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ABSTRACT

Two mononuclear Ni(II) complexes (1 and 2) have been found to display color changes upon
coordination/decoordination of pyridine, resulting in their structural transformation between
square-planar and octahedral geometries as well as a change in their spin state. Compound 1
changes between red (1r) and yellow (1y) upon exposure to or elimination of pyridine, while 2

undergoes a two-step transformation, changing orange 20 (S = 0) = gray 2g' (S = 1) — yellow

2y' (S = 1) depending on the reaction time. The first step (20—2g’) takes less than 45 minutes,

which is significantly faster than the previously reported reaction time of one day for a Ni(II)
complex/pyridine vapor system. The 20 reacting with pyridine can be easily prepared by dispersing
2g in methanol instead of annealing at high temperatures (130 °C), which can be applied to develop
chemical sensors for pyridine utilizing color changes and/or magnetic switching.



INTRODUCTION

The development of solid-state systems with magnetic properties dependent on reactions with
volatile organic compounds (VOCs) is attracting a lot of attention due to their potential
applications as chemical sensors.! Spin crossover (SCO) complexes that change due to the
interaction between organic solvents or gas molecules and the central metal ion in the complex
have been well-studied as magnetic sensors,” among which Fe(I[)-MOFs (metal-organic
frameworks) are attractive because they can be detected both magnetically and visually by causing
spin transition between high spin (HS) (S = 2) and low spin (LS) (S = 0).? Guest molecules are
typically trapped within crystals by weak supramolecular interactions, which are usually unstable
and limit the range of operating temperatures as sensors. Therefore, materials capable of changing
magnetic properties through coordination bond formation between host-guest molecules, known
as 'coordination induced spin-state switching' (CISSS),* have been expected to be high stability
and selectivity and to be better chemical sensors operating at room temperature with respect to
organic compounds. This can be applied to the measurement of volatile coordination solvents such
as alcohol, pyridine, ammonia, amine, etc.’ Materials that exhibit both CISSS and color changes
are promising not only as magnetic sensors but also as color-identifiable chemical sensors, even
though they have been mainly studied in solution, with few reports of solid state systems.*> As a
promising approach to the development of these systems, Ni(Il) complexes can be used because
color changes of the compounds are observed, associated with diamagnetism (S = 0) in four-
coordinate square-planar geometry and paramagnetism (S = 1) in a five-coordinate square-
pyramidal or six-coordinate octahedral geometry.® In the solid state, the CISSS between S = 0 and
S = 1 gives a methanol-selective vapochromic response in a mononuclear Ni(Il)-quinonoid

(quinonoid = 4-methylamino-6-methyliminio-3-oxocyclohexa-1,4-dien-1-olate) complex.>® More



recently, the vapochromism and magnetochemical switching by reversible NH3 uptake and release
in dinuclear [Niz(Pn)s] (PnH = 6-tert-butyl-pyridazine-3-thione),>® and the spin state switching
between octahedral paramagnetic and square-planar diamagnetic behavior depending on the
absorption/desorption of axially coordinated pyridine in [Ni2(hbth)(py)s]:2MeOH (Hshbth =
N'1,N'4-bis((E)-2-hydroxybenzylidene)terephthalohydrazide)*>* have been demonstrated. Despite
the pioneering nature of these studies, the development of faster systems is crucial for advancing
sensing materials, as the protracted transformation times in these systems hinder their efficiency

and optimization.

In this study, Ni(Il) complexes capable of vapochromism and CISSS with square-planar
geometry in  which chelating ligands L' (HL! = 2-hydroxy-N'-((1E,2E)-3-
phenylallylidene)benzohydrazide) and L? (HL2 = (E)-2-hydroxy-N'-(4-
methylbenzylidene)benzohydrazide) are separately coordinated will be investigated for color and
magnetic transformation by coordination/decoordination of volatile organic molecules, thereby

demonstrating the possibility as fast-acting sensors (Scheme 1).
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Scheme 1. Color change and spin-state switching of Ni(II) complexes 1 and 2 in the solid state.



