
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2021, 50,
16631

Received 1st October 2021,
Accepted 28th October 2021

DOI: 10.1039/d1dt03327a

rsc.li/dalton

Rich redox-activity and solvatochromism in a
family of heteroleptic cobalt complexes†
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The combination of redox-active metals with redox-active ligands can lead to interesting charge transfer

behaviours, including valence tautomerism and solvatochromism. With the aim of investigating a relatively

underexplored redox-active metal/redox-active ligand combination, complexes [CoII(acac)2(X-BIAN)]

(acac− = acetylacetonate; X-BIAN = bis(4-X-phenyl)iminoacenaphthene; 1: X = –CF3, 2: X = –Cl, 3: X =

–H, 4: X = –Me) and [CoIII(acac)2(Me-BIAN)]+ (5+) have been synthesised and characterised. At all temp-

eratures investigated, and in both the solid and solution state, complexes 1–4 exist in a CoII-BIAN0 charge

distribution, while 5+ adopts a CoIII-BIAN0 charge distribution. In the case of 1–4, the potential CoIII-

BIAN•− valence tautomer is inaccesible; the energy ordering between the ground CoII-BIAN0 state and

the excited CoIII-BIAN•− state must be reversed in order for an entropically driven interconversion to be

possible. The energy gap between the states can be monitored via metal-to-ligand charge transfer bands

in the visible region. We demonstrate tuning of this energy gap by varying the electronic properties of the

BIAN ligand, as well as by controlling the molecular environment through solvent choice. Solvatochromic

analysis, in combination with crystallographic evidence, allows elucidation of the specific solvent–solute

interactions that govern the molecular behaviour of 1–4, affording insights that can inform potential

future applications in sensing and switching.

Introduction

In the pursuit of new molecule-based materials, redox-active
ligands have proven useful in a variety of wide-ranging
applications.1–3 The inherent ease with which redox-active
ligands accept and/or donate electrons often leads to interest-
ing charge transfer activity,4,5 and the ability to access two or
more stable redox states can be used to modulate molecule-
based properties, for example, by turning on or off spin cross-
over (SCO) or other magnetic behaviour.6–8 In particular,
systems combining a redox-active ligand with a redox-active
metal have the potential to exhibit valence tautomerism (VT): a
stimulated, reversible, intramolecular electron transfer
between a metal and a ligand.9–12 As with any switchable
system, valence tautomeric compounds may ultimately be uti-
lised as components of molecular memory.13–15 However, due
to the dramatic colour changes that often accompany the

switching, as well as the wide variety of stimuli that can induce
the transition, the possible application of valence tautomeric
molecules in colour-based displays, sensors, and “smart
materials” is equally, if not more promising.16–18

One obstacle hampering the use of switchable molecules in
devices is the potential loss of useful properties upon a change
in environment.19–22 The switching process can be altered, or
even turned off entirely, by subtle changes in crystal
packing,23,24 deposition onto surfaces,25–27 and changes in
solvent environment.28–30 The latter case is often accompanied
by the phenomenon of solvatochromism, the solvent depen-
dence of a compound’s electronic spectrum. Solvatochromism
is a valuable property that can lead to applications in colori-
metric sensing.31–33 A compound that dramatically changes
colour in response to a certain stimulus can be exploited in a
device that detects that stimulus: for example, the solvent
polarity dependence of a cyanostilbene derivative was used to
develop a detection system for trace water in organic
solvents.34

A variety of sensing applications are possible, depending on
the specific solvent–solute interactions experienced by a par-
ticular solvatochromic molecule. Solvatochromic theory can be
used to describe and quantify these interactions.35,36 The use
of solvatochromic parameters to model solvent-dependent
excitation energies is a well-established procedure, and has
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been used to elucidate the environmental interactions relevant
to a wide range of inorganic and organic molecules.31,34,37,38

Solvatochromic analysis is a particularly valuable tool for
understanding environmental effects on valence tautomeric
systems, as the combination of a redox-active ligand and
redox-active metal often leads to solvatochromic charge trans-
fer bands.39,40

In previous studies, we have focussed on variation of the
ancillary ligand in cobalt–dioxolene systems as a way of tuning
valence tautomerism.20,28,29,41,42 In this work, we have instead
sought to combine a cobalt metal centre with a family of
redox-active ligands that has been relatively underutilised in
this context: bis(aryl)iminoacenaphthene (BIAN). The BIAN
ligand family is attractive due to its ability to access multiple
oxidation states: most commonly, neutral, monoanionic
radical, and dianionic.43–45 The redox lability of the Co-BIAN
moiety, in particular, has led to its use in numerous catalytic
applications.46–50 While VT has not been observed experi-
mentally in Co-BIAN systems,24,51 its occurrence in three com-
plexes with the general formula [Co(LNO)2(BIAN)] (LNO = a
Schiff base ligand, Chart S1†) has been computationally pre-
dicted, involving an interconversion between low-spin (LS)
CoIII-BIAN•− and high-spin (HS) CoII-BIAN0 forms.52 However,
the calculated [Co(LNO)2(BIAN)] complexes are difficult to
access experimentally as they each contain either an ancillary
ligand that cannot be isolated because it self-reacts and/or a
BIAN ligand that has never been reported.

Hence, for ease of synthesis, we decided to target the family
of complexes [Co(acac)2(X-BIAN)] (acac− = acetylacetonate;
X-BIAN = bis(4-X-phenyl)iminoacenaphthene; 1: X = –CF3, 2: X
= –Cl, 3: X = –H, 4: X = –Me, Scheme 1), which employ the ubi-
quitous acetylacetonate ligand instead of the calculated Schiff
base ligands.52 To assist the characterisation of 1–4, the
complex 5+ was synthesised from the oxidation of complex 4.
Our initial aim was simply to investigate the effects of redox
tuning on complexes 1–4 through a combined electrochemical,
spectroscopic, and crystallographic study. Upon the emergence

of dramatic solvatochromic effects exhibited by 1–4, we then
sought to understand the mechanisms underlying this behav-
iour. This was achieved by using solvatochromic analysis to
identify and quantify the solvent–solute interactions governing
the energy difference between ground and excited states. In
the case of 1–4, the excited state of the solvatochromic tran-
sition is similar to a valence tautomer of the ground state,
thus the solvatochromic insights obtained pertain directly to
the VT transition we are targeting. Moreover, due to the dis-
tinct green-to-red colour change that toluene solutions of 1–4
undergo on exposure to strongly hydrogen-bond-donating
species, the complexes are potential colorimetric indicators for
the presence of alcohols.

Experimental section
Synthesis

All chemicals purchased were of reagent grade or higher and
used as received. All procedures were undertaken under
ambient conditions, except for the syntheses of 2 and
5(PF6)⋅0.5THF, which were performed under an atmosphere of
N2 using standard Schlenk techniques. Solvents were dried over
3 Å molecular sieves and de-gassed with a minimum of three
freeze-pump-thaw cycles prior to use. The X-BIAN ligands were
synthesised according to literature procedures,53–57 as was the
precursor compound [Co(acac)2(OH2)2].

58

A note on the naming of samples of [CoII(acac)2(Cl-BIAN)]: The
compound [CoII(acac)2(Cl-BIAN)] crystallises in two distinct
phases, denoted 2H and 2, with the key difference being that
2H exhibits a hydrogen bonding interaction between solvent
and acac− oxygen atoms, while 2 does not. This distinction is
important for our interpretation of the solvatochromic behav-
iour of 1–4. For each of the phases, the bulk sample solvation
differs from that of the fresh crystals. Namely, the bulk sample
2H·0.2H2O and the crystal 2H·H2O are of the same phase and
are crystallographically distinct from the bulk sample 2 and the
crystal 2·0.1H2O, which are of the same phase as each other.

