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Lars Goerigk * and Colette Boskovic *

The ability of molecular switches to reversibly interconvert between different forms promises potential

applications at the scale of single molecules up to bulk materials. One type of molecular switch

comprises cobalt–dioxolene compounds that exhibit thermally-induced valence tautomerism (VT)

interconversions between low spin Co(III)-catecholate (LS-CoIII-cat) and high spin Co(II)-semiquinonate

(HS-CoII-sq) forms. Two families of these compounds have been investigated for decades but have

generally been considered separately: neutral [Co(diox)(sq)(N2L)] and cationic [Co(diox)(N4L)]
+ complexes

(diox = generic dioxolene, N2L/N4L = bidentate/tetradentate N-donor ancillary ligand). Computational

identification of promising new candidate compounds prior to experimental exploration is beneficial for

environmental and cost considerations but requires a thorough understanding of the underlying

thermochemical parameters that influence the switching. Herein, we report a robust approach for the

analysis of both cobalt–dioxolene families, which involved a quantitative density functional theory-based

study benchmarked with reliable quasi-experimental references. The best-performing M06L-D4/def2-

TZVPP level of theory has subsequently been verified by the synthesis and experimental investigation of

three new complexes, two of which exhibit thermally-induced VT, while the third remains in the LS-

CoIII-cat form across all temperatures, in agreement with prediction. Valence tautomerism in solution is

markedly solvent-dependent, but the origin of this has not been definitively established. We have

extended our computational approach to elucidate the correlation of VT transition temperature with

solvent stabilisation energy and change in dipole moment. This new understanding may inform the

development of VT compounds for applications in soft materials including films, gels, and polymers.
1 Introduction

The exploration of earth-abundant 3d transition metals for
molecular materials is receiving increased attention, in part due
to their access to different oxidation and spin-states. This
oxidation and spin-state versatility allows for the synthesis of
transition metal complexes that can switch between two or
more discrete electronic states via an external stimulus such as
heat, light or pressure. Such complexes may form the basis for
materials with applications ranging from sensing and display
devices to quantum information processing, spin lters and
rne, Victoria 3010, Australia. E-mail: c.

imelb.edu.au
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ESI and crystallographic data in CIF or
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logic gates.1–8 For some applications, switchable molecules need
to be incorporated into somaterials such as polymer matrices,
gels or liquid crystals, for example for exible devices.9–13 The
development of these materials relies on the accessibility of
specic properties suitable for the application; for example,
a known transition temperature, solvent response or colour
change. This requirement mandates a detailed understanding
of the thermodynamic effects that control the molecular
switching and resulting properties.

The phenomenon of spin crossover (SCO) is an example of
spin switching between the low spin (LS) and high spin (HS)
state in a transition metal compound.14 Spin crossover has been
explored for applications including thermal regulation, elec-
trical conductance and actuation.12,15–18 Spin crossover research
has beneted greatly from unied computational approaches to
analysing different families of SCO compounds.19–21

Complementary to SCO is the phenomenon of valence
tautomerism (VT),22 which involves a reversible intramolecular
electron transfer between a redox-active metal and redox-active
ligand.23–25 Like SCO, VT is typically thermally induced;
however, the requirement for redox activity at both the metal
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Valence tautomeric interconversions for [Co(diox)(sq)(N2L)] and
[Co(diox)(N4L)]

+ families of Co–dioxolene complexes.
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and ligand confers more extensive prerequisites to achieve VT
than for SCO. The inherent redox activity required for VT offers
additional possibilities for applications relating to redox
chemistry or charge transfer. Moreover, insights into the
complex interplay of ligand and metal interactions can have
broader implications, including for metalloenzymes that utilise
redox-activity,26–28 conductive materials29,30 and photochemical
catalysis.31

Octahedral cobalt complexes with ortho-dioxolene (diox)
ligands provide the majority of examples of VT.32 Interconver-
sion in these complexes generally occurs between low spin
Co(III)-catecholate (LS-CoIII-cat) and high spin Co(II)-semi-
quinonate (HS-CoII-sq) forms.24,32–34 The HS-CoII-sq form
exhibits longer metal–ligand bond lengths and increased elec-
tronic degeneracy. Thus, a thermally-induced VT interconver-
sion is observed upon heating the LS-CoIII-cat tautomer to
afford the HS-CoII-sq tautomer and is driven by the greater
electronic and vibrational entropy of the HS-CoII-sq form. The
transition temperature (T1/2) is dened as the temperature at
which the LS-CoIII-cat and HS-CoII-sq are in equal proportions;23

it is the temperature at which the enthalpy and entropy terms of
the corresponding Gibbs free energy equation are equal.
Experimentally, the occurrence of a thermally-induced VT
interconversion (and its T1/2) for a Co–dioxolene complex
depends on both the dioxolene and ancillary ligands.24 In the
solid state, crystal packing, intermolecular interactions and
anions also affect the VT behaviour.35–37 In solution VT inter-
conversions are typically gradual,35 with the T1/2 signicantly
inuenced by solvent.38 The exact origin of this solvent depen-
dency remains unclear, with specic solute–solvent interactions
and solvent polarity and donor strength hypothesised to play
a role.38–41

Despite numerous examples of Co–dioxolene VT complexes
since the rst report in 1980,22 a generalised analysis of VT
complexes has not been performed. Two major families of
mononuclear Co–dioxolene complexes have been studied,
generally in isolation from each other: the neutral
[Co(diox)(sq)(N2L)] and cationic [Co(diox)(N4L)]

+ complexes
(N2L/N4L = bidentate/tetradentate N-donor ancillary ligand)
(Fig. 1). Even within the larger cationic [Co(diox)(N4L)]

+ family,
an analysis including the various types of N4L ligand is yet to be
reported. Given the parallel achievements in SCO research,19–21

our primary goal at the outset of this study was to consolidate
the diverse families of Co–dioxolene complexes together to: (i)
gain a fundamental understanding of the underlying thermo-
dynamic properties and be able to predict the occurrence of VT,
and (ii) to elucidate the effect of solvent in tuning VT equilib-
rium and predict the solution T1/2 values in different solvents.

Undoubtedly, the future of synthetic chemistry lies with in
silico molecular design and screening techniques.42 Computa-
tional approaches, such as density functional theory (DFT),43,44

have emerged as a powerful tool to analyse chemical properties.
Computation can be used to generate predictive models for the
design and selection of molecular switches with a specic
property. However, when applying DFT methods to study
switchable metal complexes, issues arise when methods are
chosen based on popularity without a proper benchmark
© 2024 The Author(s). Published by the Royal Society of Chemistry
study.45,46 This can unknowingly lead to reliance on error
cancellations and erroneous delocalisation of the electron
density (delocalisation error), compromising the accuracy of
predictions. Additionally, the common neglect of London
dispersion effects by omission of dispersion corrections affects
geometries, vibrational frequencies and electronic energies: see
ref. 47–50 for reviews and examples. Valence tautomerism
involves a change in oxidation/spin state and open shell
congurations, complicating DFT-based modelling and result-
ing in a ‘black box’ treatment.33,51–53 All these factors make
computational analysis of VT complicated and any analysis of
a broad range of VT complexes requires a careful choice of DFT
method with rigorous benchmarking against experimental
data.

Previously, some of us have shown it is possible to use
benchmarked DFT methods to predict VT in a Co–dioxolene
complex with subsequent experimental validation.33 For VT to
occur, the LS-CoIII-cat tautomer must be lower in energy than
the HS-CoII-sq tautomer, with a relatively small energy separa-
tion between them. We have also recently used benchmarked
DFT methods to identify the M06L-D4/def2-TZVPP54–56 method
to rationalise and predict VT for neutral [Co(diox)(sq)(N2L)]
complexes.42

In the present work, we have made a signicant extension to
the use of in silico methods to understand the molecular origin
of VT in Co–dioxolene complexes by unifying the cationic
[Co(diox)(N4L)]

+ and neutral [Co(diox)(sq)(N2L)] families. This
study is presented in four parts: (1) development of an accurate
experimentally-benchmarked DFT-based strategy for predicting
the tautomeric state of [Co(diox)(N4L)]

+ complexes to verify that
the method employed previously for [Co(diox)(sq)(N2L)] is also
applicable for [Co(diox)(N4L)]

+; (2) unication of over forty
[Co(diox)(N4L)]

+ complexes for prediction and cross validation
followed by an extensive analysis to understand the thermody-
namic properties and establish a requisite energy region for VT
Chem. Sci., 2024, 15, 5694–5710 | 5695
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to occur; (3) prediction and experimental verication of two new
VT [Co(diox)(N4L)]

