

complexes (Ar = Ph, n = 2 (12+), 1 (1+), 0 (1); Ar = 3,5-CF3-Ph, n = 0 (2); Ar = 4-MeO-Ph, n = 2 

(32+), 0 (3)). As a prelude to synthetic and experimental studies, density functional theory (DFT) 

calculations were used to explore the structure and relative energies of the different electronic 

forms of each complex, comprising different cobalt oxidation and spin states and different ligand 

oxidation states. Except for compound 3, DFT identified a HS-CoII-L0 containing ground state for 

all complexes, precluding thermally-induced SCO or VT. For 3, calculations suggested a possible 

thermally-accessible LS-CoIII-(L)3 ⇌ HS-CoII-(L)2(L0) VT interconversion. Experimentally, 

structural and magnetic data reveal a HS-CoII-L0 containing ground state for all six compounds in 

the solid state, including 3, discounting thermally-induced VT or SCO. In solution, 

electrochemical and spectroscopic analysis also indicated that all compounds exist as the HS-CoII-

L0 containing electromer at 298 K. Intervalence charge transfer (IVCT) bands observed for neutral 

1, 2 and 3 at room temperature indicate the mixed-valent HS-CoII-(L−)2(L0) charge distribution. 

However, cooling 3 to 243 K in acetonitrile uniquely affords a substantial reduction in the intensity 

of this IVCT band, consistent with thermally-induced VT interconversion to the LS-CoIII-(L)3 
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ground state as predicted by DFT calculations. This study emphasizes the utility of 

computationally guided molecular design for complicated systems with redox activity at the metal 

and multiple ligands, thus opening new avenues for tuning electronic structure and developing new 

families of switchable molecules. 
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INTRODUCTION 

Research into molecular materials has flourished over the past several decades, with the potential 

to facilitate the miniaturization of current technologies.1–4 To this end, a variety of functional 

molecules have been investigated within innovative device structures, with a view to introducing, 

for example, spintronic effects, quantum information processing and sensing behaviour.5–12 A 

simple molecular functionality arises from the ability to reversibly switch between energetically 

accessible states upon application of some stimulus, with accompanying changes in chemical and 

physical properties.13–16 The phenomenon of spin crossover (SCO), where coordination 

compounds undergo a metal-centered spin-state change from low-spin to high-spin in response to 

change in temperature, pressure or on application of light, has been extensively described in the 

literature and represents a classic example of such inherently molecular switching behavior.14,17,18 

Further degrees of control over molecular electronic and magnetic properties can be engineered in 

metal complexes that incorporate redox-active ligands. In certain circumstances, such complexes 

can be stimulated to switch between meta-stable states through intramolecular metal-ligand charge 

transfer in a process known as valence tautomerism (VT).16,19 As a consequence of the complex 

interplay between metal ion and ligand redox states, valence tautomeric complexes offer 

fascinating potential for redox (electrical) control of material properties when integrated into 

devices.9,20–23  

Cobalt complexes have proven capable of exhibiting either SCO or VT in the presence of 

a suitable ligand environment.19,24–26 Spin crossover in cobalt complexes is most prevalent with N-

donor ligands,26,27 the archetypal example being [Co(terpy)2]2+ (terpy = 2,2:6,2-terpyridine),28–

30 and derivatives.31,32 Whilst valence tautomerism in cobalt systems has been most commonly 

observed with complexes bearing redox-active O-donor ortho-dioxolene ligands,16,19 recent reports 
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of VT in cobalt complexes featuring redox-active N-donor ligands hint at enticing opportunities to 

expand switchable behavior through the rational design of complexes able to exhibit both SCO 

and VT.33,34 

In the context of switching systems with a dual-mode of action, the 

bis((aryl)imino)acenapthene (Ar-BIAN) ligand family provide a promising basis for 

exploration.35–39 The Ar-BIAN ligands are characterized by rich-redox chemistry, comparable to 

ortho-dioxolene ligands, and are readily accessible in the neutral Ar-BIAN0 (L0), monoanionic 

radical Ar-BIAN− (L−), and dianionic Ar-BIAN2− (L2−) forms (Scheme 1).40 Secondly, the 

straightforward synthesis of these bis(α-diimine) compounds via condensation of 

acenaphthenequinone with two equivalents of an aryl amine (Ar-NH2) allows for convenient 

tuning of the electronic properties via variation of the aryl (Ar) subsitutents,41 a factor that is 

important in tuning the relative energies of the different charge distributions.42–44 An Fe(II) 

compound has been reported to undergo SCO when coordinated with 

(bis[(phenyl)imino]acenaphthene) (Ph-BIAN) in the L− state,45 and VT has been reported 

involving the L2− and L− states of bis[(1,4-bis(2,6-diisopropyl)phenyl)imino]acenaphthene with 

ytterbium(II/III) and bis[(3,5-bis(dimethyl)phenyl)imino]acenaphthene with 

vanadium(IV/V).36,37,46 A density functional theory (DFT) study has also predicted VT behavior 

in a series of octahedral heteroleptic [Co(Ph-BIAN)(LNO)2] and [Co(H-BIAN)(LNO)2] complexes 

(H-BIAN = bis(imino)acenaphthene; LNO = iminovinylketonate ligand) involving the LS-CoIII-L− 

and HS-CoII-L0 tautomers.47 The synthetic challenges associated with preparing the complexes 

used in those computational studies prompted attention here to be focused on the preparation of a 

series of homoleptic [Co(Ar-BIAN)3]n+ complexes to gain a deeper understanding of the redox 
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chemistry and how the charge distribution may be influenced by formal redox state and electronic 

nature of the aryl group.48 

 

Scheme 1. The neutral Ar-BIAN0 (L0), monoanionic Ar-BIAN− (L−), and dianionic Ar-BIAN2−, 

(L2−) redox states. 

 

 Pursuing a strategy to achieve VT or SCO behaviour in homoleptic Ar-BIAN Co 

complexes, we adopted a dual approach examining: 1) the impact of the Ar-BIAN oxidation state 

on the electronic structure of [Co(Ar-BIAN)3]n+ (n = 0 – 2); and 2) the influence of substituents on 

the Ar-BIAN aryl (Ar) group. Firstly, we focused on the case of complexes derived from Ph-BIAN 

with the redox ladder [Co(Ph-BIAN)3]2+ (12+), [Co(Ph-BIAN)3]+ (1+), and [Co(Ph-BIAN)3] (1) 

(Scheme 2). Subsequently, we turned our attention to complexes with the ligands bis[(3,5-

bis(trifluoromethyl)phenyl)imino]acenaphthene (3,5-CF3-Ph-BIAN) and bis[(4-methoxy-

phenyl)imino]acenaphthene (4-MeO-Ph-BIAN) which feature electron-withdrawing (CF3) and 

electron-donating (OMe) substituents on the aryl rings respectively to isolate compounds: [Co(3,5-

CF3-Ph-BIAN)3)] (2), [Co(4-MeO-Ph-BIAN)3] (3), and [Co(4-MeO-Ph-BIAN)3]2+ (32+) (Scheme 

2). An initial density functional theory (DFT) survey was carried out to identify the most promising 

VT or SCO candidates. Experimentally, we synthesized the calculated complexes, with the 

cationic complexes as hexaflurophosphate salts, and conducted a systematic study in both the solid 
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and solution state.  The focus was on establishing the electronic structure (Co oxidation and spin 

state and ligand oxidation state) adopted by each compound and whether SCO or VT switchable 

behaviour is evident. The electronic state for the compounds can differ in the solid vs solution 

state. Through this study of the electronic structure and redox properties of this series of 

compounds, we achieved the targeted VT behavior and illuminate a strategy to achieve switchable 

behavior in Co(Ar-BIAN) compounds. 