[CoII(acac)2(CF3-BIAN)] (1). An orange-red solution of CF3-
BIAN (141 mg, 0.300 mmol) in tetrahydrofuran (THF) (15 mL)
was added dropwise to a rapidly stirring lilac solution of
[Co(acac)2(OH2)2] (88.0 mg, 0.300 mmol) in THF (8 mL). After two
hours, the resulting deep green solution was dried over MgSO4

and filtered, before all solvent was removed under vacuum.
The residue was dissolved in a minimum of toluene (3.1 mL).
The solution was filtered and divided into six equal portions.
Each of these was layered with hexane (7.5 mL) to afford a crys-
talline product after a week, which was collected by vacuum fil-
tration, washed with cold hexane, and air dried (149 mg, 65%).
The product (77.4 mg, 0.101 mmol) was dissolved in toluene
(2.05 mL). The emerald-green solution was divided into two
equal portions, which were each layered with hexane (7 mL) to
afford dark red block crystals of 1 after a week, which were col-
lected by vacuum filtration, washed with cold hexane, and air
dried (58 mg, 79%). Anal. calcd for C36H28N2O4F6Co: C, 59.60;
H, 3.89; N, 3.86. Found: C, 60.14; H, 4.04; N, 3.83. ESI-MS

Scheme 1 Synthetic targets of this work: [Co(acac)2(X-BIAN)]0/+

complexes.
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(TOF) m/z [M]+ calcd for C36H28N2O4F6Co: 725.1285. Found:
725.1283. Absorption spectrum (toluene): λmax/nm (ε/M−1

cm−1) = 644 (1.1 × 103). Selected FT-IR data (ATR, cm−1): νCN
1665 (w), νCN 1630 (w), νCO 1583 (s), 1515 (s), 1321 (s), 1160 (s),
1111 (s), 1063 (s), 1012 (m), 919 (w), 828 (m), 777 (m), 558 (m).
The lack of solvation in 1 was confirmed via TGA (Fig. S1†)
and elemental analysis. The measured powder X-ray diffraction
pattern of bulk 1 matched that calculated from the single
crystal structure (Fig. S2†).

[CoII(acac)2(Cl-BIAN)] (2H·0.2H2O). An orange-red solution
of Cl-BIAN (120 mg, 0.300 mmol) in THF (15 mL) was added
dropwise to a rapidly stirring lilac solution of [Co(acac)2(OH2)2]
(88.0 mg, 0.300 mmol) in THF (8 mL). After two hours, the
resulting deep green solution was dried over MgSO4 and fil-
tered, before all solvent was removed under vacuum. The
residue was dissolved in a minimum of toluene (1.2 mL). The
solution was filtered and divided into three equal portions.
Each of these was layered with hexane (7.5 mL), to afford dark
red block crystals after a week, which were collected by vacuum
filtration, washed with cold hexane, and air dried (147 mg,
72%). Analysis of the freshly mounted crystal is consistent
with one H2O molecule per asymmetric unit, giving the
formula 2H·H2O, while elemental and TGA measurements
(Fig. S1†) on the bulk sample are consistent with partial deso-
lvation to the formula 2H·0.2H2O. The PXRD pattern of bulk
2H·0.2H2O matches that calculated from the structure of
2H·H2O (Fig. S2†), indicating that the crystal structure of
2H·H2O is minimally disrupted upon partial desolvation to
2H·0.2H2O. Anal. calcd for C34H28.4N2O4.2Cl2Co: C, 61.68; H,
4.32; N, 4.23. Found: C, 61.23; H, 4.33; N, 4.23. Selected FT-IR
data (ATR, cm−1): νCN 1665 (w), νCN 1628 (w), νCO 1585 (s), 1510
(s), 1480 (m), 1253 (m), 1010 (m), 913 (m), 828 (m), 820 (m),
777 (s), 762 (s), 651 (m), 542 (m).

[CoII(acac)2(Cl-BIAN)] (2). Under an inert atmosphere, com-
pound 2H·0.2H2O (86.1 mg, 0.130 mmol) was dissolved in
toluene (1.6 mL) and then layered with hexane (30 mL). The
layering was left at room temperature for 10 days to afford dark
red crystals, which were collected by vacuum filtration, washed
with cold hexane, and air dried (60 mg, 70%). Analysis of the
freshly mounted crystal is consistent with approximately 0.1
H2O molecules per asymmetric unit, giving the formula
2·0.1H2O, while elemental and TGA measurements (Fig. S1†)
on the bulk sample are consistent with full dehydration to 2.
The PXRD pattern of bulk 2 matches that calculated from the
structure of 2·0.1H2O (Fig. S2†), indicating that the crystal
structure of 2·0.1H2O is minimally disrupted upon dehydra-
tion to 2. Anal. calcd for C34H28N2O4Cl2Co: C, 62.02; H, 4.29;
N, 4.25. Found: C, 61.75; H, 4.24; N, 4.26. ESI-MS (TOF) m/z
[M]+ calcd for C34H28N2O4Cl2Co: 657.0758. Found: 657.0754.
Absorption spectrum (toluene): λmax/nm (ε/M−1 cm−1) = 638
(1.3 × 103). Selected FT-IR data (ATR, cm−1): νCN 1665 (w), νCN
1626 (w), νCO 1585 (s), 1513 (s), 1482 (m), 1255 (m), 1014 (m),
915 (m), 830 (s), 779 (m), 765 (s), 649 (m), 542 (m).

[CoII(acac)2(H-BIAN)] (3). An orange-red solution of H-BIAN
(99.6 mg, 0.300 mmol) in THF (15 mL) was added dropwise to
a rapidly stirring lilac solution of [Co(acac)2(H-BIAN)] (88.0 mg,

0.300 mmol). After two hours, the resulting deep green solu-
tion was dried over MgSO4 and filtered, before all solvent was
removed under vacuum. The residue was dissolved in a
minimum of toluene (2 mL). The solution was filtered and
divided into 4 equal portions. Each of these was layered with
hexane (7.5 mL) to afford dark red plates of 3 after a week,
which were collected by vacuum filtration, washed with cold
hexane, and air dried (94.1 mg, 53%). Anal. calcd for
C34H30N2O4Co: C, 69.09; H, 5.13; N, 4.83. Found: C, 69.27; H,
5.13; N, 4.75. ESI-MS (TOF) m/z [M]+ calcd for C34H30N2O4Co:
589.1538. Found: 589.1534. Absorption spectrum (toluene):
λmax/nm (ε/M−1 cm−1) = 624 (1.7 × 103). Selected FT-IR data
(ATR, cm−1): νCN 1667 (w), νCN 1631 (w), νCO 1585 (s), 1510 (s),
1399 (s), 1251 (m), 1012 (m), 917 (m), 828 (m), 754 (s), 694 (s),
538 (m). The lack of solvation in 3 was confirmed via TGA
measurements (Fig. S1†) and elemental analysis. The
measured powder X-ray diffraction pattern of bulk 3 matched
that calculated from the single crystal structure (Fig. S2†).

[CoII(acac)2(Me-BIAN)] (4). An orange-red solution of Me-
BIAN (108 mg, 0.300 mmol) in THF (15 mL) was added drop-
wise to a rapidly stirring lilac solution of [Co(acac)2(OH2)2]
(88.0 mg, 0.300 mmol) in THF (8 mL). After two hours, the
resulting deep green solution was dried over MgSO4 and fil-
tered, before all solvent was removed under vacuum. The
residue was dissolved in a minimum of toluene (2 mL). The
solution was filtered and divided into four equal portions.
Each of these was layered with hexane (7.5 mL) to afford dark
red-green crystalline plates of 4 after a week, which were col-
lected by vacuum filtration, washed with cold hexane, and air
dried (143 mg, 77%). Anal. calcd for C36H34N2O4Co: C, 70.01;
H, 5.55; N, 4.54. Found: C, 70.12; H, 5.81; N, 4.72. ESI-MS
(TOF) m/z [M]+ calcd for C36H34N2O4Co: 617.1851. Found:
617.1848. Absorption spectrum (toluene): λmax/nm (ε/M−1

cm−1) = 621 (1.2 × 103). Selected FT-IR data (ATR, cm−1): νCN
1663 (w), νCO 1587 (s), 1513 (s), 1253 (m), 1193 (w), 1119 (w),
1010 (m), 915 (m), 816 (m), 781 (m), 653 (w), 550 (m), 511 (w).
The lack of solvation in 4 was confirmed via TGA (Fig. S1†)
and elemental analysis. The measured powder X-ray diffraction
pattern of bulk 4 matched that calculated from the single
crystal structure (Fig. S2†).

