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ABSTRACT  

The ability to identify promising candidate switchable molecules computationally, prior to 

synthesis, represents a considerable advance in the development of switchable molecular materials. 

Even more useful would be the possibility of predicting the switching temperature. Cobalt-

dioxolene complexes can exhibit thermally-induced valence tautomeric switching between low-

spin CoIII-catecholate and high-spin CoII-semiquinonate forms, where the half-temperature (T1/2) 

is the temperature at which there are equal amounts of the two tautomers. We report the first simple 

computational strategy for accurately predicting T1/2 values for valence tautomeric (VT) 

complexes. Dispersion-corrected density functional theory (DFT) methods have been applied to 

the [Co(dbdiox)(dbsq)(N2L)] (dbdiox/ dbsq•– = 3,5-di-tert-butyldioxolene/semiquinonate; N2L = 

diimine) family of VT complexes, including the newly reported [Co(dbdiox)(dbsq)(MeO-bpy)] 

(1) (MeO-bpy = 4,4′-dimethoxy-2,2′-bipyridine). The DFT strategy has been thoroughly 

benchmarked to experimental data, affording highly accurate spin-distributions and an excellent 

energy match between experimental and calculated spin-states. Detailed orbital analysis of the 

[Co(dbdiox)(dbsq)(N2L)] complexes has revealed that the diimine ligand tunes the T1/2 value 

primarily through π-acceptance. We have established an excellent correlation between 

experimental T1/2 (toluene) values for [Co(dbdiox)(dbsq)(N2L)] complexes and the calculated 

lowest unoccupied molecular orbital energy of the corresponding diimine ligand. The model 

affords accurate T1/2 (toluene) values for [Co(dbdiox)(dbsq)(N2L)] complexes, with an average 

error of only 3.7%. This quantitative and simple DFT strategy allows experimentalists to not only 

rapidly identify proposed VT complexes, but also predict the transition temperature. This study 

lays the groundwork for future in silico screening of candidate switchable molecules prior to 

experimental investigation, with associated time, cost, and environmental benefits. 
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INTRODUCTION 

A molecular approach to the development of switchable spin-bearing materials offers excellent 

potential for tunability of properties compared to conventional solid-state materials.1 Molecules 

that can be interconverted between two or more distinct electronic states upon application of an 

external stimulus are therefore important synthetic targets.2–8 Switchable molecules are relevant 

for future applications in quantum information processing,3,5 spintronics,4,9 and thin-films for 

sensing and displays.6,7,10,11  

Metal complexes that interconvert between low-spin (LS) and high-spin (HS) state in 

response to a stimulus, for example upon heating and cooling, have provided numerous examples 

of switchable spin crossover (SCO) systems.7,12   Another class of switchable molecules that offers 

diverse possibilities for applications are those that exhibit valence tautomerism (VT), involving 

stimulated intramolecular electron transfer between a redox-active metal and coordinated 

ligand.13–15  Valence tautomeric interconversions can be triggered by stimuli such as temperature, 

light, magnetic fields or pressure and VT has been reported for  complexes of various metals, 

including transition, main group and lanthanoid-metals.  The range of metal-ligand combinations 

and the intrinsic redox-activity suggests avenues for multifunctional materials that are not 

available with SCO compounds. For example, the difference in charge distributions between 

valence tautomers confers possibilities involving polarization switching and spin-dependent 

conductivity and electrical properties.16–20 

 Cobalt complexes incoporating dioxolene (diox) ligands in the catecholate (cat2-) or 

semiquinonate (sq•–) oxidation states provide the most numerous examples of VT.13–15  The first 

family of such complexes to be studied were the [Co(dbdiox)(dbsq)(N2L)] (dbdiox/dbsq•– = 3,5-
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di-tert-butyldioxolene/semiquinonate; N2L = diimine; Chart 1) series, with thermal VT reported 

for the 2,2'-bipyridyl (bpy) analogue by Buchanan and Pierpont in 1980.21  Valence tautomerism 

in these complexes involves  a concerted spin transition and thus interconversion between the low 

spin (LS) [Co(dbcat)(dbsq)(N2L)] tautomer at low temperature and the high spin (HS) 

[Co(dbsq)2(N2L)] tautomer at high temperature. The transition temperature (T1/2) is the 

temperature at which the two tautomeric forms co-exist in equal amounts.  Investigations of several 

members of the [Co(dbdiox)(dbsq)(N2L)] family suggested that T1/2 values increase with 

increasing electron-donor ability of the diimine ancillary ligand.22–24 
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Chart 1. Representative LS-CoIII-(cat)(SQ) tautomer of [Co(dbdiox)(dbsq)(N2L)] complexes with 

the N2L ligands used in this work.  
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Density functional theory (DFT)25,26 has become an invaluable tool for chemists to study 

the structure and properties of molecules. Since the first application of DFT to the 

[Co(dbdiox)(dbsq)(N2L)] family of VT complexes in 1997,27 DFT approaches have been 

employed on a number of occasions to rationalize experimental observations.5,15,28–35 However, 

VT systems are challenging to model using DFT methods: they are open shell species, highly 

functional dependent, and involve a change in spin state.36–39 As a result, accurate DFT analysis of 

VT is non-trivial. Recently, DFT methods have also been employed to predict candidate VT 
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compounds, which were subsequently verified to exhibit VT experimentally, including by some 

of us.39–41  In other cases, DFT predictions are yet to be confirmed via experiments. In contrast, 

DFT applications on Fe(II) complexes has seen greater development, with several reported efforts 

to computationally determine whether SCO will occur.42–48 In a landmark study, Brooker et al. 

developed a simple method to determine transition temperatures of  Fe(II) SCO complexes with 

azine-substituted 1,2,4-triazole ligands, based on a correlation of the solution T1/2 values with 

observed and DFT calculated 15N NMR chemical shift values for ligand resonances.49   

It is desirable from both environmental and cost standpoints that computational chemistry 

becomes an essential tool for screening candidate compounds for a targeted property prior to 

synthesis and experimental investigation. However, the development of efficient and reliable 

computational methods, together with rigorous benchmarking against experimental data, are both 

required before computational screening can become routine. The ability to identify systems that 

will exhibit switching is an important goal, but the next step of accurate prediction of transition 

temperatures is even more important for developing molecular materials for applications.    

