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Cobalt complexes incorporating ferrocene-terpyridine ligands show a reversible color change

between red-violet and blue in response to redox reactions involving the cobalt centers.



DaltoniTransactions

Journal Name

»

OF CHEMISTRY

Redox induced colour changes between red-violet and blue in
hetero-metal complexes of type [Co"(4'-ferrocenyl-2,2';6'2"-
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The hetero-metal complexes [Co"(Fctpy)]X. (Fctpy = 4'-ferrocenyl-2,2;6'2"-terpyridine, X = PFg (1) BF4 (2), ClO,4 (3), BPh,
(4)) were prepared and their structures and properties were investigated by single crystal X-ray structural analysis, cyclic

voltammetry, MGssbauer spectroscopy, UV-vis spectroscopy measurements and DFT calculations. These compounds show

reversible redox behaviour in solid state and switching colour between red-violet and blue in response to a change of

oxidation state of the cobalt ion centres. [Co"(Fctpy)2](PFe), (1) and [Co

"(Fctpy),](PFe); (5) were isolated as the red and blue

crystalline products, and the crystal structures were determined. From the results of UV-vis spectroscopy and the DFT

calculations, we assigned the respective colours as resulting from MLCT involving the ferrocenyl substituents, with the

shift in wavelength of the MLCT reflecting the respective HOMO/LUMO stabilizations induced by the change in oxidation

state of the cobalt centres. Furthermore, these compounds 1-4 also showed counter anion-dependent spin crossover

behaviours.

Introduction

Colour variation in response to changes of valence and
electronic states of metal ions in metal complexes is not only a
fundamental property, but is also of importance for the design
and construction of molecular devices such as sensors and
displays. For example, many spin crossover (SCO) complexesl'
1 incorporating iron(ll),3'6 iron(lll)3 and cobalt(ll)“'11 show
temperature dependent colour changes accompanied by
conversion of their spin states between low-spin (LS) and high-
spin (HS). In previous studies we have investigated cobalt(ll)
terpyridine SCO complexes that show a colour change with
change of spin state: LS (orange), HS (yellow). In addition to
their SCO behaviour, the cobalt centres are redox (Co"/Co'”)
active with, in general, the colour of cobalt(lll) terpyridine
complexes being yeIIow.B'16

The synthesis of hetero-metal complexes has been a well
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exemplified strategy for inducing colour variation in metal
complexes, with interactions between the metal ions via
bridging organic ligands commonly playing a role in the
development of the various colours.”?* Here, we have
focused on the use of 4'-ferrocenyl-2,2";6'2"-terpyridine ligand
(Fctpy)zs’26 to synthesize hetero-metal cobalt terpyridine
complexes. The ferrocene moiety in the Fctpy metalloligand
was anticipated to interact electronically via the terpy group
with a cobalt ion bound to the N3-donor domain of the latter
(and vice versa) and be accompanied by a distinct colour
change. Modified SCO behaviour for the cobalt complexes was
expected (relative to the
cobalt(ll)/terpyridine system). Recently, the Murray group
reported a crystal structure of [Co”(Fctpy)z](CIO4)2 and its
redox behaviour in solution.”’ At the same time, we also

also corresponding

synthesized and investigated a series of cobalt(ll) complexes
incorporating the Fctpy ligand in the presence of various
counter ions, with our focus on the SCO behaviour of the
cobalt centres and the colour changes induced by redox
reaction in the solid state.

In this study, we synthesised the cobalt complexes
[Co"(Fctpy),]X, (X =PFg (1), BF, (2), ClO, (3), BPh, (4)), and
investigated their SCO behaviour and solid state redox
properties. These compounds show different SCO behaviours
depending on the counter anion present. We found that
cobalt(ll) compounds were red-violet while the corresponding
cobalt(lll) compounds were blue. The crystal structure of the
blue compound, [Co"(Fctpy),](PFs)s (5), coupled with the
results from Mossbauer spectroscopy, UV-vis spectroscopy,
and the density functional theory (DFT) calculations indicate
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the presence of communication between the cobalt centre
and the ferrocene substituents via the terpy units.