[CoIII(acac)2(Me-BIAN)](PF6) (5(PF6)·0.5THF). Under an inert
atmosphere, solid Fc(PF6) (49.7 mg, 0.150 mmol, Fc+ = ferro-
cenium) was added to a stirred solution of 4 (92.6 mg,
0.150 mmol) in THF (15 mL). The resulting mixture was soni-
cated for three hours, over the course of which the colour
changed from deep green to deep red-brown. The volume was
reduced to about 2 mL, upon which a brown precipitate
formed. The solution was filtered, and the residual solid was
washed with THF (6 × 0.5 mL). The combined filtrates were
layered with Et2O (30 mL) to afford red-orange crystalline
plates of 5(PF6)·THF after a week, which were collected by
vacuum filtration, washed with cold Et2O, and air dried
(54.2 mg, 43%). Analysis of the freshly mounted crystal is con-
sistent with one THF molecule per asymmetric unit, however,
elemental and TGA measurements (Fig. S1†) are consistent
with 0.5 THF molecules per complex in the bulk sample. Anal.
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calcd for C38H38N2O4.5CoPF6: C, 57.15; H, 4.80; N, 3.51. Found:
C, 57.03; H, 4.70; N, 3.57. ESI-MS (TOF) m/z [M]+ calcd for
C36H34N2O4Co: 617.1851. Found: 617.1849. Absorption spec-
trum (MeCN): λshoulder/nm (ε/M−1 cm−1) = 590 (2.6 × 102).
Selected FT-IR data (ATR, cm−1): νCN 1667 (w), νCN 1631 (w),
νCO 1585 (s), 1517 (s), 1372 (s), 1280 (m), 1069 (m), 1016 (m),
933 (w), νPF6 830 (s), 781 (s), 665 (m), 626 (m), δPF6 556 (s), 495
(m), 466 (m). The measured powder X-ray diffraction pattern of
bulk 5(PF6)⋅0.5THF matches that calculated from the single
crystal structure of 5(PF6)·THF, indicating that the two exhibit
the same structural phase (Fig. S2†).

X-ray data collection, structure solution, and refinement details

The crystallographic data are presented in Table 1. For all com-
pounds except 3, crystallographic data were obtained using a
Rigaku XtaLAB Synergy-S diffractometer equipped with a Cu-Kα
(λ = 1.54148 Å) microfocus source, graphite monochromator,
HyPix-6000 E detector, and an Oxford Diffraction Cryostream
800. Crystals were transferred directly from the mother liquor to
crystallographic oil to prevent solvent loss, and then immedi-
ately mounted on the diffractometer at the data collection temp-
erature. Data reduction was performed using the program
CrysAlis PRO (version 40_64.67a),59 employing a numerical
absorption correction based on Gaussian integration over a
multifaceted crystal. The crystallographic data for 3 were col-
lected at the Australian Synchrotron on the MX2 beamline,60

equipped with a silicon double crystal monochromator and an
Oxford Instruments Cryojet 5, and tuned to approximately Mo-
Kα radiation (λ = 0.7108 Å). Data reduction was performed using
XDS, using moderate multi-scan absorption correction in
SADABS.61 All structures were solved using the SHELXT routine
and refined using a full matrix least squares procedure based
on F2 using SHELXL within OLEX2.62 All non-hydrogen atoms
were refined using anisotropic displacement factors. Hydrogen
atoms were placed and constrained using a riding model.

Co-crystallised water molecules were evident for 2·0.1H2O
and 2H·H2O. For crystals of 2·0.1H2O, the occupancy was
refined freely. For 2H·H2O, one molecule of H2O was found dis-
ordered over two positions and refined freely to give an approxi-
mate 50 : 50 occupancy of each part. Crystals of 5(PF6)⋅THF dis-
played highly disordered solvent that could not be readily mod-
elled, and accordingly, refinement was carried out using the
OLEX2 solvent mask routine.63 One void per unit cell was
found, with 80 electrons in a volume of 339 Å3. This is consist-
ent with the presence of one molecule of THF per formula unit.

For 1, one CF3 group was disordered over two orientations
with the fluorine atoms of both components refined to have
similar anisotropic displacement parameters. For crystals of
2H·H2O, disorder over two positions was modelled for both a
methyl group of one acetylacetonate ligand, and one of the aryl
groups of the bis(4-chlorophenyl)iminoacenaphthene ligand.
Each component was refined freely to give the relative occu-
pancies. For crystals of 3, both a coordinated acetylacetonate
ligand and the phenyl group of the coordinated bis(phenyli-
mino)acenaphthene ligand were found to be disordered over
two positions. In both cases, the disordered atoms associated

with each part were restrained to have similar anisotropic dis-
placement parameters. Where necessary for the phenyl group,
displacement parameters of equivalent atoms were constrained
to be equal. The PF6

− anion in crystals of 5(PF6)⋅THF was dis-
ordered over two orientations with both components set to an
ideal geometry, however, it was necessary to constrain the dis-
placement parameters of equivalent atoms to be equal.
Attempts to model the anion over more than two positions were
unsuccessful and didn’t allow for convergence.

Powder X-ray diffraction measurements were performed on
a Rigaku XtaLAB Synergy-S diffractometer using Cu-Kα radi-
ation (λ = 1.54148 Å). Samples were prepared by grinding the
solids and loading them into borosilicate glass capillaries for
measurement. The data were collected up to 2θ = 80° with an
exposure time of 60 seconds per frame, and processed using
CrysAlis PRO (version 40_64.67a).59

Spectroscopic, elemental, and thermogravimetric analysis

Elemental analyses (C, H, N) were performed at the Campbell
Microanalytical Laboratory, University of Otago.
Thermogravimetric analyses were performed on a Mettler
Toledo TGA/SDTA851e using a ramp rate of 5 °C per minute
up to a maximum temperature of 500 °C in a flow of N2.
Attenuated total reflectance infrared (ATR-IR) spectra were
measured on a Bruker Alpha II FT-IR spectrometer. Solid-state
diffuse reflectance UV-vis spectra were measured on samples
diluted ∼1% in KBr on a Thermo Scientific Evolution 220 UV-
vis spectrophotometer. Electrospray ionisation mass spec-
trometry was performed on an Agilent 6220 Series TOF on
samples in dichloromethane solution. Solution-state ultra-
violet-visible (UV-vis) absorption spectra were measured on an
Agilent Cary 60 UV-vis spectrophotometer. Ultraviolet-visible-
near-infrared (UV-vis-NIR) absorption spectra were measured
on a PerkinElmer UV-vis-NIR Lambda 1050 spectrophoto-
meter. For the solvatochromic analysis of the electronic
absorption spectra, the peak positions were extracted from
maxima in the negative of the second derivative spectrum.64

Electrochemistry

Cyclic voltammetry (CV) and rotating disk electrode (RDE) voltam-
metry were conducted using a standard three-electrode cell con-
figuration under an N2 atmosphere, using a Pt-wire auxiliary elec-
trode, a leak-free Ag/AgCl reference electrode calibrated via an
internal standard against the ferrocene/ferrocenium (Fc/Fc+)
couple, and, respectively, a 1 mm and 3 mm diameter glassy
carbon working electrode. All measurements were performed with
an analyte concentration of 1 mM in 5 mL of spectroscopic grade
MeCN or THF, with 0.25 M Bu4NPF6 as the supporting electrolyte.

Results and discussion
Synthesis

Compounds 1–4 are accessed via the precursor [Co(acac)2
(OH2)2], which was prepared according to literature pro-
cedures.58 In THF, an equimolar amount of the appropriate
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X-BIAN ligand was added to the precursor. After evaporation of
the reaction solvent, the residue was purified by dissolution in
toluene and then layering with hexane, which yielded crystal-
line product in good yield after seven days. In the case of 3
and 4, these crystals are phase pure, while for 1, a recrystallisa-
tion using an increased toluene-to-hexane ratio is necessary to
access a phase pure sample.