+ complexes and one temperature-invariant
LS-CoIII-cat complex based on the calculated energy regions;
and (4) understanding the role of solvent in the VT equilibrium
for both [Co(diox)(N4L)]

+ and [Co(diox)(sq)(N2L)] families. The
developed understanding will facilitate future efforts to design
VT complexes with molecular features tailored for specic
applications.
2 Methods
2.1 Computational details

All calculations for this study were performed using ORCA57–59

versions 4.0–5.0. All other computational settings and further
details are described in ESI Section 1: Computational details.†

2.1.1 Geometry optimisation. For the geometry optimisa-
tion of 45 monocationic complexes, the computationally inex-
pensive BP86 (ref. 60–62) functional and triple-z def2-TZVP
atomic orbital basis set56 with Grimme's DFT-D3 dispersion
correction with Becke–Johnson damping (D3(BJ))47,48 were
employed in the gas phase. Geometries for the ve neutral
complexes were obtained from ref. 42 that had been optimised
with hybrid PBEh-3c63 that includes a double-z basis set,
dispersion correction and correction for basis-set superposition
errors (see ESI Section 1: Computational details†)

2.1.2 Quasi-experimental reference. Establishment of the
initial benchmark utilised complexes 1–6, (Chart 1). Solvent
effects were determined for complexes 1–6, employing the
conductor-like polarisable continuum model (CPCM)64,65 using
BP86-D3(BJ)/def2-TZVP. Calculations were performed using
acetonitrile (MeCN) for complexes 1–4; with dichloromethane
(DCM) for complex 5; and DCM, MeCN and 1,2-dichloroethane
(DCE) for complex 6. Both LS-CoIII-cat and HS-CoII-sq tauto-
meric forms were calculated as single point energies in the gas
phase. The total energies of both tautomers were obtained with
CPCM and their energy differences (with and without the
Chart 1 Initial set of reference [Co(Xdiox)(Mentpa)]
+ complexes (tpa =

tris(2-pyridylmethyl)amine with methylation, X = 3,5-di-tert-butyl, Cl4,
Br4) used in this work with numbering scheme. R=HorMe for Mentpa;
n = 0–3.

5696 | Chem. Sci., 2024, 15, 5694–5710
solvent model) were calculated to obtain the relative solvent
correction/solvent stabilisation energy (DES).

Scalar relativistic effects were estimated using the zeroth order
regular approximation (ZORA)66 using BP86-D3(BJ) with the
ZORA-def2-TZVP59 basis set. Both LS-CoIII-cat and HS-CoII-sq
tautomeric forms were calculated as single point energies in the
gas phase. Then, both tautomeric energies were obtained with
the ZORA relativistic model employed. The energy difference
between the two systems (with and without relativistic effects)
were calculated to obtain the relativistic correction (DER).

Thermal vibrations were calculated aer the geometry opti-
misation with a frequency analysis using BP86-D3(BJ)/def2-
TZVP at relevant temperatures. Thermal corrections (DET)
were calculated to account for the thermal vibrational effects
and zero-point energies, at either the experimental tempera-
tures for non-VT complexes or the transition temperatures for
the VT complexes (for details on the different corrections and
how they were calculated, see ESI Section 1: Computational
details†).

2.1.3 Density functional benchmarking for valence
tautomer energies. Our quasi-experimental, gas phase reference
values serve as a benchmark. The related DFT benchmark study
involved single point calculations that were performed for the
model complexes with the fully polarised def2-TZVPP56 basis set
in the gas phase with 21 different functionals paired with
various dispersion corrections: DFT-D3(BJ), DFT-D3(0), the
VV10 non-local kernel,67 and DFT-D4,55,68 with the last two
accounting for charge and multiplicity (Table 1). The deviation/
error of the functional from the quasi-experimental values were
individually calculated for all six complexes and averaged for
each methodology to obtain both mean signed error (MSE) and
mean absolute error (MAE).

2.1.4 Calculations of solvent effects. Exploration of the
effect of solvent in Section 4 employed the optimised geome-
tries. The respective thermal corrections (from PBEh-3c) for the
selected neutral complexes were obtained from ref. 42. Geom-
etries and thermal corrections for monocationic complexes
were obtained with BP86-D3(BJ)/def2-TZVP. All other correc-
tions (solvent and relativistic) were re-determined and stand-
ardised with M06L-D4/def2-TZVPP for the selected neutral and
monocationic complexes.
2.2 Synthesis

Compounds of predicted complexes [Co(H4diox)(Me2tpa)].BPh4

(15.BPh4), [Co(4-tbdiox)(tpa)].BPh4 (17.BPh4) and [Co(4-
tbdiox)(Me2tpa)].BPh4 (19.BPh4) were obtained by rst coordi-
nating the tpa or Me2tpa ancillary ligand to the divalent cobalt
metal centre, followed by addition of deprotonated catechol or
4-tert-butylcatechol (under N2 atmosphere). The material ob-
tained was then oxidised with ferrocenium tetraphenylborate
and sonicated69 affording pure compounds with 80–90% yield.
The compounds were characterised by solution and solid-state
magnetic measurements electrochemistry, crystallography,
electronic absorption spectroscopy and other measurements.
Further details are described in ESI Section 2: Experimental and
synthetic procedures.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 DFT methods used for this study

Functional type Methoda,b

GGA BP86-D3(BJ)47,60–62 OPBE70,71 OPBE-D3(BJ)70–72 OPBE-D4 55,70,71 B97M-V73 B97-3c74 B97M-D3(BJ)73,75

Meta-GGA M06L-D3(0)54,72 M06L-D4 54,55

Global hybrids B3LYP-D3(BJ)47,76,77 B3LYP-D4 55,76,77 TPSSh-D3(BJ)72,78 TPSSh-D4 55,78

Range-separated hybrids uB97X-V79 uB97M-V80 uB97M-D3(BJ)75,80 uB97X-D3(BJ)75,79

Global double hybrids B2PLYP-D3(BJ)72,81 B2PLYP-D4 55,81 PWPB95-D3(BJ)72,82 PWPB95-D4 55,82

a The citations include the functional and the article that has published its dispersion-correction parameters. b def2-TZVPP was used for each
method except for B97-3c, which has its own basis set def2-mTZVP. D3(0): DFT-D3 with zero-damping;48 D3(BJ): DFT-D3 with Becke–Johnson
damping; D4: DFT-D4 55,68 V: VV10 van-der-Waals DFT kernel.67
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3 Results and discussion
3.1 DFT benchmark study

Determination of the most reliable DFT method for analysing
any given family of VT complexes is achieved by benchmarking
against experimentally investigated complexes. In principle, the
energy difference between the two tautomeric forms (DE = EHS-

Co(II)-sq − ELS-Co(III)-cat) can be used to identify the likelihood of
valence tautomerism. Establishing an appropriate threshold for
this interconversion would be an ideal diagnostic criterion. In
general, VT in mononuclear Co–dioxolene complexes occurs
through a one-step process between LS-CoIII-cat and HS-CoII-sq,
although on rare occasions VT has been observed as a charge
transfer with no accompanying spin transition.83,84 For
simplicity, the LS-CoII-sq state is not considered in this study.