Herein we report our efforts to develop computational screening strategies for switchable 

molecules. We have developed the first efficient DFT strategy for reliable screening of candidate 

VT molecules and prediction of T1/2 values. The [Co(dbdiox)(dbsq)(N2L)] family of VT complexes 

was selected for this study as it offers the largest reported range of solution (toluene) T1/2 values, 

as well as forming the basis for various multifunctional materials.5,19,50–57 Solution T1/2 values are 

crucial as VT in the solid-state is also governed by crystal-packing and supramolecular 

interactions.23,58,59 A new member of the family, [Co(dbdiox)(dbsq)(MeO-bpy)] (1; MeO-bpy = 

4,4′-dimethoxy-2,2′-bipyridine) was first synthesized and characterized to increase the available 

range of experimental T1/2 values for comparison with calculated values. We then developed a 
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dispersion-corrected DFT protocol incorporating real physical and environmental effects and 

applied it to the [Co(dbdiox)(dbsq)(N2L)] family, where N2L = MeO-bpy, bpy, 4,4'-dimethyl-2,2'-

bipyridine (Me-bpy), 1,10'-phenanthroline (phen), 2,2'-bipyrimidine (bpym) and 2,2'-bipyrazine 

(bpyz). The resultant model for VT T1/2 prediction is user-friendly, accurate and improves 

computational-screening approaches. 

 

RESULTS AND DISCUSSION 

Synthesis and Experimental Work 

To provide a wider range of experimentally reported valence tautomeric T1/2 values in toluene for 

[Co(dbdiox)(dbsq)(N2L)] complexes for our DFT analysis, we synthesized the complex 

[Co(dbdiox)(dbsq)(MeO-bpy)] (1) (see Supporting Information section 2-4, 6 for more 

experimental detail, Figure S1-13, Table S1-4).  The ancillary ligand MeO-bpy was selected for 

this work as its relatively poor π-accepting ability is expected to stabilize the LS-CoIII-(cat)(SQ) 

tautomer and increase the T1/2 relative to other diimine ligands, based on previous studies that 

suggest reducing diimine π-acceptance favors the LS-CoIII(cat)(SQ) form.22–24 This allows for the 

provision of a higher temperature experimental data point for comparison with calculated values 

(Table S1).  

Complex 1 crystallizes as the toluene solvate 1·2tol and the single crystal X-ray structural 

analysis at 100 K indicates interatomic distances consistent with the LS-CoIII-(cat)(SQ) state 

(Figure S2). The octahedral SHAPE index of 0.414,60,61 and the Σ and Θ angles of 42° and 125° 

respectively (calculated by OctaDist),62 show low distortion of the octahedron characteristic of 



 
 

8 

 

LS-CoIII (Table S3). Variable temperature crystallography (100–200 K)63 suggests the onset of VT 

(Table S3, Figure S5) with increasing temperature. Complex 1 was isolated in bulk as the 

unsolvated compound, and as partially desolvated 1·0.8tol, with solvation levels confirmed by 

elemental analysis and thermogravimetric analysis in each case (Figure S1). Infrared (IR) and 

solid-state ultra-violet-visible (UV-vis) diffuse reflectance spectroscopy (Figure S7, S8) are 

consistent with 1 and 1·0.8tol being predominantly in the LS-CoIII-(cat)(SQ) state at room 

temperature (see Supporting Information section 6 for more detail).23,58,64,65 The solid-state 

magnetic susceptibility behavior of 1·0.8tol and 1 indicate both undergo incomplete thermally-

induced VT transition, with 1 displaying a more complete transition at 330 K (~38%, based on the 

maximum χMT value of 2.35 cm3 mol-1 K measured for [CoII(dbsq)2(phen)] in toluene66) compared 

to 1·0.8tol (~25%) (Figure 1).  
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Figure 1. Plot of χMT for solid state 1·0.8tol (top) on first heating 1.9–330 K (black ●), first cooling 

330–100 K (red ■), second heating 100-330 K (blue ▲). Plot of χMT for solid state 1 (bottom) on 

first heating 1.9–360 K (black ●), first cooling 360–100 K (red ■), second heating 100–360 K 

(blue ▲). Numbered arrow indicates the order and direction of measurements.  

 

Variable temperature UV-vis absorption spectra of 1 in toluene (Figure 2) reveal intensity 

changes of bands at ~600 and ~770 nm with temperature.  Previous studies have noted that the 

~600 nm band is characteristic of the LS-CoIII-(cat)(SQ) tautomer and the ~770 nm band is 

associated with the HS-CoII-(SQ)2 tautomer.23  Upon heating from 278 to 318 K, the ~ 600 nm 

band decreases in intensity and the ~770 nm band increases, consistent with the behavior of 
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literature analogues.23  These changes are reversible on repeated heating and cooling cycles (Figure 

S11) and isosbestic points are evident at ~495 and ~660 nm.  This behavior is indicative of 

thermally-induced VT occurring in toluene.21,23,66   The T1/2, ΔH and ΔS values associated with 

this thermal interconversion were obtained by fitting the HS-CoII-(SQ)2 mole fraction vs the 

temperature (T) data (Figure S13) to the regular solution mode67 (See Supporting Information 

section 1 for more detail). The model provides an excellent fit (R2 = 1.00) and affords the values: 

T1/2 = 336(1) K; ΔH = 68(2) kJ mol-1 and ΔS = 203(6) J K-1 mol-1. The T1/2 of 1 in toluene is one 

of the highest reported,23 extending the range of VT transition temperatures in the 

[Co(dbdiox)(dbsq)(N2L)] family, consistent with an electron-rich ancillary ligand. 
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Figure 2. (Top) Variable temperature UV-Vis spectra of 1 in toluene from 278 K (blue) to 318 K 

(red) in 5 K intervals and photograph of 1 in toluene at these temperature temperatures (inset). 