RESULTS AND DISCUSSION
Vapochromism

Ligand HL! was obtained by reacting salicylamide with trans-cinnamaldehyde (Scheme S1), and
was then reacted with NiCl2-6H20 and pyridine to produce 1y, a yellow powder (Figure 1 and
Scheme S2).° The yellow complex (1y) changed to red (1r) when heated on a 200 °C hot plate and
returned to yellow when exposed to pyridine vapor (Figure 1a). This result can be explained by a
phenomenon caused by the coordination/decoordination of pyridine molecules, which is supported
by the result of mass loss corresponding to two pyridine molecules near 200 °C from thermal
gravimetric analysis (TGA) (Figure 2a). When the red compound (1r) is re-exposed to pyridine
vapor, it is changed to yellow powder (1y’) (Figure la), thereby enabling vapochromism by
pyridine. However, although the TGA of 1y’ results in a mass loss of two equivalents of pyridine
molecules, the decoordinating temperature of pyridine was about 130 °C (Figure S1), unlike 1y,
confirming that 1y’ has a packing structure different from that of 1y, as shown by powder X-ray
diffraction (PXRD) (Figure S2). Ni(II) salt and pyridine were reacted with HL? prepared using
salicylamide and p-tolualdehyde to give a grey Ni(Il) complex (2g) (Figure 1b and Scheme S2),
which was changed to orange by annealing on a hot plate at 130 °C (20_an) (Figure 1b) and
showed the mass loss of two pyridine molecules near 130 °C as well by TGA (Figure 2b). The
orange 20_an was returned to grey (2g') within an hour by exposure to pyridine vapor, with the
same PXRD as the original 2g (Figure 2¢). After an additional 12 hours of exposure to pyridine,
2g' changed to yellow (2y') (Figure 1b), and elemental analysis of the latter showed that it
contained four pyridine molecules. Although we have not succeeded in obtaining a crystal
structure of 2y', it seems to contain two pyridine molecules in each of the first and second

coordination spheres. As a result of attempting to anneal yellow 2y' in the same way as 2g, it turned



orange directly without going through a grey 2g> compound by heating. Interestingly, the same

color change scheme (orange — grey — yellow) through coordination/decoordination was

observed when this process was repeated (Figure 2d), showing the potential of 2 as a recyclable
chemical sensor for pyridine based on vapochromism. To obtain orange 20 MeOH in which two
pyridine molecules were de-coordinated by methanol, the grey 2g was dispersed in methanol and
ultrasonicated for 20 seconds (Figure 1b and Video 1). According to PXRD, 20 _an lost its
crystallinity while 20 MeOH retained it, with a pattern well consistent with that simulated from
the crystal structure of 20 (Figure 2¢). However, this method could not be applied to 1 due to its
good solubility in methanol. By exposing 20_MeOH to the vapor of several volatile organic
solvents, their selectivity was investigated using PXRD, but only pyridine was selectively reacted,
and most common solvents were not (Figure S3). The time-dependent reaction by pyridine vapor
exposure (Figure S4) for both 1r and 20_an was estimated using PXRD (Figures 2e and 2f). The
former changed to 1y' after 5 hours, recovering crystallinity similar to 1y, while the latter showed
a packing structure (2g') similar to 2g after 45 minutes and changed to yellow (2y') after 11 hours
(Figures 1b and S5). These results show that these complexes undergo vaporochromism by
pyridine in a relatively short time, probably due to the change in the geometry of the environment
of the labile Ni(Il) ion, square-planar or octahedral, through coordination/decoordination of

pyridine, and that they can be used as chemical sensors of pyridine.
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Figure 1. Color change of compounds 1 (a) and 2 (b) by heating and pyridine exposure.

(20_MeOH was prepared by dispersing 2g in methanol.)
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Figure 2. TGA of compounds 1 and 2 (1y (a), 2g (b), and 2y’ (b). Py is pyridine.). Changes in
PXRD patterns of several compounds ((c), PXRD related to compound 2; (d), Repeated exposure
and heating of pyridine in compound 2; (e), Time-dependent pyridine exposure of 1r; (f), Time-
dependent pyridine exposure of 20_an; simu. = Simulation; as-syn. = Raw compounds as

synthesized).

Structural characterization

Single crystal X-ray diffraction analysis (SCXRD) was carried out to investigate the
transformation of the molecular structures of the above compounds by vapochromism. The
chloroform solution of an annealed 1y was slowly evaporated to give red plate-like crystals 1r as

monoclinic with space group P2i/n, in which an imine nitrogen and carbonyl anion in each



deprotonated ligand were coordinated to Ni(II) to produce a square-planar geometry (Figure 3a,
Table S1). It is composed of a one-dimensional (1D) slip-stacked structure by n-m stacking
interactions with an intermetallic distance of 4.096 A along the a-axis (Figure S6) as well as C-H-
-- interactions (d = 3.384 A) between two molecules (Figure S7). The crystal structure of 1y has
already been reported,® which has been crystallized into triclinic P-1 with the structural formula
[Ni(L")2(pyridine):]. Carbonyl anion and imine nitrogen of each deprotonated chelate ligand are
coordinated in the equatorial plane of Ni(Il), and its two axial positions are occupied by two
pyridine molecules to give an octahedral geometry (Figure 3b). Its packing structure gives a zig-
zag 1D chain along the b-axis by CH---m interaction (d = 2.779 A) between para-hydrogen of
axial pyridine and equatorial-benzene ring of neighboring molecules (Figure S8), resulting in a 2D
structure by interacting (d = 2.597 A) between hydroxyl group in the salicylhydrazide moiety
and meta-hydrogen of adjacent pyridine molecule along the a-axis (Figure S9). Orange plate-like
crystals 20, monoclinic with space group C2/c, were prepared from chloroform solution of 20_an
to give a four-coordinate square-planar structure with bond lengths of Ni-N (d = 1.872 A) and Ni-
O (d = 1.838 A) similar to those of 1r and other square-planar Ni(II) complexes (Table S2),57
showing a slip-stacked structure through Ni---m interactions (d = 3.447 A) along the b-axis
direction (Figure S10). Single crystals 2g with space group P2i/c were prepared from methanolic
solution, and unlike 1y (Figure 3b), their structure displays an octahedral geometry occupied by
two bidentate ligands and two cis-positioned pyridine molecules (Figure 3d). The Ni-N (d =2.076-
2.101 A) and Ni-O bond distances (d = 2.033 and 2.045 A) are similar to those in 1y and other
octahedral Ni(II) complexes.® Each of the discrete molecules interacts with neighboring molecules
in various ways, such as CH---n (d = 3.659, 3.297, 3.259, 3.215, 2.939, 2.503 A) and CH---O (d =