To explore whether the computational model previously
determined as most reliable for the neutral [Co(diox)(sq)(N2L)]
complexes42 is also suitable for the cationic [Co(diox)(N4L)]

+, we
rst independently considered the cationic family. We have
previously determined that the M06L-D4/def2-TZVPP method
performs extremely well for [Co(3,5-dbdiox)(3,5-dbsq)(N2L)]
(N2L = diimine, 3-5dbsq = 3,5-di-tert-butylsemiquinonate) in
a benchmark study.42 Thus, we approached our goal by rst
examining the large family of cationic [Co(Xdiox)(N4L)]

+ (Xdiox
= derivatised dioxolene) complexes with various types of tetra-
dentate N-donor ancillary ligands.33,35,69,85–89

Valence tautomerism in [Co(Xdiox)(N4L)]
+ complexes is highly

sensitive to even small changes in N4L ligand substitution. This
sensitivity was exploited in the [Co(3,5-dbdiox)(Mentpa)]

+ family
by varying methyl substitution on the Mentpa ancillary ligand;
thermally-induced VT was observed only for n = 2, while n = 0, 1
and n = 3 stabilised the LS-CoIII-cat and HS-CoII-sq state,
respectively.85 The highly sensitive nature of the charge distribu-
tion of these complexes is also evident in prior DFT studies;33,90

a calculated truncated model of [Co(3,5-dbdiox)(Me2tpa)]
+ to give

[Co(H4diox)(Me2tpa)]
+ was found to have a HS-CoII-sq ground

state in one study90 whilst a LS-CoIII-cat ground state in another,33

highlighting the absolute need to develop accurate computa-
tional protocols for this system. Hence, this section aims to
identify a properly tested robust computational approach by
benchmarking against experimentally reported thermochemical
values. For VT in Co–dioxolene complexes, experimentally
observed thermodynamic parameters in solution generally lie
© 2024 The Author(s). Published by the Royal Society of Chemistry
within the ranges DH = 20–60 kJ mol−1 and DS = 80–150 J K−1

mol−1.33,86,91

3.1.1 Model complexes. The rst step in the benchmark of
the cationic Co–dioxolene complexes was the selection of six
Mentpa based complexes of general formula [Co(Xdiox)(Men-
tpa)]+ (X= 3,5-di-tert-butyl, Cl4 and Br4; n= 0–3) shown in Chart
1 (complexes 1–6), which have reported experimental thermo-
chemical parameters (Table 2). These complexes were chosen as
they span the three possible charge distributions: 1 and 2
remain as LS-CoIII-cat, 4 remains as HS-CoII-sq, and 3, 5 and 6
display thermally induced VT interconversion.33,85,86 For
[Co(Xdiox)(Mentpa)]

+ complexes, the tautomeric state is tuned
via twomethods: the steric requirements of theMentpa ancillary
ligand modulate the Co redox potential and orbital energies,
while the electronic properties of the Xdiox ligand tune the
dioxolene redox potentials and orbital energies. The less steri-
cally crowded the Mentpa (with fewer methyl groups), and the
more electron withdrawing the Xdiox substituents, the greater
the stabilisation of LS-CoIII-cat.

3.1.2 Quasi-experimental energies. Optimised geometries
were obtained for the selectedmodel complexes 1–6 (Fig. S1–S6†).
We then individually quantied the most prominent modulating
effects before “back-correcting” these effects from the experi-
mental data to acquire “quasi-experimental” data.92 For each
complex, solvent (DES), relativistic (DER), and thermal effects
(DET), were individually quantied and subtracted from experi-
mental enthalpy changes (DH) to obtain quasi-experimental
energies (DQE) as shown in eqn (1) (Table 2). More details are
provided in ESI Section 3: DFT results, and Tables S1–S6†.

DQE = DH − (DES + DER + DET) (1)

The quantied effects and the obtained DQE values are
shown in Table 2. It is worth noting how the combined impact
of the three various corrections are signicant, with the largest
difference betweenDQE andDH being 40.8 kJmol−1 for complex
1. This resulted in the calculated data for the six reference
complexes to correspond to isolated gas phase molecules at 0 K
(without vibrational or relativistic effects), rendering a bench-
mark that is easily compared to various Co–dioxolene molecules
in the gas phase. This acts as an interface between the
condensed phase systems and various chemical environments
enabling comparison among various computational methods
(see ESI Section 3: DFT results for details†).
Chem. Sci., 2024, 15, 5694–5710 | 5697
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Table 2 The six [Co(Xdiox)(Mentpa)]
+ model complexes, the experimentally observed valence tautomer, respective solvent, transition

temperature (T1/2), and the experimental enthalpy changes (DH) for each complex, the individually quantified corrections for solvent (DES),
relativistic (DER) and thermal effects (DET) calculated with BP86-D3(BJ)/def2-TZVP and the resulting quasi-experimental energies (DQE)

Model complex
Reported valence
tautomer

Experimental

Ref.

Calcd. correction/kJ mol−1

DQE/kJ mol−1Solvent (T1/2/K) DHa/kJ mol−1 DES DER DET

1 LS-CoIII-cat MeCN 61 85 32.7 11.8 −3.7 20.2
2 LS-CoIII-cat MeCN 34 85 32.8 11.1 −5.4 −4.5
3 VT MeCNb 6 85 29.5 10.8 −3.5 −30.8
4 HS-CoII-sq MeCN −25 85 29.9 9.8 −3.0 −61.7
5 VT DCM/250 31 86 32.3 10.2 −5.7 −5.8
6 VT DCM (291) 35 33 32.7 9.4 −5.3 −5.7c

DCE (295) 32 33 33.3 9.4 −5.2
MeCN (359) 32 33 37.1 9.4 −4.6

a Experimental DH for complexes 1–4 in ref. 85 were derived from Gibbs free energy changes acquired through voltametric measurements in MeCN
at 298 K, with an added component of entropy changes estimated from Fe-analogues. For complex 5, DH was determined using electronic
absorption spectroscopy in DCM and for complex 6, Evans NMR method was employed in DCM, DCE and MeCN. b T1/2 not reported. c Average
of DQE of three experimental conditions are used for complex 6.
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3.1.3 Density functional screening for valence tautomer
energies. Next, we performed a density functional screening of
a total of 21 dispersion-corrected and uncorrected functionals
to identify a suitable functional for the valence tautomer ener-
gies. (See ESI discussion 3: DFT results, Fig. S7, S8, Tables S7
and S8†). The functional M06L-D4 worked very well in this
benchmark study, which also performed very well in our recent
benchmark study of neutral [Co(3,5-dbdiox)(3,5-dbsq)(N2L)].42

Hence, we selected M06L-D4/def2-TZVPP for the calculation
and prediction of cationic Co–dioxolene complexes. This
unied approach enables for the rst time, the direct compar-
ison of neutral and cationic Co–dioxolene families of
complexes.
3.2 Establishing a target energy range for valence
tautomerism

Having identied M06L-D4/def2-TZVPP as a suitable level of
theory for both monocationic and neutral Co–dioxolene
complexes, we sought to extend the method to the entire
cationic [Co(Xdiox)(N4L)]

+ family of complexes. We searched the
Cambridge Structural Database (CSD) to identify, to the best of
our knowledge, all structurally characterised monocationic Co–
dioxolene complexes with N4L ancillary ligands (Chart 2). We
found data for thirty-two cobalt complexes with N4L ancillary
ligands (derivatives of Mentpa, quinoline,87 azamacrocycle,69

cyclam,37,89,93 pyrazole94 and other amine derivatives88) paired
with a range of dioxolene ligands incorporating electron
donating, electron withdrawing and aromatic substituents.

Using this large set of molecules, we proceeded to study the
valence tautomer energies of the complexes to understand the
underlying thermodynamic effects and trends to establish
a target energy range for which VT is likely to occur. To assess
the accuracy of the results, we also included an additional
thirteen hypothetical [Co(Xdiox)(Mentpa)]

+ complexes (X = Cl4
(n = 1, 2), Br4 (n = 0, 1, 2), H4 (n = 0–3), 4-tb (n = 0–3)). These
systems were chosen to further study the effect of slight struc-
tural modications and the steric effect of the N4L ancillary vs.
5698 | Chem. Sci., 2024, 15, 5694–5710
electronic effect of the Xdiox. From these thirteen complexes (8–
20), predictions could be made for the most likely complex to
display VT, which can be experimentally validated to conrm
the accuracy of our DFT protocol (Table 3).

We have therefore calculated the gas-phase spin-state ener-
getics of the monocationic Co–dioxolene complexes 1–45 (Fig. 2)
using M06L-D4/def2-TZVPP at 0 K excluding any thermal, rela-
tivistic or solvent effects (Table 3). The calculated relative spin-
state energies for the thirty-two reported complexes (1–7, 21–
45) and thirteen hypothetical complexes (8–20) were then
included in an energy diagram (Fig. 2), affording three energy
regions corresponding to the three possible charge distributions:
LS-CoIII-cat region (blue), HS-CoII-sq region (red) and a potential
VT region (green). Complex 36 ([Co(3,5-dbdiox)(Et2AzaN)]

+) for
which the onset of VT occurs at 333 K in DCE, and complex 23
([Co(Andiox)(Me2tpa)]

+) with the smallest relative electronic
energy observed of the VT complexes,96 form the respective upper
and lower limits of the VT region. The prospective VT energy
region lies between −20 and −4 kJ mol−1 for monocationic Co–
dioxolene complexes calculated at the M06L-D4/def2-TZVPP level
in the gas phase. Complexes with an energy separation above the
VT upper limit (>−4 kJmol−1) will remain as the LS-CoIII-cat form
regardless of temperature, and those below (<−20 kJ mol−1)
remain in the HS-CoII-sq state. Complexes with energies in
between/close to this VT limit are thus potential VT candidates.
The established energy regions enabled us to assign the calcu-
lated tautomeric states to the respective relative spin-state ener-
gies (DEGas) for complexes 1–45.