The compound [Co(acac)2(Cl-BIAN)] crystallises in two crys-
tallographically unique phases, denoted 2H and 2. When the
compound is recrystallised in air, analysis of the freshly
mounted crystal yields the formula 2H·H2O, whereas isolation
of the bulk solid results in partial desolvation to 2H·0.2H2O.
When 2H·0.2H2O is recrystallised under inert conditions, ana-
lysis of the freshly mounted crystals affords a crystallographi-
cally distinct structure with the formula 2·0.1H2O, and iso-
lation of the bulk solid results in desolvation to 2. PXRD
measurements (Fig. S2†) confirm that the crystal 2H·H2O and
the bulk sample 2H·0.2H2O are both of one phase, and that
the crystal 2·0.1H2O and the bulk sample 2 are both of a
second phase, crystallographically unique from the first.

To assist in the assignment of the electrochemical processes,
we opted to chemically oxidise 4, which exhibits the most accessi-
ble oxidation process in the series (the electrochemical data are
discussed below). Compound 4 was reacted with one equivalent
of Fc(PF6). Due to the sparing solubility of Fc(PF6) in THF, soni-
cation was employed to increase the rate of the reaction, as pre-
viously demonstrated in similar reactions.28,29 Recrystallisation of
the crude product afforded single crystals of 5(PF6)⋅THF, which
contains the oxidised complex, [CoIII(acac)2(Me-BIAN)]+.

The purity of the bulk samples of all compounds is evident
from elemental and thermogravimetric analysis (Fig. S1†),
while powder X-ray diffraction indicates that the bulk samples
are consistent with the single crystal structures (Fig. S2†). The

crystals of compounds of 1–4 are red, and upon crushing, the
resulting powders are green, while the crystals of 5(PF6)⋅THF
are red-orange, and remain the same colour upon crushing.

Structure descriptions

The structures of the cobalt complexes in 1, 2·0.1H2O, 2H·H2O,
3, 4 and 5(PF6)⋅THF are presented in Fig. 1. All single crystal
X-ray diffraction data were collected at 100 K, except for data
for 3 and for 5(PF6)⋅THF, which were collected at 300 K and
175 K, respectively. For 3 and 5(PF6)⋅THF, at lower tempera-
tures, the peaks in the diffraction pattern smear out due to a
loss in crystallinity. Compounds 1, 2·0.1H2O, and 2H·H2O crys-
tallise as dark red blocks. All three structures belong to the
monoclinic P21/n space group, with one complex per asym-
metric unit. Compound 3 crystallises as dark red needles. The
structure belongs to the monoclinic C2/c space group, with two
crystallographically unique molecules in the structure, 3a and
3b. The asymmetric unit contains one molecule of 3a, and one
half of a molecule of 3b (the other half is generated via
rotation about a C2 axis). Compound 4 crystallises as dark red
plates. The structure belongs to the monoclinic P21/n space
group, with one complex per asymmetric unit. Finally, com-
pound 5(PF6)⋅THF crystallises as red-orange plates, with the
structure belonging to the P1̄ space group and one complex
per asymmetric unit. Details of the solvation in the structures
of 2·0.1H2O, 2H·H2O, and 5(PF6)⋅THF, and disorder in the
structures of 1, 2H·H2O, 3, and 5(PF6)⋅THF are discussed in
the Experimental section.

Complexes 1–4 and 5+ all exhibit a pseudo-octahedral geo-
metry around the cobalt centre, with an N2O4 coordination
sphere. The oxidation states of the metal centres can be
assigned by examination of the Co–N/O bond lengths
(Table 2). For 1–4, all Co–N bond lengths are over 2.15 Å, and

Fig. 1 Molecular structures of 1, 2 in 2·0.1H2O, 2H in 2H·H2O, 3a in 3, 4 and 5+ in 5(PF6)⋅THF. Colour code: C (grey), N (blue), O (red), Co (aqua), F
(light green), Cl (dark green). Hydrogen atoms omitted for clarity.
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all Co–O bond lengths are greater than 2.0 Å. In general, Co–N/O
bonds follow the trend: LS-Co(III) < LS-Co(II) < HS-Co(II), with
six-coordinate pseudo-octahedral low-spin cobalt(II) also charac-
terised by an axial Jahn-Teller distortion. At the temperature of
data collection, the Co–O/N distances measured for the struc-
tures of 1–4 are consistent with high-spin cobalt(II). However, for
5+, the bond lengths are significantly shortened, with an average
Co–O bond length of 1.89 Å and an average Co–N bond length of
1.95 Å. These data suggest a low-spin cobalt(III) centre, and
hence confirm that the 1e− oxidation of 4 is metal-centred.

The degree of distortion around the cobalt centre can be
quantified for each complex using the value of the octahedral
continuous symmetry measure, S(Oh), with zero indicating a fully
symmetric octahedron. These values range from 0.406 to 0.854
for 1–4 (Table 2), and exhibit no clear correlation with the nature
of the BIAN substituent. The discrepancy of over 0.4 between the
S(Oh) values of 3a and 3b suggests that crystal packing effects
play a large role in S(Oh) variation across the series. The S(Oh)
value of 0.221 for 5+ is consistent with the preference of low-spin
cobalt(III) centres for higher symmetry environments.42,65,66

Comparison of the Σ and Θ octahedral distortion parameters of
the complexes is also consistent with a higher symmetry around
the metal centre of 5+ compared to that of 1–4 (Table 2).67

The X-BIAN bond lengths for 1–4 and 5+ (Table 2) are con-
sistent with a neutral BIAN ligand in each case (Fig. S3†).43,68

However, comparing 4 to its oxidised product 5+, the C1–C2

bond is around 0.02 Å shorter in the latter, while the C1–N1

and C1–N2 bonds are around 0.01 Å longer. These changes are
identical to those expected to arise from an increased popu-
lation of the low-lying 5b2 BIAN molecular orbital, which is
localised to the α-diimine moiety and features C–C bonding
and C–N antibonding character.45,69 Notably, the addition of
an electron to the 5b2 orbital via reduction to the monoanionic
radical typically results in a shortening of the C–C bond by
around 0.05 Å and an elongation of the C–N bonds by around
0.05 Å (Fig. S3†).6,68 While the bond length changes observed
moving from 4 to 5+ are much smaller than this, they still indi-
cate an increased population of the 5b2 orbital in 5+. This is

most likely due to increased π-back bonding, which arises
from the increase in the number of electrons in the
π-symmetric t2g orbitals as the high-spin cobalt(II) centre is oxi-
dised to low-spin cobalt(III). The analysis of the infrared
spectra in the next section is consistent with this conclusion.