Results and discussion

[Co"(Fctpy)a]X,, (X =PFg (1) BF, (2), ClO, (3), BPh, (4)) were
synthesised by a literature method.”® [Co"(Fctpy),](PFe)s (5) was
synthesised by oxidation of 1 using H,0,. The structures of 1 and
the oxidised compound 5 were determined by a single crystal X-ray
crystallography at 100 K (Fig. 1). Their crystal data and selected
bond lengths are shown in Table 1. 1:2MeCN was crystallised in the
monoclinic space group P2;/n. The Co-N bond lengths were
2.175(4) A, 1.940 A(3), 2.167(4) A, 1.981(4) A, 1.870(3) A and
1.996(4) A, demonstrating that an elongation of bond lengths
occurred in Co(1)-N(1) and Co(1)-N(3) due to Jahn-Teller distortion.’
A Cp ring interacts with a hetero ring of terpyridine ligand in a
neighboring molecule through a m-m interaction with the
internuclear contacts ranging from 3.284 to 3.351, to yield a one
dimensional chain structure. A acetonitrile molecule was disordered
with being labeled as (N(8)-C(51)-C(52)-N(9)). On the other hand,
5:0.75H,0-1.5Acetone was crystallised in the triclinic space group
P-1. The mean Co-N bond length was 1.909 A which, as expected, is
shorter than that for 1 and consistent with the presence of
cobalt(ll1); as shown in Fig. 1(c), three PFs anions were observed
per complex cation. In addition to the intermolecular mn-m
interactions between Cp rings and neighboring terpyridine hetero
rings, another intermolecular m-m interaction between Cp rings is
present. Average Fe-Cp bond lengths for 1 and 5 are 1.653 A and
1.642 A, respectively. These values correspond to that of 1.65 A for
free ferrocene.”®

*’Fe Méssbauer spectroscopy at room temperature was carried
out for 1, 5 and Fctpy (as a control sample) (Fig. S1). In the case of
the Fctpy, a wide doublet peak with QS (quadrupole splitting) = 2.33
mms™ and IS = 0.45 mms ™ was observed; these values correspond
to those reported for (diamagnetic) pristine ferrocene.”” We
observed similar wide doublet peaks for 1 (QS = 1.92 mms™, 1S =
0.39 mms'l) and 5 (QS = 1.86 mms™, IS = 0.38 mms'l), respectively,
demonstrating that ferrocene substituent remained intact after the
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oxidation of the cobalt(ll) to cobalt(lll) had occurred in 1. These
results thus corroborated the structural analysis as mentioned
above.

We measured the temperature dependent magnetic
susceptibilities of 1-4 by SQUID under a magnetic field of 1T.
Cobalt(Il) complexes may show a spin conversion between S = 3/2
(tzgs, egz) and S =1/2 (tzgs, egl). The molar magnetic susceptibility,
XmT, of the LS state is about 0.5 cm® K mol™, whereas that of the HS
state is in the range of 1.9-3.5 cm® K mol™ due to a contribution
from the orbit angular momentum. All the present cobalt(ll)
compounds exhibited gradual SCO behaviour as shown in Fig. 2; x,,T
values are in the range 0.375-0.523 em® K mol™ at 100 K, which
demonstrates that cobalt(ll) centres are in the LS state. At 400 K,
the x,,T values fall in the range of 0.842-1.470 cm® K mol™. These
results reveal that 1-4 show incomplete SCO under 400 K; with
their transition temperature (T4) and abruptness being influenced
by the size of the counter anions. In the case of 4 (largest anion,
BPh,), T4 was around 100 K, while T, of 2 (smallest anion, BF,)
was around 290 K. With increasing size of the anions, the Ty
decreased and the SCO behaviour became more gradual in accord
with the larger counter anions resulting in generally longer
intermolecular distances in the complexes, leading to a decrease in
their intermolecular interactions.”*® As expected, 5, consisting of
Co'”(LS) ions and Fc units, is diamagnetic.

