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chromic) metal complexes containing
N-salicylideneaminopyridine ligands†

Haruki Sugiyama, a,b Atsuko Arita,a Akiko Sekine a and Hidehiro Uekusa *a

N-Salicylideneaminopyridine (SAP) is a well-known organic chromic compound that shows a reversible

colour change upon UV light irradiation (photochromism) and upon cooling (thermochromism). Herein,

we report novel multi-chromic metal complexes containing SAP derivatives as ligands, viz. [Ni(NCS)2(3,5-

t-Bu-SAP)4] (Ni1) and [Co(NCS)2(3,5-t-Bu-SAP)4] (Co1). The Ni1 crystals exhibited both photo- and ther-

mochromism with new colour variations, which were due to the light absorption of the Ni(II) ions and

chromic properties of the SAP ligands. The Co1 crystal also exhibited photo- and thermochromism orig-

inating from the SAP ligands. Furthermore, the Co1 crystal exhibited mechanochromism induced by

grinding with a mortar, which was considered to be attributable to the change of the Co1 coordination

structure. Such a triple-chromic material is rare and very fascinating for the applications of multiple

sensors, memory devices, and functional inks.

Introduction

Chromism is a reversible colour-change phenomenon pro-
moted by external stimuli. Several kinds of chromism are
known and named to represent the type of stimulus, for
example, photochromism,1 thermochromism,2,3

mechanochromism,4,5 solvatochromism,6,7 vapochromism,8,9

electrochromism,10,11 and piezochromism.12,13 In recent years,
chromism has attracted considerable interest because of its
potential applications in memory devices, photochromic
lenses, rewritable paper displays, functional ink, and sensing
media.14,15 N-Salicylideneaniline (SA) and its derivatives are
classical organic photochromic compounds. SA crystals
change colour from yellow-orange to red upon UV light
irradiation and revert to the original colour upon visible light
irradiation or heating.16–20 Moreover, SA crystals exhibit ther-
mochromism from orange to yellow or colourless, with
decreasing temperature. Both photo- and thermochromism are
caused by the isomerisation of SA molecules promoted by
external stimuli. Fig. 1 illustrates the photo- and thermochro-
mism mechanisms of these molecules. The chromic properties
in the crystalline state are correlated to the crystal structures.

Thus, photochromism can be observed in SA crystals contain-
ing non-planar molecules with an intramolecular dihedral
angle greater than 30°.19,20 In contrast, SA crystals containing
planar molecules do not exhibit photochromism. Additionally,
the changes in thermochromic colour for the planar SA mole-
cules are greater than those of the non-planar molecules.21,22

The formation of a multi-component crystal containing
chromic compounds like SA is a promising crystal engineering
technique to develop novel functional materials with modified
or enhanced chromic properties. For example, Johmoto et al.
controlled the photochromic activities of SA derivatives by
acid–base co-crystallisation via modification of the molecular
conformation in the crystal.23 Weerasekara et al. synthesised
mixed crystals of fulgide derivatives that exhibited marked
multi-colour photochromism, originating from the photochro-
mic properties of the fulgide molecules.24 Moreover, the
fatigue resistance for photochromism was enhanced in the
mixed crystals compared to that of the original fulgide crystals.

Fig. 1 Photo- and thermochromism of SA derivatives.
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As mentioned above, the combination of more than one
component can afford a new functional material using tra-
ditional chromic compounds. Based on this strategy, tran-
sition metal complex formation was pursued using SA deriva-
tives as ligands. Such a metal complex should display the
photo- and thermo-chromism of SA ligands and new colour
change due to d–d transition and charge transfer, other than
those of the SA derivatives.25,26 Additionally, the metal com-
plexes have the potential to alter their colour in response to
the variation in metal–metal interaction, coordination geome-
try change, or chemical bond formation/cleavage.27,28 For
example, several mechanochromism studies of metal com-
plexes, including those of V(IV),27 Fe(II,III),29 Co(II),30 Cu(I),31,32

Ag(I),4 Pt(II),33,34 and Au(I)5,28,35 have been reported.
Therefore, metal complexes with SA derivative have poten-

tial to be multiple chromic materials, which are capable of
switching their structures and properties by various stimuli.
Those materials are extremely important in many scientific
fields, including molecular computing, non-linear optics, and
bioimaging, and are key materials for the further development
of novel functional devices.36,37 Additionally, crystalline
materials that can respond to multiple stimuli are being
actively studied and referred to as “soft crystals”.38