 

   

Scheme 2. Representation of the [Co(Ar-BIAN)3]n+ (n = 0, 1, 2) complexes and the Ar-BIAN 

ligands used in this work, with numbering scheme.  The cationic complexes were isolated as PF6
- 

salts. 
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RESULTS AND DISCUSSION 

Density Functional Theory 

To provide a guide prior to synthetic work and experimental studies, an initial survey of the 

electronic structures their relative stability of 12+(PF6)2, 1+(PF6), 1, 2, 3 and 32+(PF6)2 was carried 

out using density functional theory (DFT) calculations based on optimized gas-phase geometries 

(Tables S1–S3; Figures S1–S6). The electromer energies (E / kcal mol-1) were calculated using the 

UTPSSh/6-311++G(d,p)49,50  DFT method (Table S4) with inclusion of zero-point energy (ZPE) 

in Gaussian 16,51  a method that has been previously successful in the calculation of electromer 

energies for cobalt complexes with redox-active ligands.24,52–55 It is important to note that factors 

such as lattice effects and solvent can complicate the straight-forward translation of relative 

energies from calculations performed on isolated molecules in the gas-phase to experimental 

systems.  

For these homoleptic [Co(Ar-BIAN)3]n+ complexes, three electronic states were considered 

in each case.  Compounds 12+(PF6)2 and 32+(PF6)2 can adopt HS-CoII-(L0)3, LS-CoII-(L0)3 or LS-

CoIII-(L−)(L0)2; 1+(PF6) can adopt HS-CoII-(L−)(L0)2, LS-CoII-(L−)(L0)2 or LS-CoIII-(L−)2(L0); 

and 1, 2, 3 can adopt HS-CoII-(L−)2(L0), LS-CoII-(L−)2(L0) or LS-CoIII-(L−)3.  For simplification 

we refer to the states in abbreviated form as containing HS-CoII-L0, LS-CoII-L0, or LS-CoIII-L− 

moieties.  

In general, thermally-induced SCO and VT intercoversions would require respective LS-

CoII-L0 and LS-CoIII-L− ground states and the HS-CoII-L0 containing tautomer destabilized by no 

more than 12 kcal mol1.52,54  Thermally induced SCO and VT are both entropically driven, with 
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the HS-CoII-L0 containing electromer favored upon increasing temperature due to the increase in 

entropy associated with the longer bond lengths, higher vibrational density of states, and greater 

spin-degeneracy of the charge distribution.19 

The Ph-BIAN redox family of compounds (12+(PF6)2, 1+(PF6), and 1) were first 

investigated to examine the impact of successive reductions of the Ph-BIAN ligands on the relative 

energies of the different electromers (Figure 1). In all three cases, the HS-CoII-L0 containing 

electromer was found to be the ground state, with the LS-CoII-L0 and LS-CoIII-L− containing 

electromers at higher energies. Thus, the calculations suggest that 12+(PF6)2, 1+(PF6), and 1 should 

remain in the HS-CoII-L0 containing state at all temperatures with no possibility of either VT or 

SCO interconversions. 

 

Figure 1. Calculated relative energies of the three different electronic forms for the cobalt Ar-

BIAN complexes in compounds 12+(PF6)2, 1+(PF6) 1, 2, 3, and 32+(PF6)2 calculated by DFT 

(UTPSSh/6-311++G(d,p)) with zero-point energy. 
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However, the relative energy of the LS-CoIII-L− containing electromer decreases with the 

total charge of the complex, following 12+(PF6)2 > 1+(PF6) > 1 (Figure 1). This is attributed to the 

increasing electron donation arising from successive introduction of anionic Ph-BIAN– ligands 

that stabilizes the shorter bond lengths associated with LS-CoIII. This provides a critical insight for 

accessing VT as it suggest that neutral [Co(Ar-BIAN)3] complexes are more promising than the 

cationic complexes for achieving the LS-CoIII-L containing ground state necessary for a LS-CoIII-

L ⇌ HS-CoII-L0 based VT interconversion. On the other hand, a LS-CoII-L0 ground state and 

subsequent SCO appears to be inaccessible with this family. These observations prompted 

explorations of variation of substituents on the Ar-BIAN ligand to further stabilize the LS-CoIII-

L state, focusing on the neutral compounds. Neutral compounds [Co(3,5-CF3-Ph-BIAN)3] (2) 

and [Co(4-MeO-Ph-BIAN)3] (3), containing Ar-BIAN ligands with the most electron-withdrawing 

and donating substituents respectively, were selected for further exploration.56,57 

The DFT calculations of complex 2 indicate that the electron-withdrawing 3,5-CF3-Ph-

BIAN ligand significantly destabilizes the LS-CoIII-(L−)3 electromer from the HS-CoII-(L)2(L0) 

ground state (Figure 1) and thus VT is not accessible. In contrast, the strongly electron-donating 

methoxy groups of 4-MeO-Ph-BIAN in complex 3 results in reversal of the energy ordering of the 

states and afford the LS-CoIII-(L−)3 tautomer as lowest in energy, albeit with the HS-CoII-

(L)2(L0) state in very close proximity (0.3 kcal mol-1). This suggests the possibility of a thermally 

induced LS-CoIII-(L)3 ⇌ HS-CoII-(L)2(L0) VT interconversion (Scheme 3) for 3.  
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Scheme 3. Valence tautomeric equilibria predicted for 3 via DFT.  

 

Neutral [Co(Ar-BIAN)3] complexes with several other aryl substituents with a range of 

Hammett σ-parameters were also explored (Figure S7), with a clear linear trend showing 

stabilization of the LS-CoIII-(L−)3 state with increasing electron-donation (Figure S8). The ground 

state of 32+(PF6)2, as in the case of 12+(PF6)2, was found to be the HS-CoII-(L0)3 electromer, with 

the LS-CoII-(L0)3 electromer relatively destabilized (Figure 1). In addition, for 32+(PF6)2, 

numerous attempts to find the LS-CoIII-(L−)(L0)2 electromer invariably gave the LS-CoII-(L0)3 

state at potential energy surface of the same multiplicity (S = 1/2) due to the symmetric structure 

being more energy preferable. The computational results thus clearly suggest that of the 

compounds investigated here, the combination of the maximum number of Ar-BIAN– ligands and 

electron-donating ligand substituents accessed in 3 afford the best prospects for achieving valence 

tautomerism. 
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Exchange coupling parameters can alter the relative energy stabilization of the different 

charge distributions and must be considered for electromers where at least two open shell sites 

(HS-CoII, LS-CoII, and L) are present (excludes all electromers of dicationic compounds 

12+(PF6)2 and 32+(PF6)2). Exchange spin coupling parameters J (–2JS1ꞏS2 formalism) were 

estimated using the Broken Symmetry (BS) approximation (Table S5).58  In this method, the 

calculated exchange is isotropic, and does not consider spin-orbit coupling (SOC) contributions. 

Unfortunately, at the level of theory employed, an exact value of the exchange cannot be 

conclusively inferred, particularly in the case of anisotropic ions such as HS-CoII.43,59,60 However, 

it is nonetheless important to consider due to the likelihood of magnetic exchange interactions in 

such systems. 