2.0F

AT cm® K mol?
5 &

o
13

100 200 300 200
Temperature / T
Fig. 2 xmT vs T curves for compounds 1 (red), 2 (black), 3 (blue) and 4 (green).
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Fig. 1 (a) Molecular structure of 1-2MeCN. (b) Packing structure of 1-2MeCN. (c) Molecular structure of 5-H,0-1.5Acetone. (d) Packing structure of 5:0.75H,0-1.5Acetone. H atoms,

solvent molecules are omitted for clarity.

Table 1 Crystal data of 1-2MeCN and 5:0.75H,0-1.5Acetone

1-2MeCN 5:0.75H,0-1.5Acetone
Formula Cs4H3;CoFq,Fe,NgP, Ci09H94C0O,F36Fe4N 1,04 5P¢
Formula weight 1262.53 2863.06
Crystal group monoclinic triclinic
Space group P2,/n P-1
T(K) 100 100
a(h) 12.6847(4) 12.6886(6)
b (A) 19.2793(7) 13.1123(6)
c(A) 21.2019(7) 19.4242(10)
o (deg) 90.000 81.4130(13)
8 (deg) 94.8292(11) 75.4810(13)
y (deg) 90.0000 71.4120(11)
V(A3 5166.6(3) 2956.8(2)
z 4 1
p(g-cm) 1.623 1.608
R1 0.0605 0.0974
Rw2 0.1968 0.3483
GOF 1.110 1.068

The present compounds have two different kinds of redox active
metal centres, cobalt and iron. The redox properties of 1 in the solid
state were investigated by solid-state cyclic voltammetry at room
temperature as shown in Fig. S2. We applied a standard three-
electrode method with glassy carbon as a working electrode, Pt
wire counter electrode and Ag/AgCl reference electrode in aqueous

This journal is © The Royal Society of Chemistry 20xx

solution. A mixture of 1 and carbon paste was employed as the
working electrode and sodium sulfate was used as electrolyte at an
ionic strength | = 0.3. We observed reversible redox peaks at the
following potentials: 1, E';;, = 0.517 V vs Ag/AgCl, E";/, = 0.143 V
(Ej2 = 1/2(Eox+ Ereq)), OE' = 45 mV and AE" = 0.186 V (AE = Eqy- Ereg).
These peaks are attributed to Fe"/FeIII and Co"/Co"', respectively.
The shift of the redox potential observed for 1 compared with that
for pristine ferrocene (black line in Fig. S2) indicates that the
ferrocene moieties are stabilised by an electron withdrawing effect
by the attached terpyridyl unit.® Attempts to synthesise the
corresponding oxidised (ferrocenium) species using different
oxidants such as Ce'V(NH4)2(NO3)G32 and Fe”'(CIO4)332 were
unsuccessful because of decomposition after introducing these
oxidants.

Interestingly, the cobalt(ll) compound 1 is red-violet, on the other
hand, the cobalt(lll) compound 5 is blue. The solid state (reflection)
spectra and UV-vis spectra in acetonitrile solution for 1 and 5 at
room temperature are shown in Fig. 3(a). In both spectra, red
shifted peaks in the visible region were observed following the
formation of 5 by the oxidation of 1. The UV-vis spectrum of 1 in
acetonitrile showed a broad band at 539 nm and sharp band at 316
nm. The broad band was attributed to a MLCT transition involving
the iron centre in the Fctpy31 unit while the sharp band is assigned
to a m-mt* transition in the terpy moieties. On oxidation of 1 to
produce 5, the MLCT band shifted to 596 nm and the m-mt*
transition band of the terpy shifted and split to give peaks at 354
nm and 339 nm. The change in oxidation state of the cobalt centre
thus impacted on the MLCT band of the ferrocenyl groups via the
terpy moieties; this undoubtedly is reflected by the observed colour
change between 1 and 5.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) Solid state reflection spectra for 1 (red) and 5 (blue). (b) UV-vis spectra for
15mM of 1 (red) and 5 (blue) in acetonitrile solution. Photographs of (c) 1 and (d) 5,
and of the acetonitrile solution of (e) 1 and (f) 5.