Garcia et al. reported chromic metal complexes with SA
derivatives.39–42 The [M(CH3OH)2(SAP)2(NCS)2] (M = CoII, NiII,
MnII, and CuII; SAP = N-salicylideneaminopyridine) crystal
exhibited thermochromism as a result of the enol–keto tauto-
merisation of the ligands, upon cooling with liquid nitrogen.39

Crystals of a dinuclear FeII complex with N-salicylidene-4-
amino-1,2,4-triazole also exhibited thermochromism coloured
from bright yellow to deep burgundy.41 However, no study on
the successful synthesis of the photochromic metal complexes
using SA derivatives has been reported to date.

In this study, two metal complexes with 3,5-di-tert-butyl-N-
salicylideneaminopyridine (3,5-t-Bu-SAP) ligand, viz. [Ni
(NCS)2(3,5-t-Bu-SAP)4] (Ni1) and [Co(NCS)2(3,5-t-Bu-SAP)4]
(Co1), were synthesised and characterised (Fig. 2). The as-pre-
pared complex crystals exhibited both photochromism and
thermochromism. Surprisingly, the Co1 crystals also exhibited
mechanochromism upon grinding in an agate mortar. The
crystal structures were determined by single-crystal X-ray struc-
tural analysis, and the chromic properties were subsequently
investigated. Finally, to investigate mechanochromism, that is,
to elucidate the colour-change mechanism, UV-visible (UV-vis)

spectra, X-ray Absorption Fine Structure (XAFS) spectra,
Superconducting Quantum Interference Device (SQUID)
measurement, and Fourier Transform Infrared (FT-IR) spectra
were utilised.

Experimental
Synthesis procedures of Ni1 and Co1

3-Aminopyridine and 3,5-di-tert-butyl-2-hydroxybenzaldehyde
were purchased from Tokyo Chemical Industry Co., Ltd, nickel
(II) chloride hexahydrate, cobalt(II) chloride hexahydrate, and
ammonium thiocyanate were purchased from FUJIFILM Wako
Pure Chemical Co., respectively. The SAP ligand, 3,5-t-Bu-SAP
(Fig. 2a), was successfully synthesised following a previous
study.43 A solution of ammonium thiocyanate (0.030 g,
0.40 mmol) dissolved in methanol (5.0 mL) was added to a
solution of nickel(II) chloride hexahydrate (0.047 g, 0.20 mmol)
or cobalt(II) chloride hexahydrate (0.047 g, 0.20 mmol) dis-
solved in methanol (5.0 mL). Subsequently, a solution of 3,5-t-
Bu-SAP (0.25 g 0.80 mmol) dissolved in methanol (10 mL) was
slowly added and mixed with the metal complex solution. The
resulting solutions were slowly evaporated to obtain green
(65% yield) or orange (70% yield) plate-like crystals, respect-
ively. The purity of the crystalline samples was confirmed by
powder X-ray diffractions. Anal. Calc. for C82H104N10O4S2Ni
(Ni1): C, 69.5; H, 7.40; N, 9.89; S, 4.59. Found: 69.4; H, 7.56; N,
9.83; S, 4.43. Anal. Calc. for C82H104N10O4S2Co (Co1): C, 69.5;
H, 7.40; N, 9.89; S, 4.53. Found: C, 69.5; H, 7.59; N, 9.83; S,
4.60.

Single-crystal X-ray diffraction analysis

Single-crystal X-ray diffraction data were collected in the
ω-scan mode using an R-AXIS RAPID imaging plate camera
(Rigaku) with Mo-Kα radiation obtained from a rotating anode
source with a graphite monochromator and an R-AXIS RAPID
II imaging plate camera (Rigaku) with Cu-Kα radiation from a
rotating anode source with a confocal multilayer. The inte-
grated and scaled data were empirically corrected for absorp-
tion effects using ABSCOR.44 The initial structures were solved
with SHELXT45 and refined on Fo with SHELXL.46 All non-
hydrogen atoms were refined anisotropically. The crystallo-
graphic data are summarised in Table S1.†

Crystalline or amorphous phase preparation of Co1

The crystalline and amorphous samples of Co1 for UV-vis,
XAFS spectroscopy, TG-DTA, SQUID, IR and powder X-ray diffr-
action (PXRD) were prepared as follows. The amorphous phase
was prepared by grinding crystals in an agate mortar for
30 min. In contrast, the crystalline sample was prepared by
exposing the green amorphous phase to methanol vapour for
one day.