For compound 1+(PF6), in the HS-CoII-(L)(L0)2 state, very strong antiferromagnetic 

exchange (–620 cm–1) was calculated between HS-CoII and L, whereas weaker ferromagnetic 

exchange (39 cm–1) was predicted between LS-CoII and L in the LS-CoII-(L)(L0)2 state. For the 

LS-CoIII-(L)2(L0) electromer of 1+(PF6), only a moderate antiferromagnetic LꞏꞏꞏL interaction 

(–21 cm–1) was calculated. For compound 1, the HS-CoII-(L)2(L0) tautomer is suggested to have 

strong antiferromagnetic exchange (–143 cm–1) between the HS-CoII center and the L ligands, as 

well as a competing strong antiferromagnetic LꞏꞏꞏL interaction (–218 cm–1). For the LS-CoII-

(L)2(L0) state of 1, a strong ferromagnetic exchange (400 cm–1) is instead predicted between the 

LS-CoII center and the L ligands, with a moderate LꞏꞏꞏL ferromagnetic exchange (47 cm–1). 

In the LS-CoIII-(L)3 electromer of 1, moderate ferromagnetic exchange is calculated (32 cm–1) 

between the L ligands.  The magnitude and sign of the exchange coupling parameters for the 

three analogous electromers in compounds 2 and 3 are similar to those of 1 (Table S5). For the 
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HS-CoII-(L)2(L0) electromers of 2 and 3, again antiferromagnetic HS-CoIIꞏꞏꞏL− (–76 and –498 

cm–1 respectively) and L−ꞏꞏꞏL− (–401 and –30 cm–1 respectively) interactions were estimated. 

However, contrary to 1 and 2, calculations for 3 suggested a significantly more dominant HS-

CoIIꞏꞏꞏL− exchange interaction. As per 1, the LꞏꞏꞏL exchange in the LS-CoIII-(L)3 electromer 

for 2 (50 cm–1) and 3 (46 cm–1) is calculated to be weakly ferromagnetic. For the LS-CoII-(L)2(L0) 

state of 3, similar strong ferromagnetic LS-CoIIꞏꞏꞏL− and L−ꞏꞏꞏL− interactions (493 and 112 cm–

1 respectively) is obtained from the calculations. For 1, 2 and 3, the strong exchange interactions 

(Table S5) predicted for the different energetically accessible electromers are expected to have a 

pronounced impact on the experimentally observed charge distributions. For example, if 

compounds 1, 2, and/or 3 are isolated in the HS-CoII-(L−)2(L0) charge distribution, the predicted 

large antiferromagnetic HS-CoIIꞏꞏꞏL− and L−ꞏꞏꞏL− exchange interactions may result in lower-

than-expected magnetic response. 

The combined DFT results therefore set out a series of structure property relationships and 

predictions of the electronic and magnetic properties of this family of Ar-BIAN complexes in their 

various redox states. Of the six compounds calculated, the most promising candidate for achieving 

molecular switchability was determined to be neutral compound 3, which is calculated to have the 

necessary energy ordering of the LS-CoIII-(L)3 and HS-CoII-(L)2(L0) electromers to possibly 

achieve thermally-induced VT (Scheme 3). Next, our attention turned to experimental verification, 

with a focus on establishing the electronic state of the six compounds in the solid and solution 

state, as well as determining whether 3 displays thermally-induced VT.  
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Synthesis 

As detailed in the Supporting Information, compounds 12+(PF6)2 and 32+(PF6)2 were synthesized 

by reacting cobalt acetate (Co(OAc)2) with three equivalents of Ph-BIAN or 4-MeO-Ph-BIAN in 

air, with subsequent addition of two equivalents of PF6
− as the counterion, yielding a red 

precipitate. The compound was recrystallized by layering a concentrated dichloroethane (DCE) 

solution with diisopropyl ether (iPr2O). The higher boiling point DCE and iPr2O solvents 

(compared to dichloromethane and diethyl ether) were chosen to limit solvent loss from the bulk 

crystalline sample. Compound 1+(PF6) was synthesized in tetrahydrofuran (THF) under N2 by 

firstly forming complex [Co(Ph-BIAN)]2+, followed by reduction with one equivalent of 

cobaltocene (CoCp2). The product was isolated as the PF6
− salt and recrystallized from acetonitrile 

(MeCN) and diethyl ether (Et2O). An analytically pure bulk sample of 1+(PF6) could not be 

consistently obtained due to its similar solubility with the (CoCp2)(PF6) byproduct. 

Synthesis of neutral 2 was achieved by reaction of six equivalents of 3,5-CF3-Ph-BIAN 

with Co2(CO)8, in toluene under N2, in a process that leads to in situ reduction of 3,5-CF3-Ph-

BIAN by the Co(0) source. The complex was subsequently isolated as dark purple crystals. 

Compound 2 has been previously reported from a different synthetic method,61 and whilst 

originally formulated as [CoI(3,5-CF3-Ph-BIAN−)(3,5-CF3-Ph-BIAN0)2], consideration of the 

crystallographically determined bond lengths suggests that this description is not definitive (see 

Structure Description section). Attempts to synthesize neutral 1 and 3 using the same procedure 

for 2 yielded a mixture of products, presumably due to the lower reduction potentials of Ph-BIAN 

and 4-MeO-Ph-BIAN. Instead, a comproportionation approach was developed. Reaction of a 2:1 

combination of Ar-BIAN and Ar-BIAN2− (Ar = Ph and 4-MeO-Ph) resulted in formation of two 

equivalents of Ar-BIAN− and one Ar-BIAN. Subsequent addition of Co(OAc)2 to this ligand 
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mixture allowed formation and isolation of neutral compounds 1 and 3. The compounds were 

separated from NaOAc by-product by extraction of the compound into toluene, and then washing 

with ethanol. Elemental and thermogravimetric analysis (Figure S9) confirmed purity and 

solvation of all five compounds (1, 2, 3, 12+(PF6)2, 32+(PF6)2). In solution, 1, 2 and 3 are highly 

air-sensitive and decompose after 4-5 hours even under inert conditions.  

 

Structure Description 

Structures of 12+(PF6)2, 1+(PF6), 1, 2, 3 and 32+(PF6)2 were determined by single crystal X-ray 

diffraction (Table S6, S7) to aid in determining the electronic state adopted by each complex in 

the solid-state. Data were collected at 100 K for compounds 12+(PF6)2, 1+(PF6), 1, 2, and 32+(PF6)2,  

and at 120 K for 3. As the collection temperature will influence the electromeric state of a 

compound if it displays thermal VT or SCO, each structure was collected in the same low 

temperature range (100–120 K) to access the ground state. Multiple attempts were made to collect 

data for the poorly diffracting crystals of 1 and 3 using synchrotron radiation (detailed in the 

Supporting Information),62,63 and as such the R-values are higher.  

The presence of solvent in the crystal structures is consistent with the compositions 

12+(PF6)22.5DCE1.5iPr2O, 1+(PF6)2Et2Oꞏ0.6MeCN, 1ꞏ2.5THFꞏpentane, 2ꞏtol, 3 and 

32+(PF6)2∙DCE as detailed in the Supporting Information. Compound 12+(PF6)22.5DCE1.5iPr2O 

crystallizes with two independent Co complexes in the structure, which are labelled 12+A and 12+B 

in the discussion below. The formulae in the crystal structure differ from those the bulk samples, 

which analyzed as 12+(PF6)20.5DCE0.5iPr2O, 10.8EtOH, 2, 3EtOH, 32+(PF6)2DCE. For 

complexes 12+(PF6)2, 2, and 32+(PF6)2, this arises from partial desolvation upon collection of the 
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bulk sample, and for 1 and 3, the different methods by which the single-crystal and bulk samples 

were obtained. Powder X-ray diffraction (PXRD) confirmed the phase purity of the bulk samples 

and matched with the diffraction pattern calculated from the single-crystal X-ray structural 

analysis (Figures S10-S12). Despite the inability to reliably obtain a pure bulk of 1+(PF6), we have 

included the single-crystal data for the purposes of assisting with bond length analysis. 