In the crystal structures of 1, 2·0.1H2O, 2H·H2O, 4 and
5(PF6)⋅THF, the cobalt complexes pack in pairs, with a π–π
stacking interaction between the naphthalene moieties of the
BIAN ligands (shown for 2·0.1H2O in Fig. S4,† left). For com-
pound 3, the molecules pack in groups of three, with the
naphthalene moieties again involved in π–π stacking (Fig. S4,†
right). A molecule of 3b lies in the middle of each of these
stacks of three, with molecules of 3a lying above and below it.
Each molecule is rotated approximately 120° in the naphtha-
lene plane relative to the molecule above or below it. It is
notable that the intermolecular plane–plane distances
(Table S1†) increase with the electron-donating strength of the
4-substituent on the X-BIAN phenyl rings increases. This trend
is in accordance with the Hunter-Sanders model of π–π inter-
actions, which describes π-systems as being composed of a
positively charged σ-framework sandwiched between two nega-
tively charged π-clouds.70 According to this model, electron-
donating groups should increase the negative charge of the
naphthalene π-clouds, resulting in increased repulsion and a
lengthening in the plane–plane distance, as is observed in the
series from 1 to 4.71 Moving from 4 to 5(PF6)⋅THF, the plane–
plane distance reduces from 3.539 Å to 3.416 Å. This is see-
mingly inconsistent with the increase in π-back bonding to the
5b2 orbital mentioned above. However, the π-back bonding
orbital is localised to the α-diimine moiety, and so, minimally
affects the charge of the π-clouds on the naphthalene unit.
Rather, the dominant effect involves the comparatively elec-
tron-deficient cobalt(III) centre in 5(PF6)⋅THF, which reduces
the negative charge of the naphthalene π-clouds through
inductive effects, thereby decreasing the electrostatic repulsion
between the naphthalene planes.70,71

Intermolecular hydrogen bonding is evident from the
crystal structure of 2H·H2O. This hydrogen bonding inter-

Table 2 Selected interatomic distances (Å) and structural parameters for compounds 1, 2·0.1H2O, 2H·H2O, 3a, 3b, 4, and 5(PF6)⋅THF

Bond/parameter 1 2·0.1H2O 2H·H2O 3a 3b 4 5(PF6)⋅THF

Co–O1A 2.033(1) 2.045(1) 2.027(1) 2.036(1) 2.019(2) 2.047(1) 1.885(3)
Co–O2A 2.049(1) 2.047(1) 2.074(1) 2.055(2) 2.053(1) 2.044(1) 1.885(3)
Co–O1B 2.028(2) 2.023(1) 2.063(1) 2.008a 2.019(2) 2.028(1) 1.883(3)
Co–O2B 2.057(1) 2.066(1) 2.052(1) 2.047a 2.053(1) 2.059(1) 1.889(4)
Co–N1 2.159(2) 2.164(1) 2.162(1) 2.178(2) 2.176(2) 2.158(1) 1.945(4)
Co–N2 2.214(1) 2.167(1) 2.195(1) 2.207(2) 2.176(2) 2.172(1) 1.954(3)
C1–C2 1.519(2) 1.513(2) 1.515(2) 1.510(3) 1.511(3) 1.516(2) 1.492(5)
C1–N1 1.284(3) 1.279(2) 1.281(2) 1.271(2) 1.274(2) 1.279(2) 1.287(4)
C2–N2 1.279(2) 1.281(2) 1.284(2) 1.279(3) 1.274(2) 1.282(2) 1.294(6)
O1–H1A⋯O1B (2 − x, 1 − y, 2 − z) — — 1.991(1) — — — —
O2–H2A⋯O1B (2 − x, 1 − y, 2 − z) — — 1.982(1) — — — —
O1–H1B⋯Cl1B (−1

2 + x, 12 – y, −1
2 + z) — 2.203(1) — — — — —

S(Oh)
65 0.772 0.649 0.695 0.854a 0.442 0.406 0.221

Σ67 55° 53° 57° 56°a 29° 39° 39°
Θ67 173° 157° 181° 195°a 134° 118° 106°

a In 3a, atoms O1B and O2B are disordered over two positions, hence the data reported above are an average of the two disordered data points.
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action is key to our interpretation of the solvatochromic behav-
iour of [CoII(acac)2(Cl-BIAN)] discussed below. Moving from
2·0.1H2O to 2H·H2O, the slight expansion in the a- and c-axes
and slight contraction in the b-axis results in an overall
increase in the unit cell volume. This is associated with the
addition of approximately one H2O molecule per asymmetric
unit, which is disordered over two positions. Both are hydro-
gen-bonded to an oxygen atom of one of the acac− ligands
(Fig. 2), with O1/2–H1A/2A⋯O1B (2 − x, 1 − y, 2 − z) distances of
1.982(1) and 1.991(1) Å, respectively (Table 2). The significant
asymmetry in the C–O bond lengths of the hydrogen-bonded
acac− ligand (1.390(6) Å for the hydrogen-bonded oxygen atom,
and 1.269(2) Å for the non-hydrogen-bonded oxygen atom,
Fig. 2) provides further crystallographic evidence for the inter-
action and is consistent with both parts of the disordered
water molecule hydrogen-bonding to the same oxygen atom.
In contrast, the crystal structure of 2·0.1H2O does not display
any similar O–H⋯O interactions (Table 2).

Infrared spectroscopy

The ATR-IR spectra of compounds 1–4 and 5(PF6)⋅0.5THF are
shown in Fig. S5,† together with the spectrum of free H-BIAN
for comparison. Free H-BIAN exhibits three weak CvN bands
at 1657, 1636, and 1622 cm−1, and a strong CvN signal at
1589 cm−1. This general pattern (a group of weak peaks in the
1620–1670 cm−1 region and a strong peak in the
1580–1590 cm−1 region) may be observed in the spectra of
each of the cobalt complexes. Across the series 1–4, varying the
4-substituent on the X-BIAN ligand has a minimal effect on
the position of the CvN signals. In all cases, the CvN modes
of the complexes all lie at similar energies to those of the
corresponding free ligands, which is consistent with the
neutral oxidation state of the BIAN ligands. Upon oxidation of
4 to 5(PF6)⋅0.5THF, the CvN signals at 1663 cm−1 and
1583 cm−1 redshift to 1630 cm−1 and 1572 cm−1 (Fig. S5†),
consistent with an increase in π-back bonding to the 5b2 mole-
cular orbital.45,69 As discussed above, this arises due to an
increase in the number of electrons in the π-symmetric t2g
orbitals upon moving from 4 to 5(PF6)⋅0.5THF. In the spectrum
of 5(PF6)⋅0.5THF, the strong signals at 830 and 556 cm−1 arise
from an asymmetric stretch and a deformation mode of the
PF6

− anion, respectively.72

Electronic spectroscopy

Following confirmation of the presence of complexes 1–4 and 5+

in dichloromethane (DCM) solutions of compounds 1–4 and
5(PF6)⋅0.5THF by mass spectrometry studies, room temperature
electronic absorption spectra in the UV-vis-NIR range
(280–1400 nm) were measured in DCM (Fig. 3, S6 and S7†). Upon
the emergence of solvent-dependent colour changes of solutions
of 1–4, room temperature electronic absorption spectra of 1–4
and 5+ were measured in five other solvents: methanol (MeOH),
n-butanol (n-BuOH), acetonitrile (MeCN), tetrahydrofuran (THF),
and toluene (Fig. S8†). To assist in the interpretation of the solva-
tochromic behaviour, solid-state diffuse reflectance spectra (∼1%
in KBr) were measured for 1–4 and 5(PF6)⋅0.5THF in the UV-vis

Fig. 2 Hydrogen bonding between H2O and [CoII(acac)2(Cl-BIAN)]
molecules in the crystal structure of 2H·H2O. Only one position of the
disordered H2O molecule is shown; the hydrogen bond and relevant
bond lengths on the acac− ligands are labelled in Å. Hydrogen atoms,
except for those on the H2O molecule, omitted for clarity. Colour code:
C (grey), N (blue), O (red), Co (aqua), Cl (dark green).

Fig. 3 UV-vis-NIR absorbance spectrum of 1 in dichloromethane.
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region (Fig. S9 and S10†). These spectra lie in best agreement
with the solution-state spectra measured in toluene (as depicted
for 1 in Fig. S11†). The solvatochromic and diffuse reflectance
data are presented and discussed in detail in the Solvatochromic
Analysis section. For all compounds, the solution spectra
remained unchanged over a period of at least several hours
under ambient conditions, consistent with solution stability and
insensitivity to oxygen and moisture.