Overall, the tautomeric forms of all reported molecules,
except complex 39 are accurately captured in the calculations.
For 39, the calculated energy appears to favour a VT transition
and it was found to exist in the HS-CoII-sq state under applied
pressure. However, without a crystal structure the spatial
arrangement, and the nature of 39 is not precisely known.
Therefore, the accuracy of the calculations to reect experi-
mental observations is over 97%, illustrating the robust and
quantitative nature of the applied DFT method.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Chart 2 [Co(Xdiox)(N4L)]
+ complexes with varying dioxolene and ancillary ligands.
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Our DFT based approach has also allowed quantication of
the steric effects imposed by the N4L ancillary ligands and the
signicant inuence on the charge distribution of mono-
cationic Co–dioxolene complexes. (ESI Section 4: Effect of redox-
active vs. ancillary ligand, Table S12†).

The precision of the three energy regions will enable
researchers to identify whether a hypothetical molecule can
exhibit VT or is likely to remain in a temperature-invariant LS-
CoIII-cat or HS-CoII-sq form. For the hypothetical complexes 8–
20, we predict that only [Co(H4diox)(Me2tpa)]

+ (15) and [Co(4-
tbdiox)(Me2tpa)]

+ (19) should show VT, with 8–14, 17, 18
remaining as LS-CoIII-cat and 16 and 20 remaining as HS-CoII-
sq. Two previous computational studies suggested complex 15
would remain as HS-CoII-sq (TPSSh/6-311++G(d,p))90 or LS-CoIII-
cat (OPBE/ZORA/TZP/CPCM).33 Therefore, on top of the 97%
success rate for reported [Co(Xdiox)(N4L)]

+ complexes, we aimed
to validate the accuracy of our established energy regions
experimentally for predicted VT complexes 15 and 19, as well as
the anticipated LS-CoIII-cat complex 17.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3 Experimental validation

Complexes 15, 17 and 19 were synthesised as tetraphenylborate
salts in good yield and characterised using various techniques
to examine the charge distribution and possibility of thermally-
induced VT to validate the calculated VT energy range.

3.3.1 Structure description. Solid-state structures of
compounds of 15, 17 and 19 were determined by single crystal
X-ray diffraction studies (Fig. 3).

Compound 15.BPh4 crystallises in the space group Pna21,
with two crystallographically unique cobalt complexes and two
BPh4

− anions in the asymmetric unit without solvent.
Compound 19.BPh4 crystallises in the P21/n space group with
one cobalt complex and one BPh4

− anion in the asymmetric
unit without solvent. Compound 17.BPh4$0.75 DCM crystallises
in the P21 space group with two unique cobalt complexes, two
BPh4

− anions and 1.5 DCM molecules in the asymmetric unit.
The octahedral cobalt complexes 15, 19 and 17 all exhibit
bidentate coordination of the respective dioxolene ligands and
tetradentate coordination of the ancillary ligands (Fig. 3, ESI
Section 4: structural data and description and Tables S13–S15†).
Chem. Sci., 2024, 15, 5694–5710 | 5699
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Table 3 [Co(Xdiox)(N4L)]
+ complexes selected for this study from the literature, the reported valence tautomer, DEGas calculated in this work

using M06L-D4/def2-TZVPP and calculated valence tautomer

Complexa Reported valence tautomerb Ref. Calcd. DEGas
c/kJ mol−1 Calcd. valence tautomerd

[Co(3,5-dbdiox)(tpa)]+ 1 LS-CoIII-cat 85 16.1 LS-CoIII-cat
[Co(3,5-dbdiox)(Metpa)]+ 2 LS-CoIII-cat 85 −0.8 LS-CoIII-cat
[Co(3,5-dbdiox)(Me2tpa)]

+ 3 VT 85 −17.1 VT
[Co(3,5-dbdiox)(Me3tpa)]

+ 4 HS-CoII-sq 85 −38.0 HS-CoII-sq
[Co(Cl4diox)(Me3tpa)]

+ 5 VT 86 −11.7 VT
[Co(Br4diox)(Me3tpa)]

+ 6 VT 33 −12.7 VT
[Co(Cl4diox)(tpa)]

+ 7 LS-CoIII-cat 95 32.3 LS-CoIII-cat
[Co(Cl4diox)(Metpa)]+ 8 — — 16.6 LS-CoIII-cat
[Co(Cl4diox)(Me2tpa)]

+ 9 — — 2.1 LS-CoIII-cat
[Co(Br4diox)(tpa)]

+ 10 — — 35.7 LS-CoIII-cat
[Co(Br4diox)(Metpa)]+ 11 — — 22.3 LS-CoIII-cat
[Co(Br4diox)(Me2tpa)]

+ 12 — — 5.1 LS-CoIII-cat
[Co(H4diox)(tpa)]

+ 13 — — 22.1 LS-CoIII-cat
[Co(H4diox)(Metpa)]+ 14 — — 11.8 LS-CoIII-cat
[Co(H4diox)(Me2tpa)]

+ 15 — — −8.9 VT
[Co(H4diox)(Me3tpa)]

+ 16 — — −30.6 HS-CoII-sq
[Co(4-tbdiox)(tpa)]+ 17 — — 14.1 LS-CoIII-cat
[Co(4-tbdiox)(Metpa)]+ 18 — — 3.6 LS-CoIII-cat
[Co(4-tbdiox)(Me2tpa)]

+ 19 — — −17.2 VT
[Co(4-tbdiox)(Me3tpa)]

+ 20 — — −38.3 HS-CoII-sq
[Co(Andiox)(tpa)]+ 21 LS-CoIII-cat 96 16.3 LS-CoIII-cat
[Co(Andiox)(Metpa)]+ 22 VT 96 −7.7 VT
[Co(Andiox)(Me2tpa)]

+ 23 VT 96 −19.1 VT
[Co(Andiox)(Me3tpa)]

+ 24 HS-CoII-sq 96 −33.9 HS-CoII-sq
[Co(3,6-dbdiox)(Me2tpa)]

+ 25 VT 97 −9.9 VT
[Co(3,5-dbdiox)(bpqa)]+ 26 LS-CoIII-cat 87 −1.8 LS-CoIII-cat
[Co(3,5-dbdiox)(pbqa)]+ 27 VT 87 −13.5 VT
[Co(3,5-dbdiox)(tqa)]+ 28 HS-CoII-sq 87 −39.1 HS-CoII-sq
[Co(3,5-dbdiox)(iso-pbqa)]+ 29 LS-CoIII-cat 98 21.1 LS-CoIII-cat
[Co(3,5-dbdiox)(iso-tqa)]+ 30 LS-CoIII-cat 98 22.8 LS-CoIII-cat
[Co(dioxophen)(cyclam)]+ 31 LS-CoIII-cat 37 0.3 LS-CoIII-cat
[Co(dioxophen)(cth)]+ 32 VTe 37 −18.0 VT
[Co(dioxophen)(Me4cyclam)]+ 33 HS-CoII-sq 37 −49.4 HS-CoII-sq
[Co(3,5-dbdiox)(Me2AzaN)]

+ 34 LS-CoIII-cat 99 −3.1 LS-CoIII-cat
[Co(3,5-dbdiox)(iPr2AzaN)]

+ 35 VT 69 −4.7 VT
[Co(3,5-dbdiox)(Et2AzaN)]

+ 36 VT 69 −4.2 VT
[Co(Br4diox)(tren)]

+ 37 LS-CoIII-cat 100 8.3 LS-CoIII-cat
[Co(3,5-dbdiox)(PzPy2)]

+ 38 LS-CoIII-cat 94 4.6 LS-CoIII-cat
[Co(3,5-dbdiox)(Pz2Py)]

+ 39 HS-CoII-sqe 94 −16.5 VT
[Co(3,5-dbdiox)(Pz3)]

+ 40 HS-CoII-sq 94 −29.4 HS-CoII-sq
[Co(3,5-dbdiox)(bmimapy)]+ 41 VT 101 −4.7 VT
[Co(Cl4diox)(bmimapy)]+ 42 LS-CoIII-cat 101 9.3 LS-CoIII-cat
[Co(esc)(Py2en)]

+ 43 LS-CoIII-cat 102 17.1 LS-CoIII-cat
[Co(Cl4diox)(Py2en)]