In the solid-state structures, all the metal complexes possess approximate D3 point 

symmetry and share a Co(Ar-BIAN)3 motif, with the cobalt center coordinated by three bidentate 

Ar-BIAN ligands, giving a distorted octahedral coordination geometry (Figure 2, S13–S15). For 

the neutral compounds (1, 2, and 3), the asymmetric unit comprises half a molecule of [Co(Ar-

BIAN)3], in contrast to compounds 12+(PF6)2, 1+(PF6) and 32+(PF6)2, which contain a full molecule 

with three crystallographically inequivalent Ar-BIAN ligands. The oxidation and spin state of the 

cobalt center can be determined by the Co−N bond lengths, bond valence sum (BVS) parameters 

(Table S8),64 octahedral distortion parameters (Σ, Θ)65 and the octahedral SHAPE index (Table 

1).66 In general, Co−N bond lengths and octahedral distortions increase following the trend LS-

CoIII < LS-CoII < HS-CoII. The oxidation state of the Ar-BIAN ligands can be assigned via analysis 

of the α-diimine C–N and C–C bonds.40,45,61,67–69 The monoanionic L state has longer C–N and 

shorter C–C bonds compared to the neutral L0 form as a result of populating formally π* orbitals.   
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Figure 2. Molecular structures of neutral complexes 1 (100 K) (left), 2 (100 K) (middle), and 3 

(120 K) (right) as determined via single-crystal X-ray diffraction with relevant atoms labelled. 

Hydrogen atoms and solvent molecules have been omitted for clarity. Color code: C (dark grey), 

N (blue), O (red), Co (light blue), F (green). 
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Table 1. Selected interatomic distances (Å), distortion parameters, and BVS values for 

12+(PF6)22.5DCE1.5iPr2O (molecules A and B), 1+(PF6)ꞏ2Et2Oꞏ0.6MeCN, 1ꞏ2.5THFꞏpentane, 

2ꞏtol, 3 and 32+(PF6)2∙DCE. 

 12+(PF6)2 
A 

12+(PF6)2 
B 

1+(PF6) 1 2 3 32+(PF6)2 

Temperature (K) 100 100 100 100 100 120 100 
 interatomic distances  

Co–N1 2.127(2) 2.152(2) 2.112(2) 2.142(4) 2.114(2) 2.182(4) 2.120(3) 
Co–N2 2.154(2) 2.163(2) 2.127(2) 2.116(4) 2.135(2) 2.114(5) 2.141(3) 
Co–N3 2.133(2) 2.156(2) 2.137(2) 2.142(4) 2.114(2) 2.182(4) 2.123(3) 
Co–N4 2.123(2) 2.128(2) 2.152(2) 2.116(4) 2.135(2) 2.114(5) 2.120(3) 
Co–N5 2.159(2) 2.133(2) 2.104(2) 2.096(4) 2.131(2) 2.106(5) 2.142(3) 
Co–N6 2.150(2) 2.124(2) 2.123(2) 2.096(4) 2.131(2) 2.106(5) 2.135(3) 
Co–Navg 2.141(2) 2.143(2) 2.126(2) 2.118(4) 2.126(2) 2.134(5) 2.131(3) 
C1–N1 
C2–N2 

1.288(3) 
1.283(3) 

1.280(3) 
1.275(3)  

1.296(3) 
1.297(3) 

1.299(6) 
1.305(5) 

1.302(3) 
1.303(3) 

1.300(6) 
1.318(7) 

1.286(5) 
1.298(5) 

C3–N3 
C4–N4 

1.283(3) 
1.276(3) 

1.282(3) 
1.278(3) 

1.290(3) 
1.286(3) 

1.299(6) 
1.305(5) 

1.302(3) 
1.303(3) 

1.300(6) 
1.318(7) 

1.282(5) 
1.286(5) 

C5–N5 
C6–N6 

1.278(4) 
1.277(4) 

1.283(3) 
1.273(3) 

1.297(2) 
1.303(3) 

1.284(5) 
1.284(5) 

1.330(3) 
1.330(3) 

1.279(7) 
1.279(7) 

1.288(5) 
1.290(5) 

C1–C2 1.522(3) 1.509(3) 1.483(3) 1.460(7) 1.481(3) 1.449(8) 1.504(5) 
C3–C4 1.508(4) 1.517(3) 1.493(2) 1.460(7) 1.481(3) 1.449(8) 1.511(5) 
C5–C6 1.512(4) 1.507(4) 1.479(3) 1.474(9) 1.440(4) 1.50(1) 1.508(5) 
CoꞏꞏꞏCo a 12.133(1) 16.897(1) 10.914(2) 11.6148(2) 10.807(2) 10.826(5) 

 distortion and oxidation state parameters 
SHAPE (Oh) b 1.088 1.116 1.277 1.180 1.119 1.216 0.987 
Σ/° c 75.9 76.8 76.9 75.3 74.8 74.9 70.3 
Θ/° c 233.9 237.5 242.1 239.9 242.0 237.2 229.2 
BVSd  1.93 1.88 2.00 2.08 2.00 1.97 1.98 
aClosest intermolecular distance. bSHAPE index for octahedral geometry in SHAPE 2.1.66 A value of 0 represents a perfect 
octahedron. c𝛴 = the sum of the deviation of the twelve N−Co−N angles from 90. 𝛩 = sum of the deviation of 24 unique 
torsional angles between the N atoms on opposite triangular faces of the octahedron from 60°, providing the degree of trigonal 
distortion from an octahedron to trigonal prism. These were calculated using OctaDist - a program for determining the structural 
distortion of the octahedral complexes. For a perfect octahedron, Σ, and Θ are zero.65 dValue close to 2 indicates CoII and 3 for 
CoIII.64,70,71 

 

 Analysis of the average Co−N bond lengths (Co−Navg) and octahedral distortion parameters 

for 12+A and 12+B in 12+(PF6)22.5DCE1.5iPr2O, 1+(PF6)ꞏ2Et2Oꞏ0.6MeCN, 1ꞏ2.5THFꞏpentane, 

2ꞏtol, 3 and 32+(PF6)2∙DCE (Table 1) indicates the oxidation and spin state adopted by the cobalt 

center in each complex in the solid-state. The Co−Navg bond lengths and lack of Jahn-Teller 

distortions in 12+(PF6)2 and 32+(PF6)2 at 100 K are consistent with HS-CoII, and are in good 

agreement with the DFT optimized geometry values for the HS-CoII-(L0)3 state, as opposed to LS-
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CoII-(L0)3 or LS-CoIII-(L)(L0)2 (Tables S1 and S3). Likewise in compound 1+(PF6), the Co−Navg 

bond lengths and absence of Jahn-Teller distortions are also consistent with HS-CoII, with bond 

lengths in good agreement with the DFT calculated lengths for the HS-CoII-(L)(L0)2 state (Tables 

S1). Thus, crystallographic data at 100 K indicate a HS-CoII-(L0)3 electromeric state for 12+(PF6)2 

and 32+(PF6)2, and a HS-CoII-(L)(L0)2 state for 1+(PF6). 

The experimental Co−Navg bond lengths, BVS and distortion parameters for compound 1 

and 3, collected at 100 and 120 K respectively, are consistent with HS-CoII (Table S2 and S3). The 

experimental Co−Navg bond lengths for compound 2 at 100 K are intermediate between the DFT 

optimized geometries for the HS-CoII-(L)2(L0) and LS-CoIII-(L)3 states (Table S2). However, 

in conjunction with BVS analysis and distortion parameters, a HS-CoII center is still suggested. In 

previous work, compound 2 was assigned the electronic state [CoI(3,5-CF3-Ph-BIAN−)(3,5-CF3-

Ph-BIAN0)2] based on structural analysis.61 However, attempts to locate the [CoI(3,5-

CF3BIAN−)(3,5-CF3-Ph-BIAN0)2] state using DFT were unsuccessful, suggesting that CoI is too 

high in energy.  