The UV-vis-NIR spectrum of 1 in dichloromethane is shown
in Fig. 3. It is representative of the spectra of 2, 3, and 4, which
all exhibit analogous features with the wavelengths slightly
shifted (equivalent plots for 2–4 and 5+ are presented in
Fig. S6†). The highly absorbing bands in the 240–450 nm
region are assigned to ligand π–π* or n–π* transitions. The
spectra of the complexes in this region display excellent agree-
ment with the spectrum of the free H-BIAN ligand (Fig. S7†),
except for a peak at around 290 nm, which may be assigned to
an acac− π–π* transition by comparison with spectra of metal
acetylacetonates.73 In the visible region, two bands are evident,
the higher energy band denoted by λ1 and the lower energy
band by λ2. The peak positions are tabulated in Table 3. The
bands are assigned as metal-to-ligand charge transfer (MLCT)
excitations, due to the molar extinction coefficients (Table 3)
being too high for d–d transitions, and by analogy to other

transition metal BIAN complexes.48,74,75 The only band
observed in the 800–2200 nm region is assigned to a Co(II)-
centred 4T1(F) → 4T2 transition. For 1, this band appears at
λmax = 1032 nm (εmax = 17 cm−1 M−1) in DCM, which is close to
where the same band is reported in other octahedral CoII

complexes.76,77 The remaining spin-allowed d–d transitions of
1–4 (namely, 4T1(F) →

4T1(P) and
4T1(F) →

4A2) presumably lie
beneath the MLCT bands in the visible region, or the ligand-
centred bands in the UV region.

Moving along the series from 4 to 1, the MLCT transitions
generally shift to lower energies, while the NIR transition
shifts monotonically to higher energies. For the MLCT tran-
sitions, the trend is most apparent in toluene, the only solvent
for which a λmax value is defined for λ2 in the spectra of each
of 1–4. Toluene data for the λ2 transition and dichloromethane
data for the 4T1(F) →

4T2 transition are shown in Fig. 4, while
the solid-state data are shown in Fig. S9.† The λmax value of the
λ2 transition monotonically increases moving from 4 to 1 in
toluene (Fig. 4, left), indicating that as the electron-withdraw-
ing strength of the 4-substituent is increased, the MLCT
energy decreases. The same trend is observed in the diffuse
reflectance spectra (Fig. S9,† right).

The effect of the 4-substituent of the BIAN ligand is
twofold: increasing the electron-withdrawing strength destabi-

Table 3 Positions of the λ1 and λ2 MLCT excitations of 1–4 in various solvents. The peak positions tabled below are taken from the peak maxima in
the negative of the second derivative spectrum, while the molar extinction coefficients are the ε values at these peak positions

λ/nm (ε/M−1 cm−1 × 102)

Solvent Toluene THF DCM MeCN n-BuOH MeOH

λ1

1 538 (7.5) 546 (3.6) 515 (7.8) 512 (7.1) 509 (7.3) 507 (4.3)
2 534 (9.6) 519 (6.6) 515 (9.2) 511 (9.7) 506 (9.7) 501 (9.1)
3 529 (13) 530 (8.1) 512 (11) 509 (12) 501 (11) 501 (9.3)
4 531 (9.9) 541 (3.9) 511 (11) 512 (7.4) 507 (11) 507 (9.6)

λ2

1 669 (10) 656 (3.8) 631 (8.0) 625 (6.0) 593 (5.8) 593 (2.7)
2 667 (12) 649 (5.5) 627 (8.4) 618 (7.5) 593 (6.8) 580 (5.4)
3 651 (16) 631 (7.6) 623 (8.5) 603 (9.1) 577 (7.3) 573 (4.3)
4 653 (11) 655 (4.2) 623 (8.1) 626 (6.3) 594 (6.5) 593 (3.5)

Fig. 4 Selected regions of UV-vis-NIR absorbance spectra of 1–4. Data are normalised to the λ1 (left) and
4T1(F) →

4T2 (right) peaks. The black arrow
illustrates the peak shift moving from 4 to 1.
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lises the excited cobalt(III) state as a result of reduced σ-
donation, and stabilises the ground cobalt(II) state due to
increased π-acceptance, effects which alone would increase the
MLCT energy. At the same time, increasing the electron-with-
drawing strength stabilises the excited state BIAN radical,
which alone would decrease the MLCT energy. From the
observed trend, the MLCT energy decreasing with increasing
electron-withdrawing strength, we may conclude that the
dominant effect is stabilisation of the excited state BIAN
radical, rather than destabilisation of the excited state cobalt
(III) centre.

Unlike the MLCT transitions, the λmax values for the near-
infrared band decrease as the BIAN ligand becomes more elec-
tron-withdrawing (Table S2†). The dominant effect on the
energy of the 4T1(F) →

4T2 transition is the field strength of the
ligand, which in turn is primarily affected by π-interactions
rather than σ-interactions: as the electron-withdrawing
strength of the 4-substituent increases, the π-acceptor strength
of the BIAN ligand increases, resulting in an increase of the
ligand field strength and a subsequent increase in the 4T1(F)
→ 4T2 transition energy.

Similarly to compounds 1–4, the UV region of the spectra of
5+ is dominated by highly absorbing bands assigned to ligand-
centred transitions (Fig. S6†). In the NIR region
(800–2200 nm), no absorption bands are observed. This is
consistent with the assignment of the metal centre in 5+ as
LS-Co(III), as typically the lowest energy d–d transition (namely,
1A1 → 1T1) of octahedral LS-Co(III) complexes appears at wave-
lengths of around 600 nm or lower.78,79

In the visible region, the bands present in 1–4 are largely
quenched in the spectra of 5+, however, a weak absorption
band (ε ≈ 2 × 102 M−1 cm−1) persists as a shoulder at around
600 nm (Fig. S6†). This excitation does not exhibit any signifi-
cant solvatochromic effects (Fig. S8†) and appears at the same
position in the diffuse reflectance spectrum (Fig. S10†).
Assignment of the band to a t2g → π*(acac−) ligand-to-metal
charge transfer can most likely be ruled out, as in other hetero-
leptic CoIII-acac− complexes, this excitation appears at much
higher energies (<350 nm).80,81 Furthermore, the 600 nm
shoulder of 5+ lies somewhat out of the typical range of MLCT
transitions of octahedral cobalt(III) complexes (<450 nm),82–84

and so, is unlikely to be a MLCT transition. Hence, the band
most likely arises from a Co(III)-centred d–d transition (1A1 →
1T1). The weak nature of the absorption and the lack of signifi-
cant solvatochromic effects are consistent with this assign-
ment. In the compound [CoIII(acac2)(bipy)]

+ (bipy = 2,2′-bipyri-
dine), the 1A1 → 1T1 transition is found at 553 nm,80

suggesting that the ligand field of 5+ is weaker than that of
[CoIII(acac)2(bipy)]

+. The 1A1 → 1T2 transition of 5+ is presum-
ably obscured by the ligand-centred transitions below 450 nm.

Electrochemistry

Having confirmed solution stability via electronic absorption
spectroscopy, electrochemical measurements were performed
on compounds 1–4 and 5(PF6)⋅0.5THF in order to gain further
insight into the effects of tuning the BIAN ligand’s electronic

properties. Cyclic and rotating disk electrode voltammograms
were measured for 1 mM solutions of 1–4 and 5+ in THF
(Fig. 5) and MeCN (Fig. S13†), with 0.25 M Bu4NPF6 support
electrolyte and using a glassy carbon electrode. All potentials
are referenced to the Fc/Fc+ couple using Fc as an internal
standard.

While in all cases the voltammetry measured in THF and
MeCN are similar, the processes are generally better resolved
in THF, so the following discussion will only focus on the THF
data. Complexes 1–4 each exhibit three reduction processes
and one oxidation process, while complex 5+ exhibits four
reduction processes. The anodic peak (Epa), cathodic peak
(Epc), or half-wave (E1/2) potentials for each process in THF are
tabulated in Table 4, while the MeCN data are tabulated in
Table S3.† The oxidation and reduction processes are easily
distinguished based on the position of zero current in the RDE
voltammograms.