X-Ray absorption fine structure

XAFS spectra were recorded in transmission mode at the
Rigaku Corporation facilities. Co K-edge (7708.8 eV) XAFS data

Fig. 2 Chemical structure of 3,5-t-Bu-SAP (a), and the complexes Co1
and Ni1 (b).
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were collected on a laboratory X-ray generator (Rigaku, 14 kV,
40 mA) with a focus size of 0.1 mm × 10 mm. The X-ray source
was Mo with a LaB6 filament, and the white beam was mono-
chromatised by a Ge(220) crystal monochromator (Fig. S6 and
Table S6, 7†).

Solid-state spectrum

The UV-vis spectra were recorded on a JASCO V-650 spectro-
meter equipped with an integrating sphere unit for diffuse
reflectance spectroscopy. The samples were prepared by
mixing the crystals (10 mg) with BaSO4 powder (100 mg).
Photoirradiation was carried out with a UV-LED irradiator
(High power UV-400 series, Keyence Corporation) at a wave-
length of 365 nm. The sample was irradiated with UV light for
1 min with 50% maximum output at 298 K (the distance
between the sample and the light source is 10 cm). To detect
the thermochromic colour change, the UV-vis spectra of the
cooled samples (liquid nitrogen) were also recorded on an
S2000 miniature fibre optic spectrometer (OceanOptics)
equipped with an integrating sphere comprising a DT 1000 CE
(AIS) as the light source. IR spectra were recorded in the spec-
tral range of 3500–500 cm−1 on a JASCO FT-IR 4100ST spectro-
meter using a KBr disk method (Fig. S10†).

Thermal analysis

Thermogravimetry-differential thermal analysis (TG-DTA) data
were recorded simultaneously on a Rigaku Thermo Plus EVO II
TG8120 instrument. The samples were heated from 25.5 to
300 °C at 5 °C min−1 under a dry nitrogen atmosphere (flow
rate = 100 mL min−1) (Fig. S1–3†).

Magnetic analysis

The magnetic investigation was carried out with a SQUID mag-
netometer (Quantum Design MPMS) for orange crystalline and
green amorphous phase of Co1, respectively. Powdery samples
of crystalline and amorphous phase placed in a gelatin bag
were subjected to measurements. The temperature depen-
dence of magnetization was recorded under 10 000 Oe external
dc field. The magnetic measurement investigation was carried
out from 5 K to 300 K and 270 K to 400 K (Fig. S8, 9 and
Tables S8, 9†).

Results and discussion
Crystal structure of Ni1 and Co1 crystal

The Ni1 complex has an octahedral coordination geometry
with two nitrogen-bound thiocyanate ions and four SAP
ligands (Fig. 3a). The complex is placed on a crystallographic
two-fold axis through the nickel ion centre, such that half of
the molecule is independent. The metal–ligand bond lengths
and angles are summarised in Tables S2 and S3.† These para-
meters suggest that the coordination geometry is compressed
along the N(NCS)–Ni–N(NCS) axis (Z-in). The SAP ligands are co-
ordinated to the central nickel ion on the pyridine moieties.
All SAP ligands adopt a non-planar conformation with dihedral

angles of 34.79(13) and 39.45(12)° (Fig. 3b), which are
sufficiently large (>30°) for exhibiting photochromism. Only
weak intermolecular interactions such as C–H⋯O and C–H⋯π
were observed between the molecules in the crystal structure.
The bulky tert-butyl groups of the SAP ligand prevented the
creation of strong intermolar interaction with thiocyanate
ions. Thus, the Ni1 crystal consisted of relatively loosed mole-
cular packing. Although there is a small accessible void of
49 Å3 in the crystal structure, the crystal did not include any
solvent, as observed by TG-DTA and elemental analysis
(Fig. S1†).