The three neutral compounds 1, 2 and 3 are also assigned as having a HS-CoII center based 

on bond length, BVS and distortion parameter analysis. However, they all show some suggestion 

of Jahn-Teller distortion in the experimental values, typical of LS-CoII.26,27,71 This is most obvious 

for 3, while more subtle for 1 and 2. It is possible that the slightly higher (120 K) collection 

temperature for 3 compared to 1 and 2 (100 K) is the reason for the more obvious elongation. In 

all cases, the distortion is not to the extent indicated by the DFT optimized geometry of the LS-

CoII-(L)2(L0) state (Table S9). This could be due to 1) a disorder (either static or dynamic) of the 

Jahn-Teller distortion as previously observed for LS-CoII or 2) a mixture of the LS and HS-CoII at 
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the measured temperatures.28,71 In all three cases, the experimental values are closer to the 

geometry optimized HS-CoII-(L)2(L0) geometry than LS-CoII-(L)2(L0), suggesting a mixture of 

spin states (Table S9). To estimate the fraction of LS-CoII present, we compared the difference 

between the Co−Naxial and Co−Nequatorial (averaged) lengths for the geometry optimized structure 

versus the experimentally obtained bond-lengths (details in SI). This gave an approximate LS-CoII 

percentage of 16% for 1, 8% for 2, and 33% for 3. Although only an approximation, especially 

considering the higher R-values for 1 and 3, the analysis of the experimental data for 1, 2 and 3 

suggests divalent cobalt, with dominant HS-CoII, ruling out the possibility of LS-CoIII at the 

measured temperature. Overall compounds 1, 2 and 3 can be assigned as the HS-CoII-(L)2(L0) 

electromer in the solid-state at 100 or 120 K. 

 Confirmation that the solid-state electronic configuration 12+(PF6)2 and 32+(PF6)2 is HS-

CoII-(L0)3, 1+(PF6) is HS-CoII-(L)(L0)2, and 1, 2 and 3 are HS-CoII-(L)2(L0) at 100 or 120 K, 

based on the cobalt center spin and oxidation state assignment, is provided by the bond length 

analysis and oxidation-state assignment of the Ar-BIAN ligands. The α-diimine C–N and C–C 

bond distances for each Ar-BIAN in 12+A and 12+B, and 32+(PF6)2 are consistent with neutral Ar-

BIAN0 oxidation state,45,48 confirming the HS-CoII-(L0)3 charge distribution at 100 K in the solid-

state. The π-acceptor capacity of neutral Ph-BIAN and 4-MeO-Ph-BIAN is illustrated by the 

observed shortening of the C–C bond and elongation of the C–N bonds experimentally upon 

coordination compared to uncoordinated Ph-BIAN (C–N bond distance 1.275 Å, C–C bond 

distance 1.526 Å) and 4-MeO-Ph-BIAN (C–N bond distance 1.277 Å, C–C bond distance 1.527 

Å).45,72 

 On comparing the α-diimine bond distances of the redox series of compounds 12+(PF6)2, 

1+(PF6), 1 (Figure 3) at 100 K, an elongation of the C−N bonds and a contraction of the C−C bond 
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is observed with increased equivalents of Ph-BIAN. In compound 1+(PF6), the C–N and C–C 

bond lengths lie between the values expected for Ph-BIAN0 and Ph-BIAN,40,45,61,67 and arise 

from the presence of a single L and two L0 ligands either crystallographic disordered or 

electronically delocalized. This confirms the electromer state adopted by 1+(PF6) as HS-CoII-

(L)(L0)2 in the solid-state at 100 K. The C−N and C−C bonds of 1 are further elongated and 

contracted, respectively, while still lying between the values expected for Ph-BIAN0 and Ph-

BIAN, confirming the mixed-valent HS-CoII-(L)2(L0) state at 100 K in the solid-state. The same 

observation is made for 2 at 100 K. For compound 3, shorter experimentally observed C−C and 

C−N bonds compared to 32+(PF6)2, that are still too long and short for pure 4-MeO-Ph-BIAN 

indicate two L and one L0 ligands, confirming HS-CoII-(L)2(L0) state at 120 K. Overall, 

structural analysis thus confirms that in the solid-state at 100 K (3 at 120 K), the electromeric state 

of 12+(PF6)2 and 32+(PF6)2 are HS-CoII-(L0)3, 1+(PF6) is HS-CoII-(L)(L0)2, and 1, 2 and 3 is HS-

CoII-(L)2(L0). Compound 3, predicted to have a LS-CoIII-(L)3 ground state by DFT, adopts a 

HS-CoII-(L)2(L0) ground-state in the solid sample. 

 

Figure 3. Comparison of bond lengths observed for 12+(PF6)2 (A), 1+(PF6) and 1 at 100 K used to 

assign oxidation states. 
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Infrared Spectroscopy 

Infrared (IR) spectra of 12+(PF6)20.5DCE0.5iPr2O, 10.8EtOH, 2, 3EtOH, 32+(PF6)2DCE, were 

acquired in the solid-state (ATR; 4000-400 cm1; Figures S17 – S19). All compounds share 

vibrational patterns associated with the neutral L0 ligand in the range 1670 – 1580 cm-1, with the 

presence of ligands in different redox states in the neutral species accounting for the more complex 

spectra than their dicationic counterparts.48,73 These observations are consistent with structural 

analysis that 12+(PF6)20.5DCE0.5iPr2O and 32+(PF6)2DCE exist as HS-CoII-(L0)3 at 100 K with 

no L present, and structural analysis of 10.8EtOH, 2, 3EtOH at 100 or 120 K that indicated a 

dominant HS-CoII-(L)2(L0) state in the solid-state, which would give rise to both Ar-BIAN0 and 

Ar-BIAN. For the neutral compounds, the (C=N) bands shift toward higher energies in the order 

3  1  2 following the inductive effects of the ligand substituent. To improve the resolution in the 

region of interest for C−N stretches of -diimine (1800–1550 cm1), solution state (CH2Cl2) 

infrared spectra were recorded (Figure S20). Good agreement in the region of interest is observed 

when comparing solid and solution-state measurements for all compounds.  

 

Magnetic Measurements 

Variable temperature magnetic susceptibility measurements were conducted for 

12+(PF6)20.5DCE0.5iPr2O, 32+(PF6)20.6DCE, 10.8EtOH, 2, 3EtOH (Figure 4) between 1.85 

and 300 K to further probe the electronic state adopted by each compound in the solid-state and 

the variation with temperature. Variable field magnetization measurements are presented in 

Figures S21 and S22. At 300 K, the thermal product of the molar magnetic susceptibility (MT) 
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values for both dicationic compounds 12+(PF6)20.5DCE0.5iPr2O and 32+(PF6)20.6DCE of 3.0 

and 2.7 cm3 K mol1, respectively, are consistent with a HS-CoII-(L0)3 charge distribution. This is 

in agreement with the structural analysis at 100 K. The MT values are much higher than the spin-

only value for S = 3/2 with g = 2, indicating spin-orbit coupling contributions to the magnetic 

susceptibility, common for HS-CoII in a distorted ligand field.59 The MT remains essentially 

constant until 100 K, after which it decreases more rapidly to reach 1.8 and 1.7 cm3 K mol-1 at 1.85 

K for 12+(PF6)20.5DCE0.5iPr2O and 32+(PF6)20.6DCE, respectively, due to depopulation of the 

HS-CoII spin-orbit coupled states. The observed behavior discounts thermally-induced VT to the 

LS-CoIII-(L)(L0)2 state for both compounds. 