(Bottom) Electronic absorption spectra for 1 in toluene: experimental data at 278 K (blue) and 

curve calculated for the LS-CoIII-(cat)(SQ) tautomer with TDA-CAM-B3LYP/def2-TZVPP with 

a toluene continuum solvation model (black). 

 

 Linear-response time-dependent DFT calculations within the Tamm-Dancoff 

Approximation (TDA-DFT)68 were used to simulate the electronic absorption spectra for 1 in both 

the LS-CoIII-(cat)(SQ) and HS-CoII-(SQ)2 tautomeric states (Figures S14-S16).68 These DFT 

calculations were performed using ORCA (see Supporting Information section 1 for more 

information).69,70 The popular global-hybrid functional B3LYP71,72 is commonly used to simulate 

spectra,35,41,72–74 despite its incapability of describing charge transfer (CT) transitions and its 

278 K 318 K  
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tendency to simulate artificial states instead.36,75–78 Therefore, to account for CT transitions, range-

separated hybrid or double hybrid density functionals should be employed for accurate TDA-DFT 

excitation energies.77,79 We found that CAM-B3LYP80 was the most appropriate method to 

simulate the spectra for both tautomeric forms of 1 after cross-validation with B3LYP and 

ωB97X81 to rule out any potential artifacts (detailed in Supporting Information section 5, Figure 

S14, S15). 

CAM-B3LYP performed very well in reproducing the spectrum of the LS-CoIII-(cat)(SQ) 

form of 1 (Figure 2). The band around 600 nm that is characteristic of the LS-CoIII-(cat)(SQ) 

tautomer, can now be definitively assigned as a localized semiquinonate π → π* transition  (Figure 

S17). The band at 304 nm observed experimentally (Figure S9) is a ligand-to-metal charge transfer 

(LMCT) from the dbcat2– to the LS-CoIII eg* orbital (Figure S18). The bands toward the near-

infrared (NIR) region (Figure S9) are (dbcat2– → dbsq•–) intervalence charge transfer (IVCT) bands 

as previously suggested (Figure S19),32,66 which disappear as expected in the calculated spectra of 

the HS-CoII-(SQ)2 state for 1 (Figure S16). As the temperature is increased and 1 interconverts 

from LS-CoIII-(cat)(SQ) to HS-CoII-(SQ)2, the calculated semiquinonate π → π* band around 600 

nm splits into two bands (as there are two independent dbsq•– ligands) (Figure S16, S20, S21), with 

the experimentally observed band at ~770 nm (Figure 2), which is considered characteristic of HS-

CoII-(SQ)2, attributed to one of these transitions with blue-shifting apparent in the calculated 

spectrum.82,83 This blue-shifting is known for range-separated hybrids but is generally not a 

problem due to their ability to describe CT.77 Additionally, the LMCT band evident for LS-CoIII-

(cat)(SQ) is replaced by a metal-to-ligand charge transfer (MLCT) transition between the CoII eg 

orbital and the dbsq•– π* (Figure S16, S22), and results in the appearance of a third isosbestic point 

at ~385 nm (Figure S23). The assignment of the transitions (Table S5) using TDA-DFT confirm 
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the identity of the characteristic tautomeric bands for the [Co(dbdiox)(dbsq)(N2L)]  family of 

complexes, which up to now have only remained speculative.23,32,66  

Density Functional Theory Calculations 

A pioneering DFT study on the VT complex [Co(dbdiox)(dbsq)(phen)] was reported by 

Noodleman, Hendrickson et al. in 1997.27 This study investigated electronic structures, energy 

differences and vertical optical transition energies for the LS-CoIII-(cat)(SQ), LS-CoII-(SQ)2, and 

HS-CoII-(SQ)2 electromers using (semi-)local density functional calculations on the molecular 

crystal structure with tert-butyl groups replaced by hydrogen atoms. This phenanthroline 

compound is notable in that crystallographic data exist for both valence tautomeric forms.23  These 

calculations confirmed a LS-CoIII-(cat)(SQ) ground state but predicted the experimentally 

unobserved LS-CoII-(SQ)2 tautomer to be next lowest in energy.  The decreased T1/2 for 

[Co(dbdiox)(dbsq)(phen)] compared to other analogues was attributed to increased π-backbonding 

involving the phenanthroline ligand.  

Given the tremendous advances in computational chemistry in the last twenty years, we 

sought to develop and apply accurate DFT to the whole [Co(dbdiox)(dbsq)(N2L)] family of 

complexes with the goals of reproducing the spin density distributions and energies of the 

tautomeric forms, as well as the T1/2 values for the analogues that display VT. Again, we performed 

all DFT calculations in ORCA (see Supporting Information section 1 for more information).69,70 

To develop the model we investigated the [Co(dbdiox)(dbsq)(N2L)] complexes where N2L = MeO-

bpy, Me-bpy, bpy, phen, bpym, and bpyz, which offer a wide T1/2 (toluene) range of 190–336 K 

(Table S1).21,23,27,66,84 Solution state transition temperatures were employed due to the 

complications of solid state and packing effects associated with solid state values,23,58,59 with 

toluene providing the most comprehensive set of experimental values.  The analogue with the 4,4'-
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diphenyl-2,2'-bipyridine ancillary ligand displays unexplained anomalous behavior, with the 

experimentally observed T1/2 very high for the ΔH and ΔS values, and was not included.23,66  

 

Density functional for geometry optimizations 

To produce chemically accurate results, reliable DFT optimized geometries, and proper electronic 

descriptions, it is important to carefully select the functional and atomic orbital basis set. As 