The Co1 crystal is isostructural to the Ni1 crystal (Fig. 4a).
Tables S4 and S5† include the metal–ligand bond lengths and
angles of the Co1 crystal. The SAP ligands adopt a non-planar

Fig. 3 Crystal structure of Ni1. (a) ORTEP drawing with 50% probability,
(b) dihedral angles of the SAP ligands, and (c) crystal packing along the
b-axis.

Fig. 4 Crystal structure of Co1. (a) ORTEP drawing with 50% prob-
ability, (b) dihedral angles of the SAP ligands, and (c) crystal packing
along the b-axis.
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conformation with large dihedral angles of 34.61(11)° and
39.30(11)°, suggesting that the Co1 crystals are also photochro-
mic (Fig. 4b). Similar to that of Ni1, the Co1 crystal structure
does not exhibit strong intermolecular interaction.

Photo- and thermo-chromism of Ni1 crystal

The clear green Ni1 crystals display two absorption bands at
∼400 and ∼600 nm in the solid-state diffuse reflection spectra
(Fig. 5a). The former strong band was assigned to the π–π*
transition of cis-keto form of the SAP ligands. Whereas the
latter weak band was attributed to 3A2g(F) →

3T1g(F) transition
of a high-spin Ni(II) complex in an octahedral geometry.47 The
Ni1 crystals undergo a colour change, from green to red, upon
UV light irradiation (365 nm) and revert to the original green
colour upon visible light irradiation (550 nm) or storage in a
dark box (Fig. 6a). The diffuse reflection spectra before and
after UV irradiation were compared to characterise this photo-
chromic property (Fig. 5a). After UV irradiation, the absorption
band at ∼500 nm increased in intensity. Moreover, the inten-
sity of the absorption band decreased gradually when the
coloured sample was placed under visible light. The reversible
change in the spectra corresponds to the photo-induced iso-
merisation of SAP ligands between the cis-keto (orange) and
the trans-keto (red) forms. Although the SAP ligands iso-
merised upon UV light irradiation, the weak absorption band
attributed to the Ni(II) ion did not change, owing to the low
isomerisation rates or the small complex structure change
through the isomerisation. The Ni1 crystals also exhibited a
thermochromic colour change, from green to violet, when the
temperature was decreased using liquid nitrogen. Fig. 5b illus-
trates the UV-vis spectral change between 20 and −196 °C. The
intensity of the absorption band at ∼450 nm decreases with a

decrease in temperature due to the shift in tautomeric equili-
brium from the cis-keto (orange) to enol (colourless) form. In
addition, the absorption band of the Ni(II) complex moiety
shifts slightly from 580 to 560 nm. The shift of the absorption
band was attributed to the slight molecular structure change
in the complex upon cooling.48 Tables S2 and S3† summarise
the coordination bond lengths and angles at 20 and −180 °C,
respectively. The coordination structure distorts slightly with a
decrease in temperature. Moreover, the absorption band
becomes sharper because the molecular thermal vibrations are
reduced upon cooling. The spectral peaks regained the orig-
inal intensities upon increase in temperature to 20 °C. These
results indicate that the colour change induced by temperature
variation is reversible.

Photo-, thermo, mechano-chromism of Co1 crystal

Co1 was expected to exhibit similar photochromic and thermo-
chromic properties as those of Ni1 because its crystals are iso-
structural to those of Ni1. Indeed, the Co1 crystals exhibit both
photochromism (orange to red) and thermochromism (orange
to yellow) (Fig. 6b). In the UV-vis spectrum of Co1, two absorp-
tion bands were observed. The strong band at ∼450 nm was
assigned to the π–π* transition of cis-keto form of the SAP
ligands, whereas the very weak band at ∼500 nm can be
assigned to 4T1g(F) → 4T1g(P) transition of a high-spin Co(II)
ion in an octahedral geometry (Fig. 5c).49 Upon UV light
irradiation, the intensity of the absorption band at ∼500 nm
increases due to the SAP ligand isomerisation from the cis-
keto to trans-keto form. The increased absorbance then
decreased to the value before UV irradiation under the visible
light irradiation. In contrast, the absorption band at ∼550 nm
decreases due to the keto–enol tautomeric equilibrium with a
decrease in temperature (Fig. 5d). In addition, the absorption
band became sharper because of the reduction of the mole-
cular thermal vibrations. Thus, an absorption peak corres-
ponding to the Co(II) ion was clearly observed at −196 °C.
When the temperature was reverted to 20 °C, the UV-vis
spectra also reverted. Therefore, the reversible colour change
of thermochromism was caused by the combination of the