It is easiest to begin the discussion with 4, which exhibits
the best resolved processes among the compounds in the
series. The first reduction, process I, is irreversible, while pro-
cesses II and III are chemically reversible, both with peak-to-
peak separations (ΔE) comparable to that of the Fc/Fc+ process
under the same conditions. The relative limiting currents from
the RDE voltammogram suggest that process I is a two-electron
process, while processes II and III are one-electron processes.
Based on this, and by comparison to similar complexes,85,86

process I may be assigned to a concerted reduction of each of
the acac− ligands to an acac•2− radical. Process II may then be
assigned to the first BIAN reduction, and process III to the
second BIAN reduction (Scheme 2). The potentials for pro-
cesses II and III are similar to those reported for the first and
second BIAN reductions in a series of tetrahedral complexes
[CoCl2(X-BIAN)] (X = a range of electron-withdrawing and elec-
tron-donating substituents).87 In BIAN complexes with other
metals (for example, Fe and Ir), the ligand reductions also
appear at similar potentials.6,88,89 Moving along the series
from 4 to 1, the two BIAN reduction processes shift to less
reducing potentials as the electron-withdrawing strength of
the X-BIAN ligand increases, consistent with the trend
observed in the series of tetrahedral complexes
[CoCl2(X-BIAN)].

87

The oxidation process exhibited by each of 1–4 (process IV)
shows some chemical reversibility, but a large separation
between anodic and cathodic peaks is consistent with slow
electron transfer. The RDE profile does not show a well-
defined plateau, and so an accurate value of the limiting
current cannot be determined. Moving along the series from 4
to 1, the separation between anodic and cathodic peaks
increases as the electron-withdrawing strength of the X-BIAN
ligand increases, with the anodic peak potential showing the
larger shift.

The assignment of process IV may be clarified by consider-
ing the electrochemistry of 5+, the product of chemical oxi-
dation of 4. Among the compounds in the series, 4 was
selected for chemical oxidation because it exhibited the most
accessible oxidation process. The voltammetry of 4 and 5+ are
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nearly identical, except for the CV rest potential and RDE posi-
tion of zero current. The first reduction of 5+ therefore corres-
ponds to process IV. In the RDE voltammetry, the limiting
current of this process is well-defined, and is consistent with
the assignment of the process to the one-electron reduction of
cobalt(III) to cobalt(II). The oxidation process exhibited by each
of 1–4 is therefore assigned to the one-electron oxidation of
cobalt(II) to cobalt(III) (Scheme 2). Finally, the three remaining
reduction processes exhibited by 5+ (processes I, II, III) have
identical assignments to the equivalent processes exhibited by
1–4.

These voltammetric measurements clearly highlight trends
in the redox behaviour of the system: as the electron-withdraw-
ing strength of the 4-substituent is increased, the first and

second reduction processes of the BIAN ligand shift to less
reducing potentials, while the cobalt(II) to cobalt(III) oxidation
shifts to more oxidising potentials. This provides electro-
chemical evidence for the two concurrent effects on the MLCT
transition discussed in the previous section: as the BIAN
ligand becomes more electron-deficient, reduced BIAN forms
become more accessible, stabilising the CoIII-BIAN•− state, but
at the same time, oxidation of the metal centre becomes more
inaccessible due to decreased σ-donation, destabilising the
CoII-BIAN0 state.

In previous work, some of us have reported an empirical
rule that for valence tautomerism to be observed around room
temperature or below, the separation between frontier metal
and ligand redox processes must be less than approximately

Fig. 5 Cyclic voltammograms of 1–4 and 5+ in THF (1.0 mM with 0.25 M Bu4NPF6) at a scan rate of 100 mV s−1, and RDE voltammograms of 1–4
and 5+ (50 mV s−1 scan rate, 500 rpm rotation rate).

Table 4 Cyclic and RDE voltammetry data for compounds 1–4 and 5+ in THF (1.0 mM analyte with 0.25 M Bu4NPF6)

Cyclic voltammetry data in V (ΔE in mV) Rotating disk electrode voltammetry E1/2 in V (iL in μA)

I, Epc II, E1/2 (ΔE) III, E1/2 (ΔE) IV, Epa I II III IVd

1 −1.405a — −1.540b 0.340 −1.368 (15.6)a — −1.630 (11.8) —
2 −1.468a — −1.708 (60) 0.127 −1.442 (22.7)a — −1.762 (10.1) —
3 −1.538 −1.628b −1.866 (65) −0.078 −1.540 (29.9)a — −1.908 (7.9) —
4 −1.513 −1.646 (65) −1.906 (65) −0.118 −1.489 (27.6) −1.670 (11.4) −1.942 (9.4) —
5+ −1.588 −1.728b −1.931 (105) −0.538c −1.614 (23.9)a — −1.967 (12.5) 0.516 (12.9)

a Epc or E1/2 of the overlapped process combining I and II. b Epc rather than E1/2.
c Epc rather than Epa.

d Value undefined for all compounds except
5+ due to severe broadening of the oxidation process.
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740 mV.29 This criterion is far from being met by any of the
present complexes 1–4, with a separation of over 1 V for all
complexes. Moreover, unexpectedly, the acetylacetonate
ligands are more readily reduced than the BIAN ligands, pre-
cluding any Co-BIAN valence tautomerism in these complexes.
Valence tautomerism between Co and acac− also does not
occur, consistent with the large separation between the Co(II)
oxidation and acac− reduction processes.

Solvatochromic analysis

Complexes 1–4 exhibit solvatochromism, appearing deep
green-blue in toluene, deep green in THF, yellow-green in
DCM, and red in MeOH (Fig. 6). Underlying these effects is a
shift in both wavelength and intensity of both MLCT bands in
the visible region, as the polarity of the solvent changes.
Moving from toluene to methanol, the wavelength and inten-
sity both decrease, as shown for 1 in Fig. 6, and for 2–4 in
Fig. S8.† The solvatochromic data are summarised in Table 3
(above). Decomposition of the complexes in more polar sol-
vents can be ruled out, since a toluene solution of 3 can be
evaporated to dryness, redissolved in MeOH, evaporated to
dryness again, and redissolved in toluene with no changes
between the initial and the final spectrum.

Solvatochromic analysis may be applied to model the
solvent-dependent behaviour. A number of physical constants
and empirical parameters have been used to model solvent
properties, each reflecting a different mechanism by which the
solvent can interact with the solute.32,35,36 When multiple
interactions are relevant, a linear combination of parameters
can be used to fit the experimental excitation energies.

Dipole stabilising interactions are particularly relevant to
charge transfer excitations; the large change in dipole moment
that typically accompanies charge transfer can often lead to
solvatochromism.4,39,90 The stabilisation of a dipole in a
dielectric medium is proportional to the magnitude of the
dipole, and hence, if the magnitude of the excited state dipole

differs from that of the ground state, a change in solvent
dielectric properties will change the relative energies between
the ground and excited state, thereby altering the excitation
energy. To capture these purely electrostatic effects, the
Onsager function, fO(ε) = (ε − 1)/(2ε + 1), which is proportional
to the energetic stabilisation of a dipole in a dielectric
medium, is often applied.31,37

In the case of 1–4, it is not possible to obtain a good corre-
lation between the measured excitation energies and fO(ε)
alone: the experimental energies increase in the order toluene
< THF < DCM < MeCN < n-BuOH < MeOH, whereas fO(ε)
increases in the order toluene < THF < DCM < n-BuOH <
MeOH < MeCN. The discrepancies lie in the latter half of the
series, with n-BuOH and MeOH affecting the excitation ener-
gies more than would be expected based purely on electro-
statics. Hence, there must be at least one other interaction con-
tributing to the solvatochromic behaviour. Based on the strong
hydrogen bonding abilities of n-BuOH and MeOH, a plausible
hypothesis would be the involvement of hydrogen bonding
interactions between solvent and solute. The complexes can
potentially accept hydrogen bonds either via the nitrogen
atoms of the BIAN ligand or via the oxygen atoms of the acac−

ligands. The latter option is more likely, as a space-filling
diagram of the complex illustrates that the oxygen atoms are
more sterically accessible. A hydrogen bonding interaction at
this site would cause a decrease in the σ-donating strength of
the acac− ligand, destabilising the cobalt(III) centre in the
MLCT excited state, and thereby increasing the MLCT energy,

Scheme 2 Assigned redox processes for 1–4 and 5+.