[Co(dbdiox)(dbsq)(N2L)] complexes possess open-shell electronic configurations in both 

tautomeric states, obtaining correct geometries and spin-density distributions, though difficult, is 

crucial. We chose the [Co(dbdiox)(dbsq)(phen)] complex to trial DFT geometry optimization as 

there are crystal structures for both tautomeric forms.23 The LS-CoIII-(cat)(SQ) tautomeric form 

contains localized singlet catecholate and doublet semiquinonate ligands according to 

crystallographic information (Figure S2).21,23 However, this localized unpaired electron can easily 

leak across the two dioxolene ligands during geometry optimization due to the common self-

interaction error (SIE),85–88 an effect where the electrons display unphysical interaction with 

themselves. Selection of a density functional that prevents such artificial delocalization of the spin 

density is vital, something not properly considered in the literature despite knowledge of this 

problem, with methods applied that did not localize the spin.27,28,32,35,89 In general, generalized 

gradient approximations (GGA) functionals, such as BP86,90,91 give reliable geometries and are 

widely used in many computational studies including for valence tautomeric cobalt 

complexes.35,39,92 However, for [Co(dbdiox)(dbsq)(phen)], the BP86 functional results in 

delocalized spin distribution in the doublet LS-CoIII-(cat)(SQ) tautomer resulting from high 

amounts of SIE (Figure 3). The 2010 study by Yoshikawa et al. employed B3LYP, B3LYP*,93 

BLYP,90,94 BP86 and OPBE91,95 to obtain the relative energy of the VT process and Co–O bond 
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lengths.28 The best-performing functional in their study, B3LYP*, still had significant SIE 

resulting in an equal distribution of spin densities among the two dioxolene ligands (Mulliken spin 

densities of 0.47 for both dbcat2− and dbsq•–).  

 

 

Figure 3. Optimized geometry and spin density distribution of [CoIII(dbcat)(dbsq)(phen)] as 

calculated by BP86-D3(BJ)/def2-TZVPP (top) and PBEh-3c (bottom). The spin distribution 

represents positive (green) and negative (yellow) spin densities with isovalue=0.004. Hydrogen 

atoms omitted for clarity. 
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 We found that the efficient hybrid functional PBEh-3c,96 which includes a London 

dispersion correction,97,98 a specialized double-ζ basis set to reduce incompleteness effects whilst 

still being computationally efficient, and a fast basis set superposition error correction,99 performed 

extremely well in producing the accurate geometry with the desired spin distribution for the LS-

CoIII-(cat)(SQ) (Figure 3, Figure S25), as well as HS-CoII-(SQ)2 (S = 5/2, 3/2, 1/2) states in 

[Co(dbdiox)(dbsq)(phen)] (Figure S25, S29). The admixture of Fock exchange in PBEh-3c 

explains the reduction of the SIE and the resulting localization of the spin density. To further 

minimize errors associated with the LS-CoIII-(cat)(SQ) form, we generated all input coordinates 

for the geometry optimizations for each complex using the LS-CoIII-(cat)(SQ) crystal structure for 

1 and [Co(dbdiox)(dbsq)(phen)]23 as the template. The calculated LS-CoIII-(cat)(SQ) structure for 

1 matched the crystal structure well (Figure S5). The antiferromagnetic (S = 3/2, S = 1/2) states for 

HS-CoII-(SQ)2 can be obtained using the broken-symmetry (BS) approach,100 but subsequent 

inspection of the spin densities is mandatory as the BS approach does not guarantee the desired 

spin-states. We therefore ensured each state had the desired spin orientation by analyzing the spin 

density plots and spin-populations of all complexes before further calculations (Figure S26-S31).  

 

Density functional study for spin-state energetics  

We set about calculating the spin-state energies of each tautomeric state for the 

[Co(dbdiox)(dbsq)(N2L)] family, with the aim of exploring a possible correlation between the 

energy difference between tautomers with the experimentally observed T1/2. As the spin-state 

energy is a crucial piece of information in VT complexes, obtaining accurate and quantitative 
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descriptions is paramount. We therefore performed a detailed functional benchmarking study on 

[Co(dbdiox)(dbsq)(phen)] and [Co(dbdiox)(dbsq)(bpy)], chosen as they contain "parent" diimine 

ancillary ligands that have been chemically derivatized in the other analogues. We included a suite 

of corrections to ensure greatest approximation of reality in the calculations of the electronic 

energy (Ee) of each tautomer. Each tautomer was calculated with dispersion corrections to account 

for ubiquitous London dispersion interactions, zeroth order regular approximation (ZORA)101 

relativistic corrections, with the relativistic equivalent of the def2-TZVPP basis set,102 the 

conductor-like polarizable (CPCM) solvent model103 with toluene as the solvent. Additionally, the 

zero-point, and thermal vibrational contributions (calculated with PBEh-3c) at the corresponding 

transition temperatures of each complex (Table S6) were also included. With these effects 

included, we trialed the following eight different DFT methods to calculate the spin-state energies 

for [Co(dbdiox)(dbsq)(phen)] and [Co(dbdiox)(dbsq)(bpy)] and, most importantly, compared the 

calculated values with the experimentally determined enthalpy change (26.77 and 36.56 kJ mol-1 

respectively)23,66 for the VT interconversion (ΔH) (Table S7):  

• Generalized gradient approximation (GGA) functionals: BP86, OPBE, B97M104 (B97M-

V parametrization but paired with different dispersion corrections; see below)105,106 

• Meta-GGA functional: M06-L107 

• Global hybrid functionals (admixture of Fock exchange given in parentheses): B3LYP 

(20%), TPSSh (10%)108 

• Long-range corrected hybrid functionals: ωB97X109 (ωB97X-V parametrization but paired 

with different dispersion corrections; see below)105,106 

• Global Double-hybrid functional: B2PLYP110 (consisting of 27% MP2 correlation and 

53% admixture of Fock exchange) 
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As the electronic energy with the relevant thermal corrections (ΔEt) can be related to the 

enthalpy, where ΔH = ΔEe + ΔEt,27,111 the electronic energies obtained for each state was 

supplemented with the relevant thermal corrections (including zero point and thermal vibrational 

effects) obtained from the frequency analysis with PBEh-3c geometries (Figure S28, S29, Table 

S6). Most previous studies on VT and SCO complexes have neglected dispersion corrections to 

allow for an improved description of intermolecular forces.5,27,28,35,44,46,49 We used dispersion-

corrected DFT in our study to mimic reality as much as computationally possible. We combined 

the eight functionals with the extensively used DFT-D3 model, with the Becke and Johnson 

damping scheme DFT-D3(BJ) (except M06-L which used the zero-damping scheme DFT-

D3(0)),98,112 and the newly implemented DFT-D4 correction which introduces correction for 

atomic charge and spin-states (Table S7).113,114 This results in a total of sixteen different 

dispersion-corrected DFT methods trialed, one of the widest study reported for VT or SCO 

switchable molecules. 