Fig. 5 (a) and (c) UV-vis spectra of Ni1 and Co1 crystals before and
after UV irradiation. The absorbance at 400–450 nm was increased
upon UV light irradiation, and gradually decreased under visible light
irradiation (550 nm). (b) and (d) UV-vis spectra of Ni1 and Co1 crystals
for the temperature change from 20 °C to −196 °C to 20 °C.

Fig. 6 Images showing the photo- and thermochromic colour changes
of the Ni1 (a) and Co1 (b) crystals; middle pictures were captured at
20 °C.
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keto–enol tautomeric equilibrium shift of SAP ligands and the
effect of sharpening in the spectrum upon cooling.

Surprisingly, upon grinding in an agate mortar, the Co1
crystals transformed into the amorphous phase with a dra-
matic colour change from orange to green (Fig. 7). The green
amorphous phase is relatively stable, which can be maintained
for at least one month at 25 °C. Furthermore, the green colour
(amorphous phase) changes to orange upon heating at 130 °C.
The PXRD patterns indicate that the green amorphous phase
reverts to the original orange crystalline phase upon heating.
TG-DTA was performed for the green amorphous phase to
clarify the thermal transformation. An exothermic peak was
observed at 123 °C in the first heating cycle (20–150 °C;
Fig. S3,† green DTA trace), consistent with crystallisation of the
amorphous phase. After cooling to 20 °C (Fig. S3,† blue trace),
no exothermic peak was observed at 123 °C during the second
heating cycle (20–300 °C; Fig. S3,† red line), consistent with
complete crystallisation of the amorphous phase during the
first heating process. Furthermore, the green amorphous
phase also crystallises into the original crystalline phase upon
exposure to several organic solvent vapours, namely those of
methanol, ethanol, acetone, ethyl acetate, hexene, acetonitrile,
diethyl ether, and cyclohexane (Fig. S4†). PXRD patterns after
exposing the organic solvent vapour are summarised in
Fig. S5.† In the data, the PXRD patterns of hexene, diethyl
ether, and cyclohexane are broadly compared to those of other
solvents. This could be attributed to the solubilities of Co1
crystals in these organic solvents. Co1 crystals were almost in-
soluble in the former solvents and soluble in the latter sol-
vents. The solvents with high affinity for Co1 are expected to
support and promote the recrystallisation from amorphous
phase. The reversible colour-change phenomena induced by
mechanical stress is called mechanochromism. Moreover, it is
also regarded as vapochromism because the colour was
revered upon exposure to the organic solvent vapour. In most
cases, mechanochromism occurs with a transformation from
the crystalline to amorphous forms.50,51

Interestingly, Ni1 crystal does not exhibit such mechano-
chromic color change, even though its crystal structure is

similar to that of Co1. Thus, the mechanochromism mecha-
nism would be attributed to the properties of metal complex
rather than to the crystal structure. To elucidate the mechano-
chromism colour change mechanism, the green amorphous
phase was structurally characterised using UV-vis, XAFS, IR
spectroscopic analyses and magnetic measurement using
SQUID. After grinding, a new absorption band centred at 568
and 629 nm was observed in the UV-vis spectra (Fig. 7).

The absorption band cannot be caused by the SAP ligands.
The XAFS spectra of the crystalline and amorphous phases are
displayed in Fig. S6.† X-ray Absorption Near-edge Structure
spectra suggest no difference in the valence state of central Co
(II) ion between crystalline and amorphous phases.

In contrast, the extended X-ray absorption fine structure
spectra are slightly different for the crystalline and amorphous
phases. The backscattering factor F(k) and phase shifting were
estimated by curve fitting to the XAFS spectra of the crystal
phase using crystal structure data as a model and are summar-
ised in Table S6 and 7.† Compared to those in the crystalline
phase, the amorphous phase Co⋯NSAP bond is shorter by
0.12 Å, while Co⋯NSCN is longer by 0.16 Å. Thus, the XAFS
study suggests that the coordination geometry of the cobalt
complex distorts like from Z-in to Z-out octahedral geometry
upon grinding. Thus, Co1 could undergo a change in its
complex structure via crystalline to amorphous phase trans-
formation upon grinding. Owing to the complex structure dis-
tortion, the absorption band would be greatly changed, result-
ing in the amazing colour change from orange to green.