In order to elucidate the change in the electronic states between
the two oxidation states, we performed DFT calculations for the
[Co”/”'(Fctpy)] complexes in simulated CH;CN solution where the
counter anions were not included, and the time-dependent DFT
(TDDFT) method was applied in order to compare the results with
the experimental UV-Vis spectra. The details of the excited states
and the corresponding valence molecular orbitals describing them
are shown in the Supporting Information (Tables S2-S3 and Fig. S3-
S5). The theoretically calculated UV-Vis spectra that were shown in
Fig. S6 clearly reproduce the experimentally observed spectra
except for bands in 400-450 nm regions. As observed
experimentally, both the lowest energy band and the most intense
band for the [Co”(Fctpy)] complex are shifted to lower energies
upon its oxidation to [Co”'(Fctpy)]. The calculations also predict that
the lowest energy band should appear at 665 nm (1.86 eV) and 641
nm (1.93 eV) for the Co" and Co" complexes, respectively. These are
assigned to the experimentally observed bands at 596 nm (2.08 eV)
for 5 and at 539 nm (2.30 eV) for 1, and are attributed to a charge
transfer transition from the Fc moiety to the Co(tpy), moiety. The
observed shift in spectra upon the oxidation is due to larger
stabilisation of unoccupied orbitals than occurs for the occupied
orbitals (Fig. 4). These orbital stabilisations for the [Co”'(Fctpy)]
complex reflect the larger positive charge of the Co" ion. As shown
in Fig. S3-S5, the LUMO is localised on the Co(tpy), moiety,
therefore, this LUMO is more stabilised upon the oxidation than the
HOMO localised on the Fc moiety because electrostatic interaction
between the Co" ion and the tpy is more effective. For the intense
bands in the 300-400 nm region, the calculations predict the
occurrence of bands at 3.46 eV (358 nm) and 3.96 eV (313 nm) for
the [Co”'(Fctpy)] and [Co”(Fctpy)] complexes, respectively. They
correspond to the experimentally observed bands at 354 nm (3.50
eV) for 5 and at 316 nm (3.92 eV) for 1. This red shift of the band
upon the oxidation can be explained in a similar fashion to that for
the 641 nm (exptl. 539 nm) band.

4| J. Name., 2012, 00, 1-3
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Fig. 4 Orbital energy levels of 1 and 5. For 1, spin unrestricted approximation was
applied.

Conclusions

We have synthesised the hetero-metal complexes [Co"(Fctpy)z]Xz,(X
=PF¢ (1) BF, (2), ClO, (3), BPh, (4)) that show counter anion
dependent SCO behaviour and redox properties in the solid state.
We obtained the oxidised compound [Co'"(Fctpy)Z](PFs)3 (5), and
determined the crystal structures of both the cobalt(ll) and
cobalt(lll) compounds, 1 and 5. Oxidation results in a striking colour
change from red-violet for 1 to blue for 5. The DFT calculations and
UV-vis spectra demonstrated that the LUMO is localised on the
Co(tpy), moiety in these complexes and is markedly influenced by
changing the oxidation state of the cobalt centres, which
contributes to observed colour stemming from the MLCT band
arising from the Fc substituents. The construction of redox active
hetero-metal complexes of present type, in which interactions
between metal ions occurs via bridging ligands, clearly represents a
useful strategy for influencing the electronic states of the metal
centres. Such an approach points the way to new chromophoric
materials for potential application in sensor and other
electrochromatic devices.