In benchmarking each method to [Co(dbdiox)(dbsq)(bpy)] and [Co(dbdiox)(dbsq)(phen)], we 

found that the BP86 and OPBE functional with both dispersion corrections overstabilized the LS-

CoIII-(cat)(SQ) state, and the B3LYP and ωB97X functionals (both dispersion corrections) 

incorrectly favored HS-CoII-(SQ)2 as the ground state (Table S7). The inability to accurately 

produce the ground state using B3LYP and the overstabilization of the LS-CoIII-(cat)(SQ) tautomer 

using BP86 is consistent with previous work.39 The B2PLYP, TPSSh and B97M functionals 

performed moderately with a mean absolute error (MAE) of ~20 kJ mol-1 from the experimental 

values for both dispersion corrections (Figure 4, Table S7). The OPBE and TPSSh functionals, 

which are extensively used in spin-state energy studies without dispersion corrections, are noted 

to differ in their performance with the two different dispersion correction models (Figure 4, Table 
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S7). Compared to OPBE calculated without dispersion corrections, the MAE of OPBE calculated 

with both dispersion corrections increased by 40–60 kJ mol-1, indicating the performance of the 

uncorrected functional is attributed to error compensations. Of all the methods used, the M06-L-

D4 approach showed outstanding performance, with a MAE of only ~1 kJ mol-1 (0.25 kcal mol-1) 

(Figure 4, Table S7). We found that the calculated energies using M06-L-D3(0) did not change 

significantly (Table S7), unlike observed with OPBE and TPSSh, indicating that there is no error 

compensation associated within the functional. The excellent match between experimental and 

calculated values for the complexes with bpy and phen supports M06-L-D4 as the most appropriate 

computational method to apply to the whole [Co(dbdiox)(dbsq)(N2L)] family. 
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Figure 4. Mean absolute error (MAE) for functional screening for spin-state energetics of 

[Co(dbdiox)(dbsq)(bpy)] and [Co(dbdiox)(dbsq)(phen)] complexes with the DFT-D4, -D3(BJ) or 

-D3(0) dispersion corrections. 
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 A common practice to save computational time in computational treatments is to truncate 

structures by removing large functional groups. To date, major computational studies on the 

[Co(dbdiox)(dbsq)(N2L)] VT system have been performed with replacement of the tert-butyl 

groups with hydrogen atoms or with methyl groups.27,28,32 This approach is not recommended as 

it alters the energy preference of the states,37 and some of us have shown that the tert-butyl groups 

can have a significant effect on the relative tautomer energies.39 Calculation of 1 with all tert-butyl 

groups removed with M06-L-D4 gave ΔH value of 33.5 kJ mol-1, a significant deviation from the 

experimental values of 68 kJ mol-1, highlighting that truncation should not occur if accurate spin-

state energies are required. We therefore performed all calculations with the tert-butyl groups in 

place. With the tert-butyl groups present, there are four possible geometric isomers for the LS-

CoIII-(cat)(SQ) tautomer of which only three isomeric forms are observed in the solid-state (Chart 

S1).21,23,24 We found that the isomers have slight differences in energy (Table S8). However, as 

isomer-1 (Chart S1) is the lowest in energy for both tautomers for 1, as well as being the most 

observed in the solid state across all complexes,21,23,24 we have chosen to perform all our 

calculations on this isomer with coordinates generated from the LS-CoIII-(cat)(SQ) form of the 

phen and MeO-bpy complexes. We applied the best performing M06-L-D4-ZORA/def2-

TZVPP(CPCM) to calculate the energies of all compounds in the [Co(dbdiox)(dbsq)(N2L)] family 

(Table 1, Table S9). The M06-L-D4-ZORA/def2-TZVPP(CPCM) method accurately matches the 

calculated and experimentally determined enthalpies for all complexes, with a MAE of just 3.6 kJ 

mol-1 (< 1 kcal mol-1) and a maximum error of only 9 kJ mol-1 (2.2 kcal mol-1) (Table 1) lying well 

within the chemical-accuracy threshold for computational thermochemistry and spin-state 

energetics.39  
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Table 1. Calculated ΔH for the [Co(dbdiox)(dbsq)(N2L)] family M06-L-D4-ZORA/def2-

TZVPP(CPCM) method with toluene. 

N2L T1/2  / 
Kb 

ΔHVT-interconversion / kJ mol-1 Error / 
kJ mol-1 

   Calculated Experimental  
MeO-bpy 336(1)a 58.53 68a 9.47 
Me-bpy23 292 35.86 38.36 2.5 

bpy23 275 34.86 36.56 1.7 
phen23 228 27.37 26.77 -0.6 
bpym23 190 27.72 - - 
bpyz23 <190 24.75 - - 

aReported in this work. bT1/2 is the temperature where there are equal 
populations of the LS-CoIII-(cat)(SQ) and HS-CoII-(SQ)2 tautomers. 

 

 The T1/2 (toluene) values of the [Co(dbdiox)(dbsq)(N2L)] complexes increase with both 

experimental and calculated ΔH (Table 1). We expected that a model correlating the calculated 

ΔH with the experimentally determined T1/2 (toluene) of the complexes could provide a predictive 

tool for targeted synthesis of VT compounds, with the correlation indeed producing a moderate fit 

(Figure S32).23,27,66,84 However, the calculations are computationally expensive, and so we 

explored the possibility of a simpler and faster alternative method based only on calculating 

properties of the ancillary diimine ligands.  