+ 44 LS-CoIII-cat 95 24.4 LS-CoIII-cat
[Co(naphdiox)(tpa)]+ 45 LS-CoIII-cat 103 30.8 LS-CoIII-cat

a The structures of relevant ancillary and dioxolene ligands are shown in Chart 2 with abbreviations indicated in Table S10. b Complexes 1–7, 21–45
are reported, and complexes 8–20 are hypothetical. c The absolute energies of the tautomers are provided in Table S11. d The calculated valence
tautomers are determined based on the energy regions established in Fig. 2. e Measurements in the solid state.
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The metric parameters (Table 4) from the structural analysis
of the three compounds provide important information about
the oxidation and spin state of the cobalt ions and dioxolene
ligands. The oxidation state of cobalt can be determined by
examining the Co–O and Co–N (N1–N3 = Npy, N4 = Namine) bond
lengths and the selected octahedral distortion parameters (S, Q
and octahedral SHAPE).104–106 In general, the LS-CoIII-cat form
exhibits shorter Co–O/N bond lengths (∼1.8 Å) with minimal
distortion while the Co–O/N bond lengths can increase by 0.18–
5700 | Chem. Sci., 2024, 15, 5694–5710
0.21 Å for HS-CoII-sq tautomer (∼2.1 Å), with a higher degree of
distortion in the octahedral environment. The oxidation states
of the coordinated dioxolene ligand can be assigned by the
empirical metrical oxidation state (MOS), using a least-squared
tting of C–C and C–O bond distances of dioxolene ligands to
assign an apparent oxidation state: −2 for a catecholate oxida-
tion state and −1 for a semiquinonate oxidation state.107

At 100 K, 15.BPh4, 19.BPh4 and 17.BPh4$0.75 DCM all exhibit
small SHAPE indices and octahedral distortion parameters (S
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Energy diagram representing the calculated energy separations between the valence tautomers of the reported (1–7, 21–45) and
hypothetical (8–20) [Co(Xdiox)(N4L)]

+ complexes. Black lines represent either temperature invariant LS-CoIII-cat or HS-CoII-sq states. Green
lines represent experimentally confirmed complexes that display thermally induced VT. Green triangles ( ) indicate the predicted VT complexes
and black triangle (:) indicate the predicted LS-CoIII-cat complex chosen for experimental verification in this study.

Fig. 3 Molecular structures of 15 in 15.BPh4 (left), 19 in 19.BPh4 (middle) and 17 in 17.BPh4$0.75 DCM (right). Colour code: carbon, grey; oxygen,
red; nitrogen, blue: cobalt, aqua green, (hydrogen atoms omitted for clarity).
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and Q), consistent with minimal distortion from an ideal octa-
hedron (Table 4 and Fig. S9†).36,37 The coordination sphere of
each molecule at 100 K displays shorter Co–O/N bond lengths,
with a calculated MOS closer to −2, indicative of a LS-CoIII-cat
form.24 Upon increasing the temperature, both 15.BPh4 and
19.BPh4 undergo signicant increases in Co–O/N bond lengths
coupled with the MOS approaching −1 (Table 4 and Fig. 4).

The increase in SHAPE, S and Q parameters for the two
compounds upon heating is suggestive of distortion, inherent to
a HS-CoII-(sq) form (Fig. S9 and S10†). Therefore, 15.BPh4 and
19.BPh4 appear to undergo thermally-induced VT in the solid-
state, with the latter being more complete (Fig. 4). For
17.BPh4$0.75 DCM, measurements were obtained only at 100 K
due to rapid degradation of the crystals. Although a direct
comparison between single-complex calculations and solid-state
measurements is not always advisable, the average Co–O and
Co–N bond lengths determined for 15 and 19 from DFT-based
optimised structures (BP86-D3(BJ)/def2-TZVP) of both LS-CoIII-
cat and HS-CoII-sq states are in agreement with the experimental
values (Fig. S10†) illustrating the charge distribution.

Powder X-ray diffraction (PXRD) diffractograms of crystalline
bulk samples of all three complexes matched well with the
calculated patterns (Fig. S11†) indicating phase purity. The bulk
© 2024 The Author(s). Published by the Royal Society of Chemistry
recrystallised compounds are consistent with the formulae
15.BPh4, 19.BPh4 and 17.BPh4 (with no DCM molecules) for the
complexes with analytical purity and absence of solvent
conrmed by elemental analysis and thermogravimetric anal-
ysis. The charge distribution of the complex in solid-state is also
veried by infra-red spectroscopy (ESI Sections 6, 7, Fig. S12, S13
and Table S16†).

3.3.2 Solid-state magnetic measurements. To conrm the
charge distribution in the solid-state, solid-state magnetic
susceptibility measurements were performed on bulk crystal-
line samples of 15.BPh4, 19.BPh4 and 17.BPh4 (Fig. 4). The
magnetic measurements are presented as the product of molar
magnetic susceptibility multiplied by temperature (cMT) vs.
temperature. Compound 17.BPh4 is diamagnetic with a cMT
value of ∼0.02 cm3 K mol−1 across the entire temperature
region (2–400 K), conrming a LS-CoIII-cat tautomeric form.
Compounds 15.BPh4 and 19.BPh4 both display an increase in
cMT upon increasing temperature, matching the observed
crystallographic data, conrming VT behaviour (Fig. 4). Upon
increasing the temperature from 2 to 400 K, the cMT of 15.BPh4

and 19.BPh4 increases from 0.17 to 1.62 cm3 K mol−1 and 0.11
to 3.13 cm3 K mol−1, respectively, indicating an incomplete VT
transition for 15.BPh4 and a complete VT transition for
Chem. Sci., 2024, 15, 5694–5710 | 5701
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Table 4 Selected interatomic distances (Å), octahedral distortion and oxidation state parameters for compounds 15.BPh4, 19.BPh4 and
17.BPh4$60.75 DCM

Parameter

15.BPh4 19.BPh4 17.BPh4$0.75 DCM

100 K (A)a 100 K (B)a 370 K (A)a 370 K (B)a 100 K 400 K 100 K (A)a 100 K (B)a

Intramolecular bond lengths/Å
Co–O1 1.860(3) 1.885(3) 1.881(5) 1.897(5) 1.856(16) 1.996(17) 1.873(4) 1.866(4)
Co–O2 1.883(3) 1.863(4) 1.908(6) 1.876(5) 1.903(16) 2.133(18) 1.890(5) 1.875(4)
Co–N1 2.013(4) 1.979(4) 2.039(7) 2.006(6) 2.015(19) 2.173(18) 1.917(6) 1.949(5)
Co–N2 1.925(4) 1.954(4) 1.948(5) 1.977(5) 1.976(17) 2.138(18) 1.911(5) 1.921(5)
Co–N3 2.016(4) 2.034(4) 2.075(5) 2.026(6) 1.978(17) 2.167(17) 1.975(6) 1.934(5)
Co–N4 1.949(4) 1.946(4) 1.982(5) 1.976(4) 1.948(16) 2.119(16) 1.917(6) 1.905(4)

Distortion and oxidation state parameters
SHAPE (Oh)b 0.289 0.340 0.494 0.491 0.446 1.400 0.180 0.175
S/°c 37.8 43.5 52.6 60.0 55.3 99.9 34.2 31.2
Q/°d 100.6 108.4 135.8 137.7 126.0 250.1 90.8 87.3
MOSe −1.9(2) −2.1(2) −1.6(2) −1.7(3) −1.9(2) −1.1(1) −1.8(2) −1.8(2)

a A and B for 15.BPh4 and 17.BPh4$0.75 DCM represent the two crystallographic independent molecules. b SHAPE index for octahedral geometry

calculated in SHAPE 2.1 (ref. 104 and 105). c P ¼ P12

i¼1

j90� ai jwhere ai are the twelve cis–O/N–Co–O/N angles about the cobalt atom.

d Q ¼ P24

j¼1

�
�60�Qj

�
� where Qj are the 24 unique O/N–Ca−Cb−O/N dihedral angles, jQjj < 120°, measured on the centroids of the two triangular

faces of the octahedron along their common pseudo-threefold axis. S and Q were calculated in OctaDist – a program used to determine the
structural distortion of the octahedral complexes.106 e Metrical oxidation state as described in the text.