The magnetic measurement using SQUID revealed the Co
(II) ions were in a high-spin state (S = 3/2) in both orange crys-
talline and green amorphous phases (Fig. S8 and Table S8†).
The magnetic investigation result indicated the mechanoch-
mism is not related to spin-state change in solid state. The
green amorphous phase transformed to the orange crystalline
phase at 393 K. Then, additional magnetic measurements were
performed from 270 to 400 K to investigate magnetic change
via the thermal phase transition (Fig. S9†). The magnetic
moment (χ) for the green amorphous decreased irregularly
around 350 K. Such behaviour was not observed in orange crys-
talline phase. Moreover, after the SQUID measurement for
green amorphous, the sample colour changed from green to
orange. That means the Curie constant slightly changed near
the transition temperature from green amorphous to orange
crystal phase. The difference in behaviour of magnetic
moment with respect to temperature would suggest the
complex structural change between green amorphous phase to
orange crystal phase. FT-IR spectra were almost similar when
comparing orange crystalline and green amorphous phase
(Fig. S10†). In the FT-IR spectrum of orange crystal, a high
intensity band ν(CN) at 2048 cm−1 was observed. On the other
hand, the identical band is broadened and slightly shifted (at
2058 cm−1) in green amorphous phase. The broadening of the
ν(CN) band might be due to some distortion or change of
cobalt complex structure.

Thus, the XAFS, SQUID, and IR analyses suggested that the
structural distortion of the Co(II) complex occurred in the tran-

Fig. 7 (a) Mechanochromism of the Co1 crystals. (b) PXRD patterns and
(c) UV-vis spectra before (orange) and after (green) grinding.
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sition from the orange crystal to the green amorphous phase
by grinding without a change in the valence or spin state of
the central cobalt ion. Therefore, the mechanochromic colour
change (absorption band change from 495 nm to 568 nm and
629 nm) was attributed to the change in d-orbital energy level
due to the change in the structure of Co(II) complex. On the
other hand, the Ni1 complex did not show a significant colour
change upon grinding. The electronic transitions for Co(II) and
Ni(II) ion with an octahedral coordination are different due to
the difference in d electron number and configuration.
Therefore, the optical absorption properties of the Ni1
complex would not change significantly even if the d orbitals
energy levels were changed by the structure distortions or
changes of the Ni(II) complex upon grinding.

Additionally, the green amorphous phase exhibits photo-
chromism (green to orange) and slight thermochromism
(green to turquoise) due to SAP ligand isomerisation (Fig. S10
and 11†). The photo- and thermo-chromic colours are signifi-
cantly different from the orange crystalline phase due to the
absorption band changes of cobalt complex moiety.

Conclusions

In this study, metal complexes containing SAP molecules as
ligands were synthesised to develop novel chromic materials
exhibiting new colours and three types of chromism. The crys-
tals of the Ni(II) complex with SAP ligands (Ni1) exhibit photo-
chromism (green to red) and thermochromism (green to
purple) due to molecular isomerisation of the SAP ligands by
external stimuli. These chromic colour changes, including
green and purple, are modified by the weak absorption band
of the octahedral Ni(II) ion. The isostructural complex Co1
exhibits several kinds of chromism, including mechanochro-
mism (orange to green), photochromism (orange to red), and
thermochromism (orange to yellow). The mechanism of
mechanochromism was presumed to be caused by the coordi-
nation geometry distortion or change upon amorphisation by
grinding. Moreover, the third reversible colour-change
phenomenon can be called vapochromism because the grind-
induced colour reverted to the original upon exposure to the
organic solvent vapours. The triple-chromism phenomenon is
considered a hybrid of an organic reaction (isomerisation of
SAP ligands) and inorganic reaction (coordination structure
change). Metal complex formation with organic chromic com-
pounds as ligands is an attractive methodology for the devel-
opment of new chromic materials, and such hybrid chromic
materials can potentially be applied as multiple sensors and
switching devices.
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