 

Ancillary ligand effect 

The diimine ancillary ligand in the [Co(dbdiox)(dbsq)(N2L)] complexes clearly controls the charge 

distribution, possibility of a VT interconversion, and the transition temperature.  Experimental data 

for these complexes suggest that the T1/2 increases as the reduction potential (Ered) of the ancillary 

diimine ligand decreases.22,23 This relationship has been postulated to occur based on the ability of 
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the lowest unoccupied molecular orbital (LUMO) of the ancillary ligand to stabilize the electron-

rich HS-CoII center via π-backbonding.5,23,27 However, there is also the potential for the diimine 

highest occupied molecular orbital (HOMO) to stabilize the electron-poor LS-CoIII center via σ-

donation. A synergistic σ-donating/π-accepting effect could also be involved in tuning the T1/2 

value. We noticed the Hammett parameters for the ring substituents in MeO-bpy, Me-bpy and bpy 

correlate with the T1/2 (toluene) for the corresponding complex (Figure S33), further suggesting 

the role of π-backbonding and/or σ-donation.23,115,116 To provide a simpler ligand-based model to 

predict T1/2, we wanted to determine unequivocally if one effect dominates, or if there is equal π-

backbonding/σ-donating effects.  

To study the effect of the N2L ancillary ligand, it is crucial to understand the electronic 

configuration and ligand-field splitting of the cobalt center in both the LS-CoIII-(cat)(SQ)  and HS-

CoII-(SQ)2  tautomers. As the complexes are open shell in both tautomeric states, both the spin up 

(α) and spin down (β) orbitals in unrestricted calculations need to be considered. The electronic 

configurations of the LS-CoIII-(cat)(SQ) and HS-CoII-(SQ)2 forms in quasi-octahedral symmetry 

are (t2g)6(eg*)0(𝜋𝜋*cat)2(𝜋𝜋*sq)1 and (t2g)5(eg*)2(𝜋𝜋*sq1)1(𝜋𝜋*sq2)1 respectively.27,66 The idealized spin 

splitting diagram of the cobalt center (Figure S34, Table S10)  has a (d3α)(d3β)  occupation for LS-

CoIII and (d5α)(d2β) for HS-CoII. 

 To ascertain the extent of σ-donation and π-backbonding ancillary ligand effects, we 

calculated the HOMO and LUMO energies for each complex in both tautomeric forms (Table 

S11). For this discussion, as the MeO-bpy and bpyz containing complexes represent the two 

extreme cases (highest and lowest T1/2 respectively), the LS-CoIII-(cat)(SQ) tautomer in 1 and the 

HS-CoII-(SQ)2 tautomer in [Co(dbdiox)(dbsq)(bpyz)] are discussed. For 1, the HOMO (both α and 

β) is located on the CoIII-(cat) moiety (Figure 5). The α LUMO is localized on the MeO-bpy ligand, 
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allowing for potential π-backbonding with the LS-CoIII center, whilst the β LUMO is concentrated 

on the CoIII-(SQ) moiety and can thus be stabilized via 𝜎𝜎-donation from the lower lying MeO-bpy 

occupied orbitals. In [CoII(dbsq)2(bpyz)], both the α and β LUMO are localized on the bpyz ligand 

and both α and β HOMO are concentrated on the HS-CoII-(SQ)2 moiety (Figure 5). Both the α and 

β HOMOs of [Co(dbsq)2(bpyz)] can be stabilized via π-backbonding interactions with the bpyz 

LUMO. This shows that the LS-CoIII-(cat)(SQ) form has potential for both 𝜋𝜋 back bonding and 𝜎𝜎-

donation whilst the HS-CoII-(SQ)2 tautomer is predominantly stabilized by 𝜋𝜋-backbonding. 

 



 
 

24 

 

  

Figure 5. HOMO and LUMO of LS-CoIII-(cat)(SQ) tautomer of 1 representing energies of 

corresponding α and β orbitals (top) and HOMO and LUMO of HS-CoII-(SQ)2 tautomer of 

[Co(dbdiox)(dbsq)(bpyz)] representing energies of corresponding α and β orbitals (bottom) 

calculated using PBEh-3c (gas phase).  
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 The HOMO and LUMO (α and β) for both tautomeric forms of all the studied complexes 

were calculated (Figure 6, Figure S35-38). The trend where the α and β HOMOs of the HS-CoII-

(SQ)2 tautomer (stabilized via π-backbonding) (Figure S37) and β LUMO of LS-CoIII-(cat)(SQ) 

tautomer (stabilized via σ-donation) (Figure S36) are localized on the Co-diox moiety is noted 

across all complexes. Interestingly, the β LUMO of HS-CoII-(SQ)2 shifts from the Co-diox moiety 

toward the N2L ligand moving from MeO-bpy to bpyz (Figure 6), following the trend of increased 

π-acceptance. From the orbital analysis, the bpyz ligand more strongly stabilizes HS-CoII-(SQ)2 

via π-interactions compared to MeO-bpy, explaining the decrease in the measured T1/2 values.  
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Figure 6. LUMO (β) of HS-CoII-(SQ)2 tautomer of [Co(dbdiox)(dbsq)(N2L)] (N2L = MeO-bpy, 

Me-bpy, bpy, phen, bpym, bpyz) calculated using PBEh-3c (gas phase). LUMO is seen shifting 

from the HS-CoII-(SQ)2 moiety to the ancillary ligand as it moves from MeO-bpy to bpyz (changes 

in the orbital ordering), accommodating increased 𝜋𝜋-backbonding capabilities. 