 

 

Figure 4. Temperature dependence of the T product for 12+(PF6)20.5DCE0.5iPr2O (black), 

32+(PF6)2DCE (red), 10.8EtOH (green), 2 (blue), and 3EtOH (purple) in the solid state at 0.1 T 

(, the dc magnetic susceptibility, is defined as M/H per mole of complex; M and H being the 

magnetization and applied magnetic field, respectively). 
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 At 300 K, MT values for the neutral compounds 10.8EtOH, 2, and 3EtOH are all 

approximately 0.95 cm3 K mol-1, indicating a similar charge distribution (Figure 4).  For 10.8EtOH 

and 3EtOH, the MT product decreases gradually below 200 K, whilst 2 remains approximately 

constant until 50 K. Below 50 K, the MT response diverges for 10.8EtOH compared to 2 and 

3EtOH. For 10.8EtOH, an increase is observed to reach a maximum of 1.1 cm3 K mol1 at 12 K, 

before rapidly decreasing to 0.49 cm3 K mol1 at 1.85 K. For 2 and 3EtOH, the MT response 

below 50 K rapidly decreases to reach values of 0.10 and 0.37 cm3 K mol1, respectively, at 1.85 

K. The low temperature feature exhibited by 10.8EtOH is reminiscent of the onset of 

intermolecular interactions, which are perhaps mitigated in the case of 2 and 3EtOH due to 

differences in the coordinated ligands and the crystal lattice. 

 The ambient MT values for the neutral compounds 10.8EtOH, 2, and 3EtOH are much 

lower than expected for a HS-CoII-(L)2(L0) state, as suggested by structural analysis and IR, with 

negligible, or weak, magnetic exchange interactions. For example, the exchange in two HS-CoII-

semiquinonate complexes was determined to be weakly antiferromagnetic, with room temperature 

MT values of 3.3 and 3.6 cm3 K mol-1, consistent with uncoupled HS-CoII and semiquinonate 

ligand.74 Assignment of the electronic state of the three neutral compounds based on the magnetic 

behavior is much more complex in comparison with the dicationic equivalents, with competing 

strong CoꞏꞏꞏL and LꞏꞏꞏL exchange interactions expected from the DFT calculations (Table 

S5) for all electronic states, and a mix of the HS-CoII and LS-CoII charge distributions indicated in 

the structural analysis. Despite the experimentally observed MT values being close to the 

theoretical value of 1.125 cm3 K mol-1 for the LS-CoIII-(L)3 (Scheme 3) and HS-CoII-(L)2(L0) 

states, these electromers are discounted based on structural analysis and IR, with support from 
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DFT. The behavior observed for 10.8EtOH, 2, and 3EtOH therefore arise from a HS-CoII-

(L)2(L0) state with substantial antiferromagnetic coupling between the HS-CoII center and L 

(calculated as 143 cm1 for 1, 76 cm1 for 2, 498 cm1 for 3) and between the two L ligands 

(calculated as 128 cm1 for 1, 401 cm1 for 2, 30 cm1 for 3) (Scheme 3) as suggested by the 

DFT studies. These antiferromagnetic exchange interactions dominate, even at room temperature, 

resulting in the observed low MT. 

Other compounds previously investigated for VT that feature more than one radical ligand 

coordinated to HS-CoII have also exhibited lower than expected MT responses, and although 

attempts have been made to justify this, an exact mechanism of exchange remains elusive.33,75–77 

Furthermore, related 3d and lanthanoid complexes coordinated to multiple Ar-BIAN ligands 

display complex magnetic behavior.36,38,69,78 These compounds exhibit strong antiferromagnetic 

metalꞏꞏꞏL, and LꞏꞏꞏL exchange, with the competition between both modes of exchange and 

the trigonal symmetry of the system resulting in spin-frustration.79 In the 3d metal cases, the spin-

frustration was reported to give rise to multiple low-lying excited states, quenching the anisotropy 

of the metal, resulting in temperature-independent paramagnetism (TIP).38,80,81  

In such spin systems as adopted by 1, 2 and 3, the behavior is undoubtedly challenging to 

model, and a conventional spin-only Hamiltonian is not appropriate. Certainly, there is more to be 

understood about magnetic exchange interactions in such compounds, but this falls outside of the 

scope of this study. One aspect that is clear is that for all measured compounds, the MT remains 

relatively constant from 50-300 K, suggesting that neither a VT nor SCO interconversion occur in 

the solid-state. Rather, the HS-CoII-L0 containing electromer (HS-CoII-(L0)3 for 12+(PF6)2 and 

32+(PF6)2, and HS-CoII-(L)2(L0) for 1, 2 and 3) is the ground-state in the solid-state. Although 
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the possibility of VT is suggested for 3 by gas phase DFT, the solid-state structural and magnetic 

data agree that the necessary LS-CoIII-(L)3 ground state is not observed. 

 

Electronic Spectroscopy 

In the solid-state, compounds 12+(PF6)2, 32+(PF6)2
 , 1, 2 and 3 all exist in the HS-CoII-L0 containing 

electronic state at all measured temperatures. However, it is possible that a compound can exhibit 

a different electronic state in solution compared to the solid state,33,82 which may be solvent 

dependent.83 Electronic absorption spectra (Figure 5, Figures S23-S27, Table S10) were recorded 

for 12+(PF6)2, 1, 2, 3, and 32+(PF6)2 in various solvents with a range of dielectric constants: MeCN 

(κ = 37.5), CH2Cl2 (κ = 8.93), tetrahydrofuran (THF) (κ = 7.58), and toluene (κ = 2.38) at room 

temperature. In MeCN and CH2Cl2, the visible region of the spectra of 12+(PF6)2 and 32+(PF6)2 is 

dominated by absorptions at approximately 25000 cm-1 arising from intra-ligand (IL) processes 

associated with the L0 form of the Ar-BIAN ligand (Figure 5, Figures S23, S24).48,84 The lack of 

features associated with Ar-BIAN confirms a HS-CoII-(L0)3 state in solution at room temperature 

for 12+(PF6)2 and 32+(PF6)2, as observed in the solid-state. Compound 12+(PF6)2 also features a 

very weak broad band centered at 10160 cm-1 in the NIR region, assigned as a 4T1g → 4T2g d-d 

transition; the analogous transition was difficult to discern from the baseline in the case of 

32+(PF6)2.  
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Figure 5. UV-Vis-NIR absorption spectra for MeCN solutions (left) and CH2Cl2 (right) for 12+ 

(black), 32+ (red), 1 (blue), 2 (green), and 3 (purple) at room temperature, with inset emphasizing 

the NIR region for 1, 2 and 3. 

 

For 1, 2 and 3, multiple broad absorption features are observed across the visible region in 

the range of solvents (MeCN, CH2Cl2, THF, toluene). Anecdotally, an octahedral HS-Co(II) (d7) 

ion displays more spin-allowed d-d transitions than LS-Co(III) (d6), which is consistent with the 

broad range of low intensity, low energy absorption features of 1, 2 and 3. The dominant high-

energy features arise from a combination of IL0 (Ar-BIAN0 intraligand transitions) and IL 

transitions (Ar-BIAN intraligand transitions) (Figure 5, Figures S25-S27).48,84 The IL 

transitions decrease in energy from 3 (23810 cm1), to 1 (19880 cm1) and 2 (19493 cm1), 

corresponding to the shift from electron-donating to electron-withdrawing groups on the Ar-BIAN 

ligand. At lower energies (13350–14250 cm1), ligand-to-metal charge transfer (LMCT) features 

are also observed for all three neutral compounds (Figure 5). The assignment of features confirms 
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that in solution at room temperature, 1, 2 and 3 are present as HS-CoII-(L)2(L0), mirroring the 

solid-state. 