Fig. 4 (Top) change in average Co–O/N bond length vs. T for 15.BPh4
(green squares) and 19.BPh4 (blue squares); and (bottom) plot of cMT
vs. T for the first heating of 15.BPh4 (green spheres), 19.BPh4 (blue
spheres) and 17.BPh4 (red spheres).
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19.BPh4.85,87 The reversibility of the transition for both
complexes was established with multiple heating and cooling
cycles Fig. S14.†
5702 | Chem. Sci., 2024, 15, 5694–5710
The solid-state magnetic and single crystal X-ray diffraction
measurements thus verify the computational predictions that
15 and 19 undergo valence tautomerism while 17 remains as
temperature invariant LS-CoIII-cat. The calculated tautomeric
energy seperation of 15 (−8.9 kJ mol−1) indicates greater sta-
bilisation of the LS-CoIII-cat state compared to that of 19
(−17.2 kJ mol−1), which is perfectly reected in the solid-state
magnetic data; 15 displays an incomplete VT transition, while
19 undergoes a complete VT transition. However, as solid-state
behaviour is affected by crystal packing effects, we turned to
solution measurements to further probe the VT transitions.

3.3.3 Electronic absorption spectroscopy. Room tempera-
ture electronic absorption spectra for complexes 15, 17 and 19
measured in MeCN, butyronitrile (BuCN), acetone, DCE and
DCM are available in Fig. S15 and Table S17†with relevant band
assignments and discussions (see ESI Section 8: Electronic
absorption spectroscopy†). The spectra of complex 17 indicate
the LS-CoIII-cat state in all ve solvents, while for 19 the spectra
indicate the HS-CoII-sq state in all solvents. For 15, the spectra
in MeCN, BuCN and acetone suggest the LS-CoIII-cat charge
distribution, while in DCM and DCE the spectra are consistent
with HS-CoII-sq. Similar solvent dependency, specically chlo-
rinated solvents stabilising HS-CoII-sq and nitrile solvents sta-
bilising LS-CoIII-cat, has been reported in the literature for other
complexes.33,69

Variable-temperature spectra of 15 and 19 were recorded to
probe the VT behaviour in MeCN, BuCN, acetone, DCE and
DCM (aer verifying the solution stabilities, Fig. S16–S18†).
Distinct and reversible changes in the spectra were evident for
both 15 and 19 in all ve solvents (Fig. 5, S20 and S21†). For 15,
in all ve solvents, heating from 268 K resulted in the increased
intensity of a band at ∼590 nm, consistent with increasing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variable temperature electronic absorption spectra in MeCN
for complexes 15 (273–333 K) and 19 (268–343 K). Figure insets are
photographs of the low and high temperature solutions.

Fig. 6 Plots of cMT vs. T obtained via Evans NMRmethod for solutions
of 15 (top) and 19 (bottom) in DCE (orange ), DCM (blue ), acetone
(green ) and MeCN (red ). Respective solid lines indicate fits to the
regular solution model.
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formation of HS-CoII-sq tautomer. For 19, in MeCN, BuCN, and
acetone, the same behaviour is observed. However, in DCM and
DCE, minimal change is evident upon heating from 268 to 298
(DCM) or 319 K (DCE), suggesting that 19 is stabilised in the HS-
CoII-sq state around room temperature. Several isosbestic/near
isosbestic points between ∼400–950 nm are indicative of two
interconverting species for 15 and 19. The charge distribution of
all three complexes was further veried from voltametric
measurements (see ESI discussion in Section 9: Electrochem-
istry, Fig. S22, Tables S18 and S19†).

The electronic spectra of 17 conrms a LS-CoIII-cat state in
solution (Fig. S19†), as well as the observation of VT for 15 and
19 in solution across various solvents. Importantly, they also
demonstrate that the LS-CoIII-cat state is stabilised to a greater
extent for 15 than for 19, reective of the solid-state magnetic
behaviour and further validating the quantitative predictions of
the DFTmethodology. Complexes 15 and 19 exhibit different VT
behaviour depending on the solvent and solution magnetic
measurements were performed to determine the T1/2 values in
different solvents.

3.3.4 Solution magnetic measurements. Variable temper-
ature solution magnetic susceptibility measurements were
performed using the Evans NMR method for complexes 15, 17
and 19 (ESI Section 10: Solution magnetic measurements,
Fig. S23–S25 and Table S20†).108,109 The data were recorded in
deuterated MeCN, DCM, DCE and acetone (Fig. 6). The
temperature range of measurement for each solvent was
selected to be above the freezing point, so data were not
© 2024 The Author(s). Published by the Royal Society of Chemistry
measured for 19 in DCE as freezing obscures the transition. For
15 and 19, a gradual increase is evident in cMT with increasing
temperature across the solvents. The VT behaviour varies with
the solvent, consistent with the electronic absorption spectra. At
room temperature, 17 displaying cMT values of ∼0.3 cm3 K
mol−1 in all solvents indicative of a LS-CoIII-cat charge distri-
bution, with the variation of temperature causing no change.

Fitting the cMT vs. temperature data for 15 and 19 to the
regular solution model (Fig. 6) afforded the thermodynamic
parameters T1/2, DH and DS (Table 5). Each model provided
good ts (R2 > 0.99) and afforded appropriate values. The DH
varies minimally between 30–45 kJ mol−1 across the solvents,
while DS varied to a greater degree between 90–160 J K−1 mol−1,
consistent with the previous analogues.33,91,110

The T1/2 values for 15 are higher than for 19 in each solvent.
This is consistent with the electronic absorption spectra and the
solid-state magnetic data (Fig. 4). Therefore, the position of the
two complexes in the energy diagram (Fig. 2), with 15 closer to
the LS-CoIII-cat region and 19 closer to the HS-CoII-sq region, is
consistent with the behaviour observed in both the solid and
solution-state and demonstrates the accuracy of the boundaries
of the energy regions. It is clear therefore, that our DFT meth-
odology can not only predict potential VT complexes, but also
predict whether the transition occurs at a higher or lower
temperature.

From the solutionmeasurements, we have identied that the
VT interconversions of 15 and 19 are solvent-tunable, with the
increase in T1/2 following the order: DCM < DCE < acetone <
MeCN. This is consistent with literature observations for related
complexes.33,69 However, as mentioned above, the origin of this
Chem. Sci., 2024, 15, 5694–5710 | 5703
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Table 5 Thermodynamic parameters obtained for 15 and 19 by fitting
the solution magnetic susceptibility data to the regular solution model

Complex Solvent DH/kJ mol−1 DS/J mol−1 K−1 T1/2/K

15 DCE 39 � 5 133 � 11 293 � 4
DCM 37 � 8 129 � 14 286 � 5
Acetone 35 � 4 106 � 12 330 � 4
MeCN 40 � 4 119 � 9 344 � 4

19 DCM 39 � 8 160 � 15 242 � 5
Acetone 39 � 6 143 � 12 273 � 5
MeCN 43 � 4 149 � 8 290 � 4
BuCNa 42 � 9 161 � 20 261 � 7

a Thermodynamic parameter for BuCN is extracted from VT UV-vis
measurements as indicate in Fig. S27 and S28.
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solvent-dependence is unknown. Thus, as the nal part of this
work, we sought to utilise our quantitative DFT treatment to
explore the effect of solvent on the VT equilibrium.
3.4 Solvent effects

Understanding the inuence of solvent on the VT equilibrium
will not only provide fundamental insights into VT, but will
inform understanding of the effects of environment and
therefore the future integration of VT components into mate-
rials for applications. To our knowledge, computational studies
to explicitly investigate the effect of solvent on the VT equilib-
rium have not been performed previously. Thus, we sought to
apply our established quantitative M06L-D4/def2-TZVPP
strategy to both the neutral and cationic complexes with the
aim of elucidating the origins of the solvent inuence on VT for
Co–dioxolene compounds in general.

Various explanations and correlations of different sol-
vatochromic parameters have been proposed, including generic
solvent properties and specic solvent–complex interactions like
hydrogen or halogen bonding.38,111,112 In general, for transition
metal complexes that exhibit solvent tuning of the charge
Table 6 The individual effects calculated as corrections, relative electron
(Dm) of the complexes in MeCN

Complex

Calculated correction/kJ mol−1

DEGas/DES (MeCN)a DER
a DET

b

3 30.0 10.8 −3.5 −17.1
5 34.7 9.6 −5.7 −11.7
6 36.5 8.9 −4.6 −12.7
15 30.6 10.6 −4.3 −8.9
19 30.5 10.7 −3.6 −17.2
27 31.9 11.1 −3.4 −13.5
32 41.0 10.3 −3.4 −18.0
35 24.8 9.7 −5.8 −4.7
41 33.3 11.7 −5.4 −4.7
460 8.3 13.0 −5.3 15.8
470 8.4 13.3 −4.4 21.7

a DER and DES obtained in gas phase as single point energies with M06L-
optimised geometries while for monocationic Co–dioxolenes DET o
represents the calculated enthalpy changes that includes solvent (MeCN
CoIII-cat).