 

 We proceeded to systematically analyze the energy levels of the HOMO and LUMO 

(average of α and β) for each complex in both tautomeric forms (Table S11). We observed that the 

HOMO of the HS-CoII-(SQ)2 tautomer has been stabilized compared to the HOMO of the LS-

CoIII-(cat)(SQ) form (Figure 7) (average 165 kJ mol-1 stabilization), most likely resulting from π-

backbonding with the N2L ligand. The LUMO of the LS-CoIII-(cat)(SQ) tautomer has also been 
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stabilized compared to the LUMO of the HS-CoII-(SQ)2 form (average 55 kJ mol-1 stabilization), 

arising from increased σ-donation effects (Figure 7). However, the stabilization of the HS-CoII-

(SQ)2 HOMO is three times greater compared to the stabilization of the LS-CoIII-(cat)(SQ) LUMO 

across the entire series (Figure 7), indicating that diimine π-backbonding effects lower the energy 

of the HOMO to a greater extent compared to the lowering of the LUMO energy via σ-donation. 

The diimine influence on the T1/2 can be considered as arising from 75% π-acceptance and 25% σ-

donation. To evaluate the relationships between the ancillary ligand bonding and the experimental 

T1/2 values, the T1/2 for each complex (excluding bpyz where the T1/2 is not precisely known) was 

plotted against the LS-CoIII-(cat)(SQ) LUMO and HS-CoII-(SQ)2 HOMO energies (Figure S39). 

Both plots show a positive linear correlation, corresponding to stabilization from σ-donation and/or 

π-acceptance. However, the correlation is slightly more prominent for the HS-CoII-(SQ)2 HOMO, 

confirming that π-acceptance is the dominant effect. Thus, it was determined that both N2L σ-

donation and π-backbonding influence the transition temperature in [Co(dbdiox)(dbsq)(N2L)] 

complexes, but with π-acceptance significantly dominating. A more electron-rich N2L diimine 

ligands will stabilize the LS-CoIII-(cat)(SQ) tautomer and increases the transition temperature.  
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Figure 7. HOMO and LUMO energies (average of α and β manifolds) of LS-CoIII-(cat)(SQ)  and 

HS-CoII-(SQ)2 tautomers for [Co(dbdiox)(dbsq)(N2L)] (N2L = MeO-bpy, Me-bpy, bpy, phen, 

bpym, bpyz) calculated with PBEh-3c in gas phase.  

   

Predicting Valence Tautomeric Transition Temperature 

From the conclusion that the π-accepting ability of the diimine ligand dominates in influence over 

the transition temperature in the [Co(dbdiox)(dbsq)(N2L)] complexes, we hypothesized that the 

LUMO energy of the diimine ligand should correlate with the T1/2 for analogues that undergo VT. 

If so, this would provide a route to a simple model to predict the transition temperature of 

[Co(dbdiox)(dbsq)(N2L)], where only the orbital energies of the diimine ligand would need to be 

calculated. Accordingly, we set about calculating the LUMO and HOMO energies for each 

ancillary ligand (MeO-bpy, Me-bpy, bpy, phen, bpym, bpyz) in this study.  

To ensure that our results are not method or model dependent, we tested the PBEh-3c 

functional, the double hybrid B2PLYP (where the orbitals are a result of self-consistent field (SCF) 
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calculations with the hybrid component of B2PLYP), and the Hartree-Fock (HF) method to 

calculate the HOMO and LUMO energies of each individual N2L ligand in both the gas phase and 

in toluene. The calculated energies (each method) of the HOMO, LUMO as well as the HOMO-

LUMO gap for each ligand were plotted against the experimentally determined T1/2 for the 

corresponding complex (Figure S40-S42).23,27,66,84 Ligand bpyz was excluded from the plots as 

the T1/2 of the complex is not definitively known.23 We observed a strong positive correlation 

between the LUMO energy of the diimine ligands and the experimental T1/2 values for all methods 

in both toluene and the gas phase, with high R2 values ranging from 0.91 to 0.96 (Table 2, Figure 

S40), as predicted. Plotting the diimine HOMO or HOMO-LUMO gap energy vs the T1/2 does not 

produce a meaningful correlation for every method in both the gas and solution phases (Figure 

S41, S42, Table S12) to be expected as π-backbonding dominates. A strong correlation between 

the HOMO energy of HS-CoII-(SQ)2 tautomer for each complex and LUMO energy of the 

corresponding diimine ligands (Figure S43) indicate that the diimine LUMO π-backbonds with the 

HS-CoII-(SQ)2 HOMO. Previous work has shown that the LUMO+1 of phenanthroline-based 

ligands predominantly undergoes π-backbonding with the metal center, rather than the 

LUMO.5,117–119 However, as the LUMO and LUMO+1 for phenanthroline are effectively 

degenerate, plotting the phenanthroline LUMO will achieve the same result.5 A simple correlative 

model to predict VT transition temperature in [Co(dbsq)(dbdiox)(N2L)] complexes has been 

achieved. 
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Table 2. Average deviation between the predicted and experimental T1/2 for [Co(dbdiox)2(N2L)] 

(N2L = MeO-bpy, Me-bpy, bpy, phen, bpym) complexes calculated with different methods 

Method   R2 MAE between predicted 
and experimental T1/2 / Ka 

Average % 
error 

PBEh-3c (gas phase) 0.96 11 4.2% 
PBEh-3c (toluene) 0.95 12 4.9% 

B2PLYPb (gas phase) 0.94 15 5.9% 
B2PLYPb (toluene) 0.93 13 5.2% 

HFb (gas phase) 0.91 24 9.4% 
HFb (toluene) 0.93 22 8.5% 

aExperimentally determined T1/2 measured in toluene. bCalculated with def2-TZVPP 
basis set 

 

  To determine the accuracy and predictive power of the six correlative models between the 

diimine LUMO and the complex T1/2, we used each method (PBEh-3c, B2PLYP and HF) and 

phase (gas or toluene) to ‘predict’ the T1/2 of each complex using the LUMO energy of the ancillary 

ligand. For each method and phase, we produced five plots, with each plot having one ligand 

removed (e.g. bpy), with the resulting plot used to predict the T1/2 of the missing ligand complex 

(e.g. [Co(dbdiox)(dbsq)(bpy)]) (Table S13). This level of benchmarking is not matched by any 

previous DFT studies of SCO or VT compounds. The MAE of the predicted T1/2 values from each 

method compared with experimental T1/2 values (Table 2) is low across all methods and phases. 