In MeCN, 1, 2, and 3 all feature a near infrared (NIR) band, assigned to a ligand-to-ligand 

intervalence charge transfer (IVCT) process involving the formally L and L0 ligand redox 

states.36,38 This discounts a pure LS-CoIII-(L)3 state for the three compounds, further confirming 

the HS-CoII-(L)2(L0) electronic state in solution at room temperature. The degree of electronic 

coupling between the Ar-BIAN ligands in 1, 2, and 3 can be described by the Robin and Day 

classification system (see Supporting Information),85 and the electronic coupling parameter (HAB) 

extracted from the energy and shape of the IVCT band in the framework of Marcus-Hush theory.86  

Complex 1 in MeCN features an absorption envelope in the NIR region with an apparent 

maximum at 6645 cm1, which was deconvoluted by two Gaussian functions (Figure S28, Table 

S11) centered at νmax = 6640(6) cm1 with half-height width ∆𝜈1/2 = 1441(3) cm1 and at νmax = 

8400(90) cm1 with ∆𝜈1/2 = 3400(300) cm1. Similar low-energy absorption envelopes were also 

observed in MeCN for compounds 2 and 3 (Figures S29, S30, Table S11) and deconvoluted in 

each case to two-band patterns νmax = 6050(20) cm1 (∆𝜈1/2 = 1580(90) cm1) and νmax = 7700(100) 

cm1 (∆𝜈1/2 = 2900(700) cm1) for 2 and νmax = 6520(6) cm1 (𝜈1/2 = 1470(40) cm1) and νmax = 

8100(100) cm1 (∆𝜈1/2 = 3200(300) cm-1) for 3. These absorption features proved to be solvent 

dependent, reducing in intensity in CH2Cl2, and undetected in THF and toluene, allowing for 

assignment of 1, 2 and 3 to Class II. This indicates a localized electronic structure and solvent 

environment, and therefore the IVCT is linked to the reorganization energy, which in turn is linked 

to the energy of the optical charge transfer band. Marcus-Hush analysis of the lower energy band 

shape permits estimation of HAB for each of these ligand mixed-valence complexes (1, 721 cm-1; 
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2, 790 cm-1; and 3, 736 cm-1 (Table S11). These values suggest similar weak electronic coupling 

and low levels of delocalization for 1, 2 and 3.52,87 

 

Electrochemical and Spectroelectrochemical Studies 

After establishing that in solution at room temperature compounds 12+(PF6)2 and 32+(PF6)2 adopt 

the HS-CoII-(L0)3 state, and 1, 2 and 3 are in the HS-CoII-(L)2(L0) state, mirroring solid-state 

observations, electrochemical and spectroelectrochemical studies were conducted. Cyclic 

voltammograms of the (air-stable) dicationic complexes 12+(PF6)2 and 32+(PF6)2 in CH2Cl2, with 

resting potentials of −0.1 and −0.2 V respectively, reveal one oxidation process (I), assigned to the 

CoII/CoIII redox couple, and four reduction processes (II, III, IV and V) associated with the 

consecutive one electron reduction of each L0 to L (II – IV) and further reduction of one L to 

L2 (V) within the measured potential range (Figure 6). In both cases, the first oxidation (I) and 

first reduction (II) were found to be electrochemically reversible (Figure S31, S32). Processes III, 

IV and V are completely irreversible. After the reduction III, partial decomposition was detected 

electrochemically even while recording the voltammograms at higher scan rates, with an additional 

redox species with potential near process II becoming prominent as a result. As expected for the 

HS-CoII-(L0)3 state adopted in solution at room temperature by 12+(PF6)2 and 32+(PF6)2, only 

ligand-based reductions (no oxidations) and cobalt based oxidation are observed. 

Static voltammograms were measured for the isolated neutral compounds 1, 2 and 3 under 

analogous conditions to the dicationic compounds 12+(PF6)2 and 32+(PF6)2 (Figures S33, S34). The 

five processes identified in the neutral compounds 1 and 3 are at the same positions as their 

dicationic analogues, as expected for redox products. The resting potential of −1.2, −0.9, and −1.3 
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V for 1, 2 and 3, respectively, indicate that now process II and III are oxidations, consistent with 

the established HS-CoII-(L)2(L0) electronic state in solution at room temperature. 

 

Figure 6. Cyclic voltammograms (0.1 M NBu4PF6 / CH2Cl2) of 12+(PF6)2 and 32+(PF6)2 at scan 

rate of 100 mV/s (top). The colored lines plot the voltammograms measured with a switching 
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potential immediately past the first oxidation (red), first reduction (blue), second reduction (green). 

Assignments of redox processes and associated species (bottom).  

 

Guided by the UV-Vis-NIR spectra and electrochemical results, the reversible oxidation 

(I) and first reduction (II) processes of 12+(PF6)2 and 32+(PF6)2 were studied by UV-Vis-NIR 

spectroelectrochemical methods in CH2Cl2. Upon oxidation of CoII  CoIII for both compounds, 

all spectral features grow in intensity and shift toward lower energies. An isosbestic point is 

observed in the higher energy region (ca 33300 cm-1), and corresponds to the red shift of the high 

energy * orbitals of the ligands, presumably through charge effects.48 The lower energy 

absorbances are all very similar between the CoII species and the oxidised CoIII form, but with 

increased intensities for the CoIII containing species.  
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Figure 7. Spectroelectrochemical data (UV-Vis-NIR) for the 1st reduction (left) and 1st oxidation 

(right) of complexes 12+(PF6)2 and 32+(PF6)2 measured in 0.1 M solution of NBu4PF6 in CH2Cl2. 

The 1st reduction is associated with L0  L (process II) and the 1st oxidation is associated with 

CoII  CoIII redox couple (process I). 

 

Upon reduction of 12+(PF6)2 and 32+(PF6)2 through process II, a clear isosbestic point is 

observed in the visible region (21400 cm-1 for 12+(PF6)2 and 19500 cm-1 for 32+(PF6)2), with 

features between 36000-24000 cm1 (277–416 nm) that arise from the formation of the reduced 

form of the ligand, L, giving rise to the electronic state HS-CoII-(L)(L0)2 (analogous to 1+(PF6)). 

An additional absorbance in the visible region that appears at 13330 cm1 (750 nm) for 12+(PF6)2 
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and 13100 cm1 (763 nm) for 32+(PF6)2 has not been observed in the spectrum of free Ph-BIAN 

or 4-MeO-Ph-BIAN,84 discounting an IL transition, and is likely the an LMCT transition. The 

observed features resemble those present in the spectra for 1, 2 and 3. Most interestingly, a peak 

emerges in the NIR region of the spectrum for both compounds (1+, 6630 cm1 (1508 nm); 3+, 

6600 cm1 (1515 nm)) characteristic of the IVCT process arising from the presence of Ar-BIAN 

in different redox states (L0/L), as observed for 1, 2 and 3. Fitting the NIR peaks Figures S35, 

S36) produced upon cycling through process II to give the resulting monocationic (1+ and 3+) 

complex gave νmax = 6610(2) cm1 (∆𝜈1/2 = 1310(10) cm1) and νmax = 7930(30) cm1 (∆𝜈1/2 = 

2830(70) cm1) for 1+
, and νmax = 6552(2) cm1 (∆𝜈1/2 = 1350(10) cm1) and νmax = 79730(50) cm1 

(∆𝜈1/2 = 3000(100) cm1) for 3+. The HAB of the lower energy band of 655 and 675 cm-1 for 1+ and 

3+, respectively, indicate that like 1, 2 and 3 an MV Class II is likely for both cases. 