Fig. 6 Visible spectra and photographs of 1 in various solvents.
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as experimentally observed. Hydrogen bonding between
solvent and catecholate oxygen atoms has previously been
found responsible for solvatochromism in a cobalt complex,31

while in another cobalt complex, intramolecular hydrogen
bonding involving acac− oxygen atoms even triggered an intra-
molecular electron transfer.91

Spectroscopic evidence for hydrogen bonding between
solvent and acac− oxygen atoms is apparent from a compari-
son of the diffuse reflectance spectra of the hydrogen-bonded
(2H) and non-hydrogen-bonded (2) phases of [CoII(acac)2(Cl-
BIAN)]. As discussed above, the 2H phase exhibits hydrogen
bonding between the water molecule and the oxygen atom of
one of the acac− ligands (Fig. 2). As a result, the bulk samples
2H·0.2H2O and 2 exhibit marked differences between their
diffuse reflectance spectra, as shown in Fig. 7, left. The λ2
band for 2H·0.2H2O is blue-shifted compared to 2, and is less
intense relative to the λ1 band, despite the relative intensities
being reversed in 2. Hence, the changes moving from 2 to
2H·0.2H2O are similar to the spectral changes observed upon
moving from toluene to hydrogen bonding solvents (Fig. 7).
This observation is consistent with hydrogen bonding between
solvent and acac− oxygen atoms contributing to the measured
solvatochromic shifts of the visible bands for solutions of 1–4.

A solvent’s hydrogen bond donation strength can be
described with the empirically derived Kamlet-Taft α-para-
meter.35 To incorporate both the electrostatic and hydrogen
bonding effects, an appropriate solvatochromic model should
involve a linear combination of fO(ε) and α. Hence, we fit our
experimental data to the linear equation:

Efit ¼ c1 þ c2 � f OðεÞ þ c3 � α ð1Þ

where c1, c2, and c3 are constants. The results of the fitting are
summarised in Table S4,† where c1, c2, and c3 are the constants

from eqn (1), and R2 is the coefficient of determination. Apart
from two cases (the fit of the lower wavelength visible band for
1 and for 4), the linear models capture the solvatochromic
trends well. For both visible bands of 1, plots of the experi-
mental excitation energies, Eexp, vs. the fitted model are shown
in Fig. 8 (equivalent plots for 2–4 available in Fig. S14†).

The y-axis intercept, c1, may be interpreted as the predicted
excitation energy in the absence of any solvent interactions.
Though a consistent trend between 1–4 is not observed, a com-
parison of the c1 values of 1 and 4 shows that for both MLCT
excitations, the energy in the absence of solvent interactions is
lower for 1 than for 4, again consistent with the stabilisation
of the BIAN radical being the dominant effect of increasing
the electron-withdrawing strength of the BIAN ligand. The c2
and c3 values reflect the contributions of the two solvent–
solute interactions to the observed solvatochromism. Being
the coefficient of fO(ε) in eqn (1), c2 reflects the contribution of
the dipole interaction, while c3, being the coefficient of α,
reflects the contribution of hydrogen bonding. The c2 value
varies between 0.1 and 0.4 for both λ1 and λ2 bands, while c3 is
consistently around 0.20 for λ2, and consistently around 0.11
for λ1, except in the case of 2, for which c3 = 0.062. The incon-
sistencies in c2 likely arise from limitations in the procedure
used to determine the peak positions. However, despite the
variance in the c2 and c3 values, they are, in each case, within
an order of magnitude of each other.

Including both fO(ε) and α in the model reproduces the sol-
vatochromic trend with greater accuracy than modelling using
only one of the two, and so, altogether, it may be concluded
that both dipole interactions and hydrogen bonding play key
roles in the solvatochromism observed for 1–4. A study on
the solvatochromic ligand-to-metal charge transfer (LMCT)
excitation of [Co(5,5′-dimethyl-2,2′-bipyridine)2(o-catechol)]

+

reached a similar conclusion, in which case the linear fit had

Fig. 7 Left: Diffuse reflectance UV-vis spectra of 2 and 2H·0.2H2O (∼1% in KBr), normalised to the highest absorbing peak. Right: Absorption
spectra of 2 in toluene and n-BuOH.
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values of c2 = 0.695 and c3 = 0.109. These values are similar to
those calculated for the complexes in this work, indicating a
comparable sensitivity to solvent.31

Concluding remarks

The heteroleptic compounds [Co(acac)2(X-BIAN)] (X = –CF3, –Cl,
–H, –Me) adopt a CoII-BIAN0 charge distribution at all tempera-
tures investigated, both in the solid and solution states. In the
solution state, the separation of over 1 V between the CoII/CoIII

and BIAN0/BIAN•− electrochemical processes is consistent with
the absence of a thermally-induced VT interconversion to a CoIII-
BIAN•− tautomer upon cooling. However, electrochemical and
spectroscopic investigations indicate that the gap between CoII-
BIAN0 and CoIII-BIAN•− states is reduced as the BIAN ligand is
made more electron withdrawing, suggesting that the BIAN•−

stabilisation dominates over the concurrent cobalt(III) destabilisa-
tion. Any future efforts targeting VT in Co-BIAN complexes based
on the BIAN0/BIAN•− redox couple will require complexes with a
LS-CoIII-BIAN•− ground state and close lying HS-CoII-BIAN0

excited state to allow an entropy driven interconversion, rather
than the HS-CoII-BIAN0 ground state that is exhibited by the
present complexes. This energy ordering has indeed been calcu-
lated for hypothetical heteroleptic Co-BIAN complexes with Schiff
base rather than β-diketonate ancillary ligands.52 The present

work suggests that achievement of valence tautomeric heterolep-
tic Co-BIAN complexes may be facilitated by utilising BIAN
ligands functionalised by electron withdrawing substituents, in
combination with highly electron donating ancillary ligands. If
the CoIII-BIAN•− state is sufficiently stabilised by these effects, it
should become the ground state, thereby achieving the correct
energy ordering for an entropy driven VT interconversion.

The solvent–solute interactions governing the solvatochromic
behaviour of 1–4 were elucidated following an investigation in
six solvents. Increasing either the solvent dielectric constant or
hydrogen bond donating strength causes a decrease in intensity
and an increase in energy of the two MLCT transitions, indicat-
ing that electrostatic and hydrogen bonding interactions desta-
bilise the CoIII-BIAN•− excited state relative to the CoII-BIAN0

ground state. The electrostatic effects operate via dipole–dipole
interactions, while the hydrogen bonding effects operate via
hydrogen bonding between solvent and acac− oxygen atoms, as
evidenced in the solid state by the comparison of the diffuse
reflectance spectra of 2 and 2H·0.2H2O.

The solvatochromic insights outlined above could be of
critical importance for the incorporation of switchable mole-
cules into devices. Using our model, we are able to predict the
shift in the energy gap between CoII-BIAN0 and CoIII-BIAN•−

states caused by a change in the solvent properties. In the
same way, the solvatochromic analysis of a switchable mole-
cule could be used to predict modulation of its switchable
behaviour caused by a change in environment, such as incor-
poration into a polymer film of known polarity or hydrogen
bonding ability. While multi-parameter analyses have been
commonly employed to model solvatochromic bands, such
approaches have not yet been used to model the solvent depen-
dence of the transition temperature in VT systems. Hence, we
also note the importance of considering multiple environ-
mental effects in combination, which, in the case of 1–4, led
to a more complete picture of the interactions governing the
observed properties.

Finally, the distinct green-to-red colour change exhibited by
1–4, observed when moving from a non-hydrogen-bonding to a
hydrogen-bonding environment, affords the compounds
potential for use in colorimetric sensing. Given an appropriate
non-hydrogen-bonding substrate, a thin film of any of 1–4
could in principle act as an alcohol indicating device, turning
from green to red in the presence of alcohols.
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Fig. 8 Experimental excitation energies of the lower energy (top) and
higher energy (bottom) visible excitations of 1, plotted against the
model presented in eqn (1). The fitted equation for λ1 is Efit = 2.236 +
0.246·fO(ε) + 0.116·α, and for λ2 is Efit = 1.785 + 0.293·fO(ε) + 0.197·α.
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