These low errors validate the accuracy of this method to correlate the diimine LUMO energy and 

T1/2 value. The most accurate functional, PBEh-3c, affords an excellent match between calculated 

and experimental T1/2 values, with only 4.2% and 4.9% average error for gas phase and toluene, 

respectively (Table 2).  

The simple model we present here for the [Co(dbdiox)(dbsq)(N2L)] complexes, correlating 

calculated diimine LUMO energy (ELigand-LUMO, kJ mol-1) (PBEh-3c, gas phase) with 

experimentally determined T1/2 values in toluene, will allow accurate prediction of the likelihood 
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of VT and the approximate T1/2 value for new analogues in his family (Figure 8).23,27,66,84 The 

transition temperature is easily calculated using T1/2 = 1.87 × ELigand-LUMO + 419. Calculation of the 

LUMO of a proposed diimine ancillary ligand is computationally simple and fast, allowing for 

rapid ligand screening. Examination of the recent literature suggest that our method is valid for 

systems with more elaborate functionalization of the diimine ligands. A recently reported 

[Co(dbdiox)(dbsq)(N2L)] VT complex incorporates the ethyl-ester phenanthroline derivative (with 

para-phenylene as a spacer) Phen-COOEt (Chart S2) as the diimine ligand, with the aim of grafting 

the complex on metal oxide surfaces.32 Calculations of the LUMO and LUMO+1 energy levels of 

Phen-COOEt using PBEh-3c (gas) yielded values of −123 and −102 kJ mol-1 respectively. 

Application of our method (Figure 8) affords a predicted T1/2 of 228 K for the complex using the 

Phen-COOEt LUMO+1 energy, as the LUMO and LUMO+1 are not degenerate.5,117–119 This is an 

excellent match with the experimental T1/2 value of 230 K in toluene,32 demonstrating the 

remarkable predictive power of our method, even with more elaborate functional groups on the 

ancillary ligand. Including Phen-COOEt, the average error between the predicted and experimental 

T1/2 values determined using the correlation shown in Figure 8 for the six N2L ligands (MeO-bpy, 

Me-bpy, bpy, phen, bpym, Phen-COOEt) is only 3.7%. The LUMO+1 and T1/2 for Phen-COOEt 

and the corresponding complex can be added to Figure 8 (Figure S44) and illustrates the ability to 

continually add to this model as more experimental data points are generated.23,27,66,84  
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Figure 8. Correlation of the experimentally determined T1/2 values for [Co(dbdiox)(dbsq)(N2L)] 

(where N2L = bpym, phen, bpy, Me-bpy, or MeO-bpy) complexes in toluene with the calculated 

LUMO energy of the N2L ligand (kJ mol-1) using PBEh-3c (gas phase). Inset: linear equation for 

T1/2 (K) and ELigand-LUMO (energy (E) of the N2L LUMO, kJ mol-1)). R2 = 0.96.  

 

Other switchable-molecule families, most commonly Fe(II) SCO systems, display 

dependence of spin-state on the electron withdrawing/donating nature and/or Hammett-parameters 

of ligand substituents, and therefore the energy of the ligand LUMO and/or HOMO.44,49,120–126 We 

envision that our approach to correlate solution-state T1/2 values with calculated ligand LUMO, 

HOMO or HOMO-LUMO gap energies has great potential to be translated to other valence 

tautomeric systems with redox-active ligands other than dioxolene. The strategy we report is 

computationally fast, accurate and not limited to N-donor ligands, in contrast with previous 

methods that are only applicable to N-donor ligands43,45,49 or with large experimental/calculated 

errors and computationally-expensive DFT calculations.42,44,46,47 As demonstrated with 
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[Co(dbdiox)(dbsq)(Phen-COOEt)], the developed approach will also not necessarily be restricted 

to simple substituents with known Hammett parameters.  

 

CONCLUDING REMARKS 

We have reported the first accurate electronic descriptions of both the LS-CoIII-(cat)(SQ) and HS-

CoII-(SQ)2 tautomers for [Co(dbdiox)(dbsq)(N2L)] VT complexes, which afford precise spin 

distributions and an excellent match between the calculated and experimental energy separations. 

All possible effects have been considered in our DFT calculations - solvent model, dispersion 

corrections, relativistic corrections, thermal corrections, and isomer geometries. The detailed and 

comprehensive DFT-based protocol reported provides a benchmark for future studies on other 

switchable molecules and is a significant step forward towards the widespread adoption of 

computational screening for properties prior to experimental synthesis and analysis.  

The effect of the diimine ancillary ligand on the T1/2 (toluene) values for the 

[Co(dbdiox)(dbsq)(N2L)] family of complexes has been confirmed to originate from a dominant 

π-accepting effect.  This has allowed us to correlate experimentally determined solution-state T1/2 

values with calculated LUMO energies of the respective diimine ligands. This model affords 

accurate prediction of T1/2 values for [Co(dbdiox)(dbsq)(N2L)] complexes, with an error of only 

3.7%, and allows experimental users to identify potential new diimine ligands that will impart a 

transition in the desired temperature range. This capability will streamline the development of 

multifunctional VT complexes and enduing applications. The computationally rapid, accurate and 

simple approach to correlate ligand-orbital energies with solution transition temperature lays the 



 
 

34 

 

foundation for future work to generate models that can be used to predict transition temperature 

for other switchable molecular systems, helping to expedite routine computer guided synthesis.   
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SYNOPSIS  

A density functional theory strategy has been developed to provide accurate and simple prediction 

of transition temperatures for [Co(dbdiox)(dbsq)(N2L)] valence tautomeric complexes.  

 

 