 

Variable Temperature Electronic Spectroscopy 

The electronic state of 1, 2 and 3 in solution at room temperature has been established as HS-CoII-

(L)2(L0) via electronic absorption spectroscopy, electrochemistry and spectroelectrochemistry. 

This mirrors the solid-state observations. However, DFT calculations (vide supra) for 3 point to a 

LS-CoIII-(L)3 ground state and the possibility of thermally-induced VT (Scheme 2). No evidence 

of VT was observed in the solid state. However, as mentioned, VT can still occur in solution even 

if not observed in the solid.33 In order to investigate the possibility in solution, lower temperature 

absorption spectra were measured for both 1 and 3 upon cooling down to our instrumental limit of 

243 K in both CH2Cl2 and MeCN (Figure 8 and Figures S37, S38).  
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Figure 8. Variable temperature UV-Vis-NIR absorption spectra for 3 (top) and 1 (bottom) in 

MeCN between 243 and 295 K, with inset (a) highlighting isosbestic points and (b) the temperature 

dependence of the IVCT band in the NIR region.  

 

 For 3 in CH2Cl2, only minimal changes are evident in the visible range upon cooling, 

including a slight increase in the IL band intensity at 430 nm (23200 cm-1), but the IVCT peak 
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exhibits little change, consistent with no VT (Figure S37). However, in MeCN, a more significant 

increase is evident in intensity of the IL transition at 430 nm, with two closely spaced isosbestic 

point at 513 and 522 nm, indicating the onset of an equilibrium between two (or more) species 

(Figure 8). These isosbestic points are found at a similar energy to that observed in the 

spectroelectrochemical measurements on cycling through reduction process II. More intriguingly, 

on cooling, the IVCT band at ~1510 nm (6623 cm-1) decreases significantly in intensity, indicating 

a decrease in the mixed-valent character of the ligands, suggestive of increased LS-CoIII-(L)3 

population. This change is reversed upon warming to room temperature, indicating a reversible 

thermal process (Figure S39). Similar changes in IVCT band intensities with temperature have 

been instrumental for monitoring thermally-induced VT for cobalt complexes involving 

interconversion from two semiquinonate ligands to one semiquinonate and one catecholate 

ligand.44,88–90 Therefore, the variable temperature data suggests thermally-induced VT for 3 in 

MeCN, involving interconversion between LS-CoIII-(L)3 at low temperature and HS-CoIII-

(L)2(L0) at higher temperature (Scheme 3). This is consistent with DFT predictions. The observed 

effect of solvent on the VT transition is consistent with previous observations for cobalt-dioxolene 

systems, where solvent is known to alter the relative stability of the different charge distributions 

and modulate the charge transfer processes.83 Specifically, chlorinated solvents tend to stabilize 

the HS-CoII-semiquinonate state, whereas nitrile solvents stabilize the LS-CoIII-catecholate 

tautomer.19,43 For comparison, compound 1 was also measured down to 243 K in CH2Cl2 and 

MeCN. In both solvents, the IL bands around 395 nm (25320 cm1) decrease very slightly with 

decreasing temperature, with isosbestic points around 437 and 522 nm. However, the IVCT band 

increases slightly in intensity upon cooling, rather than decreases, indicating no VT transition for 

this compound.  
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CONCLUSIONS 

The [Co(Ar-BIAN)3]n+ (n = 0, 1, 2) family of homoleptic cobalt complexes incorporating an 

electronically diverse range of α-diimine Ar-BIAN ligands have been synthesized and their 

electronic structures analyzed via a combination of computational, structural, magnetic, 

spectroscopic and electrochemical techniques. The aim of this work at the outset was to explore 

the possibility of molecular switchability in the form of thermally-induced SCO or valence VT. 

Density functional theory calculations proved invaluable in guiding the choice of compounds to 

synthesize and investigate experimentally, with the critical DFT output being the relative energies 

of the electromeric forms relevant for the different types of interconversions. The DFT calculations 

of all members of the [Co(Ar-BIAN)3]n+ family complexes studied here suggested that SCO is 

likely unattainable for this family.  This can be attributed to the inability of the Ar-BIAN / Ar-

BIAN  ligands to provide a sufficiently strong ligand field to stabilize a LS-CoII containing 

electromer.  In contrast, the calculations suggested that a neutral [Co(Ar-BIAN)3] complex with a 

strongly electron-donating Ar-BIAN / Ar-BIAN ligand combination might afford VT by 

stabilizing the LS-CoIII-(L)3 ground state and allowing interconversion to a low-lying HS-CoII-

(L)2(L0) state upon heating. The most promising candidate compound for VT was thus identified 

as [Co(4-MeO-Ph-BIAN)3]. 

 Six members of the [Co(Ar-BIAN)3]n+ (n = 0, 1, 2) family with three different Ar-BIAN 

ligands were synthesized and characterized in the solid state and solution. Solid state structural 

and magnetic data are consistent with a HS-CoII-L0 containing electronic structure for all six 

complexes, with no VT processes evident in the solid state. Detailed electronic absorption 

spectroscopy, electrochemistry and spectroelectrochemistry studies performed on several 

analogues in solution at room temperature are consistent with the ground state charge distributions 
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observed in the solid state. However, variable temperature electronic absorption spectra of [Co(4-

MeO-Ph-BIAN)3] in MeCN show evidence of a valence tautomeric interconversion from the HS-

CoII-(L)2(L0) state at room temperature to LS-CoIII-(L)3 upon cooling to 243 K. Specifically, 

the ligand-based IVCT band in the NIR decreases significantly in intensity upon cooling, 

consistent with a decrease in the extent of ligand mixed-valency as HS-CoII-(L)2(L0) 

interconverts to LS-CoIII-(L)3. Although the extent of the interconversion cannot be determined 

with the present data, the DFT prediction of thermally-induced VT for [Co(4-MeO-Ph-BIAN)3] 

has been experimentally verified. This study has thus identified a new chemical family of valence 

tautomeric complexes. Furthermore, this work has demonstrated that maximization of ligand 

electron donation via simultaneously maximizing the negative charge on the ligands, and 

incorporating electron-donating substituents, sufficiently stabilizes the LS-CoIII containing 

tautomer, which is key for accessing VT in this [Co(Ar-BIAN)3]n+ (n = 0, 1, 2) family of 

complexes.  Although beyond the scope of this work, it is conceivable then that extending this 

principle by incorporating the dianionic Ar-BIAN2- ligands might facilitate the alternative VT 

interconversion possible with these ligands:  LS-CoIII-(L2) ⇌ HS-CoII-(L), rather than the LS-

CoIII-( L) ⇌ HS-CoII-(L0) observed for [Co(4-MeO-Ph-BIAN)3].  Most importantly, this study 

clearly indicates the power of DFT-guided selection of candidate compounds for the efficient 

development of new functional molecules. 
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SYNPOSIS 

Guided by density functional theory calculations, variation of the redox-state and aryl substituents 

in a series of homoleptic [Co(Ar-BIAN)3]n+ (bis((aryl)imino)acenapthene) complexes has afforded 

a thermally-induced valence tautomeric interconversion in acetonitrile solution for neutral [Co(4-

MeO-Ph-BIAN)3] (4MeO-Ph-BIAN = bis[N,N'-(4-methoxy-phenyl)imino]acenaphthene). 

  

 