5704 | Chem. Sci., 2024, 15, 5694–5710
transfer energy, the effects postulated to play a role include
change in dipole moment, reorganisation energy, and the energy
separation between two states.38,39,111,113 As observed for 15 and 19
(Fig. 6 and S15†) and several literature [Co(Xdiox)(N4L)]

+

complexes, chlorinated and brominated solvents tend to sta-
bilise the HS-CoII-sq state, whereas nitrile solvents stabilise the
LS-CoIII-cat form.33,69 It has been hypothesised that the high
donor number from MeCN stabilises the smaller metal centre in
the LS-CoIII-cat form.86 In other cases, the solvent polarity
appears to play a larger role than the donor number, with the T1/2
decreasing with increasing static dielectric constant (3r) and
refractive index.38 It has been observed for neutral [Co(3,5-
dbdiox)(3,5-dbsq)(bpy)] that the switching temperatures in
various solvents does not correlate with the dielectric constant.93

For this study, the three reference VT complexes (3, 5 and 6),
the newly reported VT complexes (15 and 19) and complexes 27,
32, 35 and 41 were selected to encompass the broad range of
ancillary and dioxolene ligands in the [Co(Xdiox)(N4L)]

+ VT
family. We also chose neutral [Co(3,5-dbdiox)(3,5-dbsq)(N2L)]
(N2L = 1,100-phenanthroline (460); 1,2-bipyridine (470)) from
our previous study.42 Using these eleven complexes, we quan-
tied the inuence of the individual thermodynamical effects
on VT by calculating contributions from thermal vibrations,
relativistic and solvent effects. We employed acetonitrile in the
calculations, owing to the generally observed solubility and
stability of both neutral and monocationic complexes (Table 6
and Fig. 7). While ion-pairing effects and specic solute–solvent
interactions can have some inuence, they are complicated and
their exploration is beyond the scope of this study.

In Fig. 7, the green region denes the range of values for total
energy change (20–60 kJ mol−1) that corresponds to an experi-
mentally observed thermally-induced VT region. Experimental
enthalpies result from multiple factors common for all VT
complexes. By deconvoluting individual effects that contribute
to the total energies, the different factors that affect the overall
thermodynamic behaviour of the systems can be visualised. In
ic energies, VT enthalpies in MeCN, and the change in dipole moment

kJ mol−1 DH(calc) (MeCN)c/kJ mol−1 Dm (MeCN)d/Debye

20.2 −6.71
26.9 −6.28
28.1 −6.20
28.0 −6.30
20.4 −6.90
26.1 −6.17
29.9 −7.04
24.0 −4.61
34.9 −6.16
31.8 −2.87
39.0 −2.82

D4/def2-TZVPP. b For neutral Co–dioxolenes, DET obtained via PBEh-3c
btained via BP86-D3(BJ)/def2-TZVP optimised geometries. c DH(calc)
), relativistic and thermal corrections. d Dm indicates (mHS-CoII-sq − mLS-

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04493a


Fig. 7 Relative spin-state energy of VT monocationic [Co(Xdiox)(N4-
L)]+ and neutral [Co(3,5-dbdiox)(3,5-dbsq)(N2L)] families illustrating the
cumulative effects from the gas phase (DEGas) (grey); relative gas phase
energy with thermal effects (DEGas + DET) (red); relative gas phase
energy with thermal and relativistic effects (DEGas + DET + DER) (blue);
relative gas phase energy with thermal, relativistic and solvent effects
in MeCN (DEGas + DET + DER + DES) (green). (The green region illus-
trates the experimental VT energy region in solution).

Table 7 Calculated DES, DES + DEGas and experimentally measured T1/
2 for complex 15 and 19 in various solvents

Complex Solvent DES
a/kJ mol−1 DES + DEGas

a/kJ mol−1 T1/2/K

15 MeCN 30.6 21.7 344
Acetone 29.7 20.8 330
DCM 27.1 18.2 286
DCE 27.7 18.8 293

19 MeCN 30.5 13.3 290
Acetone 29.6 12.4 273
DCM 27.0 9.8 242
DCE 27.6 10.4 —

a DES and DES + DEGas are calculated with M06L-D4/def2-TZVPP as EHS-

CoII-sq − ELS-CoIII-cat.

Fig. 8 (Top) correlation of the experimentally determined T1/2 values
with respective calculated DES for complex 15 (green R2 = 1.00; T1/2 =
17.0 × DES − 178) and complex 19 (blue R2 = 0.99; T1/2 = 13.3 × DES −
118) in various solvents. (Bottom) correlation of the experimentally
determined T1/2 values with calculated DES + DEGas for complexes (15,
19 and 6) in MeCN solution (red; R2= 1.00, T1/2= 6.4× {DES + DEGas} +
204) and DCM solution (blue; R2 = 0.99, T1/2 = 4.8 × {DES + DEGas} +
195) and neutral (460–500) complexes considered in Chart S1† in
toluene solution (purple; R2 = 0.90, T = 11.7 × {DE + DE } − 29).
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Fig. 7 and Table 6, the individual effects for thermal vibrations
(DET), relativistic (DER) and solvent stabilisation (DES) are pre-
sented. First, the relative gas phase energy (DEGas) for the
neutral complexes 460 and 470 is greater than the DEGas for all
the monocationic complexes, indicating that the intrinsic
relative energies of these two families of complexes are distinct
due to the charge and the variation in coordination environ-
ment. The changes in relativistic (average DER of 10.4 and
13.1 kJ mol−1 for the neutral and cationic complexes, respec-
tively) and thermal (average DET of −4.4 and −4.9 kJ mol−1 for
the neutral and cationic complexes, respectively) effects are
similar for the two families. However, stabilisation effects from
the solvent (DES) differ signicantly: an average of 8.4 and
32.6 kJ mol−1 for the neutral and cationic complexes, respec-
tively. It is worth noting that, beside DEGas, the quantied DER,
DET and DES do not drastically vary with the functional (ESI
Section 3: DFT results, Tables S4–S6†), proving the validity of
the calculated quantities for the two families. Combination of
the calculated gas phase energies, with the corresponding
solvent stabilisation energies in MeCN, brought all the
complexes into the illustrative experimental VT region (Fig. 7).

By consolidating the neutral and cationic complexes, we
have demonstrated that underlying VT energetics for the mon-
ocationic versus neutral complexes differ. In particular the
solvent stabilisation energies are much larger and more
signicant for the cationic complexes versus the neutral. With
this understanding, we sought to elucidate the effect of solvent
on VT T1/2 using a case-by-case analysis and correlation with
experimental observations.

3.4.1 Case 1: effect of various solvents on a single complex.
To determine the impact of various solvents on the T1/2 value of
a specic complex, we used the two newly synthesised VT
complexes 15 and 19. The number of solvents examined was
constrained by the solubility and stability of the complexes. We
therefore investigated the effects of MeCN, BuCN, DCM, DCE
and acetone had on DES. The calculated DES values were then
© 2024 The Author(s). Published by the Royal Society of Chemistry
associated with the respective experimental T1/2 values for 15
and 19 in the different solvents (Table 7 and Fig. 8).

For both 15 and 19, an excellent correlation of calculated DES
with the experimentally measured T1/2 values (R2 > 0.98) is
observed, demonstrating a larger DES (i.e., larger stabilisation of
LS-CoIII-cat by the solvent) correlates with higher T1/2 value.
1/2 S Gas

Chem. Sci., 2024, 15, 5694–5710 | 5705
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Fig. 9 Correlation of calculated DES in MeCN with change in dipole
moment of the complex (calculated with M06L-D4/def2-TZVPP, in
MeCN).
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Hence, MeCN with a larger DES compared to DCM, will result in
higher T1/2 values. Similar solvent trends have been reported
from experimental investigations of complexes 6 (ESI Section
11: Correlations and thermodynamic parameters, Table S21 and
Fig. S26†) and 35.33,69 The established correlation between the
calculated solvent parameters and experimental T1/2 provides
a tool for predicting the T1/2 in a specic solvent.

To demonstrate this, we calculated the DES of 19
(29.6 kJ mol−1) in BuCN, which provides a predicted T1/2 of 274
K. This is in excellent agreement with the experimentally
determined approximate T1/2 of 261(7) K using variable
temperature UV-vis measurements (Fig. S27 and 28†), illus-
trating the predictive ability of this method for different
solvents.