Experimental

Synthesis

The Fctpy ligand and complexes 1, 2, 3 and 4 were synthesized by
literature methods.?® Complexes 1-4 were recrystallised from
methanol/acetone to give red-violet plate-like crystals. Single
crystals of 1 were obtained by a slow diffusion procedure in
acetonitrile/diethyl ether solution. Anal. Calcd for (1)-Acetone: C,
51.27; N, 6.77; H, 3.57. Found: C, 51.35; N, 6.96; H, 3.47. Calcd for
(2)-MeOH-3H,0: C, 53.12; N, 7.29; H, 4.20. Found: C, 53.00; N, 7.41;
H, 3.99. Calcd for (3)-2H,0: C, 53.22; N, 7.45; H, 3.75. Found: C,
53.15; N, 7.48; H, 3.89. Calcd for (4)-1.5H,0: C, 75.50; N, 5.39; H,
5.24. .Found: C, 75.59; N, 5.35; H, 5.41. Complex 5 was prepared as
follows. A solution of 1 (0.25 g, 0.21 mmol) in a mixture of acetone
(20 mL) and acetonitrile (20 mL) was added to 30 %-hydroperoxide
(1 mL), NH4PFg (0.13 g, 0.80 mmol) and stirred for 2 days at room
temperature to yield a blue solution. This was evaporated to obtain
dark-blue powder. The powder was recrystallised from
methanol/acetone, washed methanol and dried in vacuo (0.03 g)
Anal. Calcd for (5)-2H,0-Acetone: C, 44.75; N, 5.91; H, 3.40. Found:
C,44.92; N, 6.14; H, 3.61.

Physical measurements

This journal is © The Royal Society of Chemistry 20xx
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X-ray diffraction data for the single crystals were collected at 100 K
with a Rigaku R-AXIS RAPID 191R diffractometer. Crystal evaluation
and data collection were performed using Cu-Ka r = 1.54187 A
radiation with a detector-to-crystal distance of 1.91 cm. The
structures were solved by direct methods and expanded using
Fourier techniques. Hydrogen atoms were refined using the riding
model. The full-matrix least squares refinements were based on F.
The absolute structures were deduced based on the Flack
parameter. All calculations were performed using the
CrystalStructure crystallographic software (Rigaku) and SHELXL-
2013. Elemental analyses (C,H,N) were carried out on a J-SCIENCE
LAB JM10 at the Instrumental Analysis Centre of Kumamoto
University. The magnetic susceptibilities for 1, 2, 3 and 4 between
5K and 400K were measured with a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design
MPMS-5S) in an external field of 0.5 T. The solid state cyclic
voltammetry were measured on a BI-POTENTIOSTAT ALS/DY2323 in
aqueous solution of 0.1 M Na,SO, and in 0.1 M tetrabutyl
ammonium perchlorate at room temperature. Scan rate of all
measurements was 50mV/sec. A standard three-electrode method
with glassy carbon as a working electrode, Pt wire counter
electrode and Ag/AgCl reference electrode were used. UV spectra
of 15mM 1 and 5 in acetonitrile and solid state reflection spectra
were recorded with a SCINCO S-2100 spectrophotometer (Shimazu)
at room temperature. The Mossbauer spectra (isomer shift vs
metallic iron at room temperature) were measured with a Wissel
MVT-1000 Mossbauer spectrometer with a *’Co/Rh source in the
transmission mode. All isomer shifts are given relative to a-Fe at
room temperature. Electronic excited state calculations were
carried out by using the time-dependent density functional theory
(-TDDFT) method. The geometry was taken from the
crystallographic data experimentally obtained for 1 and 5. The M06
functional was used to represent the exchange-correlation
functional. The core electrons were described by the Stuttgart (so-
called SDD) effective potential for Co and Fe. The valence basis set
for the SDD potential for the metal atoms and the 6-31G(d) basis
set were used to represent molecular orbitals. In the excited-state
calculations, more than 100 excited states were calculated to obtain
excitations in the 250-800 nm region. Gaussian band shape with the
3000 cm™ width was assumed where the band area was equated to
the calculated oscillator strength. The solvent effect was taken into
account by using the polarizable continuum model (PCM). The
present calculations were implemented with the Gaussian09
software.®
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