3.4.2 Case 2: effect of a single solvent on various
complexes. We proceeded to analyze how a specic solvent
inuences the T1/2 of various complexes (i.e., why the T1/2 value
in MeCN is observed to be greater for 15 than 19). Despite
having similar DES, the overall shi in T1/2 towards higher
temperatures for the set of solvents for 15 compared to 19,
originates from the underlying difference in relative electronic
energy for 15 (DEGas = −8.9 kJ mol−1) compared to 19 (DEGas =
−17.2 kJ mol−1). This indicates that the T1/2 of various
complexes in a specic solvent is impacted by both DES and
DEGas. Therefore, we correlated the T1/2 values with the sum of
the calculated DES and DEGas values for complexes 6, 15 and 19
in MeCN and DCM (Table 7 and Fig. 8). We also extended this
approach to the family of neutral [Co(3,5-dbdiox)(3,5-
dbsq)(N2L)] complexes (Chart S1 and Table S22†) with their
experimentally measured T1/2 values in toluene (Fig. 8).

The correlation derived between the DES + DEGas parameter
and experimental T1/2 can also act as a tool for determining the
T1/2 of a complex in a specic solvent. Calculating the DES +
DEGas values for complex 470 in DCM (29.0 kJ mol−1) and MeCN
(30.1 kJ mol−1) results in predicted T1/2 values of 334 and 396 K
respectively. The roughly estimated experimental switching
points of 470 in DCM and MeCN were found to be ∼313 and
∼345 K, illustrating the possibility of determining T1/2 values for
various complexes.93 With this, we demonstrate that the sug-
gested approach and the parameter DES is broadly applicable
across both families of Co–dioxolene complexes. Solvent/s or
complexes that show a deviation from this general trend likely
do so due to encompassing specic solute–solvent interactions.

Considering the solvent polarity argument has been
commonly hypothesised as having an inuence on VT equi-
libria, we sought to explore whether the change in dipole
moment accompanying the VT interconversions is related to the
solvent stabilisation energy. The dipole moment (m) was calcu-
lated to be larger for the LS-CoIII-cat tautomer than HS-CoII-sq
state (ESI Section 12: Energy and dipole moment, Table S23†),
resulting in a negative dipole change upon thermally-induced
VT (Dm = mHS-CoII-sq − mLS-CoIII-cat). The calculated dipole
moments for both tautomers are larger when including MeCN
compared to the gas phase (Table S23†), demonstrating the
impact of the dielectric medium around the molecule causing
a stabilisation in electronic energies (Tables S23 and S24†). The
complexes with similar DES values had similar changes in the
5706 | Chem. Sci., 2024, 15, 5694–5710
change in dipole moment (Dm) (Tables 6, S23 and S25†). Plotting
the DES (MeCN) versus Dm of various complexes shown in Table
6 results in a linear correlation (Fig. 9) with R2 = 0.89. The
correlation indicates that the larger the change in dipole
moment upon valence tautomeric transition, the greater the
solvent stabilisation energy. Therefore, the sensitivity of the VT
interconversion to the nature of the solvent correlates with the
difference in dipole between the two tautomers.

While exceptions are possible due to specic solvent–solute
interactions that have not been accounted for in this study, this
analysis provides a rationale for the observations regarding the
behaviour of VT complexes in different solvents. The dipole
argument also explains why the lower polarity DCM and DCE,
with solvent polarity index (PI) of 3.1 and 3.5 respectively,
compared to acetone (PI = 5.1) and MeCN (PI = 5.8) more
effectively stabilise the HS-CoII-sq tautomer, which has
a smaller dipole moment. From this DFT analysis, we have
shown that the variation in transition temperature with solvent
arises from the effect of solvent stabilisation energy. The
magnitude of this effect correlates with the change in dipole
moment for a given complex during VT and is notably less for
the neutral [Co(diox)(sq)(N2L)] versus the cationic [Co(diox)(N4-
L)]+ families, with the VT for the neutral complexes therefore
much less sensitive to environment. Indeed the neutral
complexes 460 and 470, which are least susceptible to environ-
mental effects, have been successfully doped into polystyrene
lms with retention of VT functionality.114 In contrast, the high
degree of change in dipole moment imparted for [Co(diox-
ophen)(cth)]+ (32) is consistent with its observed propensity for
macroscopic polarisation driven VT interconversion.115
4 Conclusions

We have utilised literature monocationic [Co(diox)(N4L)]
+

complexes, in conjunction with previous DFT studies on neutral
[Co(diox)(sq)(N2L)] complexes, to benchmark a wide selection of
DFT methods with solvent, relativistic, thermal and dispersion
effects. This has allowed identication of M06L-D4/def2-TZVPP
as a robust, reliable, and computationally inexpensive level of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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theory for the analysis of VT in both main families of Co–
dioxolene VT complexes. Application of this chosen method to
over thirty literature [Co(diox)(N4L)]

+ complexes accurately
captured the experimental behaviour of the Co–dioxolene
complexes with over 97% accuracy. We also conrmed the
predictive power of the computational model by synthesising
and characterising three new complexes, two of which exhibit
thermally-induced VT in both the solid-state and in solution,
while the third remains in the LS-CoIII-cat form across all
temperatures, in agreement with prediction.

The development of this accurate DFT-based strategy
allowed us to analyze the molecular origin of VT for the two
major classes of neutral and monocationic Co–dioxolene
complexes and elucidate the experimentally observed depen-
dence on solvent. Deconvolution and quantication of various
effects contributing to the VT equilibrium demonstrated that
solvent stabilisation plays a dominant role, varying signicantly
from ∼8 kJ mol−1 for neutral complexes to ∼33 kJ mol−1 for
cationic complexes. This variation was found to originate from
the magnitude of dipole moment change during VT intercon-
version; the larger the dipole change, the greater the effect of
the solvent. This explains why solvents with a lower polarity
index stabilise the HS-CoII-sq state. Two major factors govern
the position of VT equilibrium: (1) the underlying intrinsic
tautomeric energy seperation (DEGas), and (2) the solvent sta-
bilisation energy (DES). The experimentally determined T1/2
values correlate with the combined DES + DEGas effect. This
correlation is consistent with experimental observations for
numerous complexes in a number of solvents and provides
a clear answer to the long-standing question of how solvent
affects VT equilibria.

The dependence of the VT interconversion on the immediate
environment of the Co–dioxolene species reects the magni-
tude of the change of dipole moment accompanying the inter-
conversion, which is larger for the charged complexes than the
neutral. This understanding can potentially guide the selection
and design of complexes tailored for incorporation into media
that impart different molecular environments including thin
lms and polymers. Specically, the neutral complexes with
smaller change in dipole moment are likely best suited to retain
VT properties upon incorporation into a polymer lm. In
contrast, a cationic complex with a larger change in dipole
moment may display greater sensitivity for deployment in
solvent/vapor sensing.

In summary, our quantitative and computationally inex-
pensive DFT-based strategy requires only a simple gas phase
calculation to pre-screen hypothetical Co–dioxolene molecules
to accurately predict if a molecule will exhibit thermally-
induced VT. The solvent-dependent T1/2 values and solvent-
sensitivity can also be predicted. Straightforward calculation
of the change of dipole moment that accompanies the VT
interconversion indicates the sensitivity to environment and
can inform the deployment of VT complexes in so materials
for future applications.

Finally, electron transfer and solvent-dependence have an
importance in chemistry far beyond VT in Co–dioxolene
systems. Solvent also inuences VT in complexes with other
© 2024 The Author(s). Published by the Royal Society of Chemistry
redox-active metals and ligand. Solution SCO is affected by
solvent, with this attributed in some cases to solvent polarity,
although a comprehensive analysis is lacking. Solvent is also
important for electron transfer in mixed-valence metal
complexes, affecting intervalence charge transfer bands, with
analyses suggesting the dielectric continuum plays a role.116 In
synthetic chemistry, transition metal photocatalysts typically
utilises long-lived triplet excited states to conduct a wide range
of chemical reactions. The effect of solvent on the excited state,
and therefore catalytic function, has been an area of research
and debate. The insights provide from this work into the
inuence on solvent-sensitivity of the change in dipole moment
between different electronic states of ametal complex has broad
relevance. So too, does the demonstration that properly
benchmarked, reliable DFT approaches are powerful for
understanding these critical chemical relationships.
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