2.544 A) (Figure S11).



The shoulders of solid-state electronic absorption spectra observed at ~500 nm for 1r and 20 are
considered charge transfer from the [NiN2O:] to the electron-accepting ligand (Figure S12).3¢ The
weak absorption bands around 580 and 800 nm for 1y, 2g, and 2y’ are attributed to *4,,—>T> and

344—3Tg, which correspond to typical d-d transition for octahedral Ni(IT).3¢

(@) 1r

(c) 20

Figure 3. (a) Crystal structures of 1r (a), 1y (b), 20 (c), and 2g (d).

Correlation between reaction time with pyridine and structural stability from the theoretical
calculation

From the PXRD time-dependence upon pyridine exposure discussed above, the time required for
transformation of four-coordinate square-planar 1r into six-coordinate octahedral 1y’ is 5 hours,
and only 45 minutes for 20 to 2g’. An energy framework analysis was performed to discuss these

differences in terms of packing stability (Figures 4 and S13-14).° The n-n stacking of complex 1r



along the a-axis results in very high stabilization with a total energy (Ewt) of -127.1 kJ/mol, and
the second strong energy is -45.9 kJ/mol (Figure S13). On the other hand, Ei of 20 based on Ni--
-1 interaction is -101.3 kJ/mol, which is 25.8 kJ/mol less stable than 1r, and the second strong
energy is -37.2 kJ/mol, which is 8.7 kJ/mol less stable (Figure S14). This suggests that the 1r
molecule has stronger n-nm and CH-n interactions with neighboring molecules than 20, making it
more difficult to introduce the pyridine molecules required for the extension to six-coordinate

geometry, resulting in different speeds.

101.3 kJ/mol

Figure 4. Energy framework calculation in total interaction strengths for 1r and 20. The thickness

of the blue tube corresponds to the level of stabilization energy for each dimer.
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X-ray absorption fine structure (XAFS) measurements

X-ray absorption fine structure (XAFS) measurements were performed to obtain information on
the local structures of 1r, 1y', and 2y', for which the PXRDs do not match the crystal structure-
based simulations (Figures 2¢ and S2) or where crystal structures are not present. The k>-weighted
Ni K-edge Extended X-ray Absorption Fine Structure (EXAFS) of 1y, 1y', 2g, and 2y' (Figure 5a)
show almost the same broad peaks at 1.63 A, indicating that the bond distances around Ni(II), that
is, the [N4Oz] coordination sphere, are the same. The peaks of 1r and 20_an from which pyridine
ligands were removed were observed at 1.42 A, indicating shorter bond distances than 1y, 1y, 2g,

102 Tn the X-ray absorption near

and 2y’, and also consistent with forming square-plane structure.
edge structure (XANES) region, 1y, 1y', 2g, and 2y’ show the same absorption edges (Figure 5b),
which is similar to the octahedral Ni(II) geometry. '° The shoulders of 1r and 20_an near 8340 eV
are due to the destabilization of nearly degenerated 4px and 4py orbitals concerning the 4p, orbital
in the square-planar Ni(Il) complexes, and thus dipole-allowed 1s—4p, absorption is observed as
a shoulder peak. The pre-edge peak of 1r and 20_an at 8333 eV are assigned to the 1s—3dx>-y?
absorption, and 3dx?-y? is an unoccupied orbital.!® For 1r, the simulated PXRD and that of the
annealed complex do not match each other, but the XAFS result suggests a square-planar structure.

In the case of 2y’', the XAFS result suggests an octahedral structure of [N4O>] and is expected to

form a trans-isomer similar to that of 1y due to the color change to yellow.
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Figure 5. (a) EXAFS Fourier transform (a) and XANES spectra (b) of the Ni-K edge of

compounds 1r, 1y, 1y’, 20_an, 2g, and 2y’.

Magnetic switching by coordination/decoordination of pyridine

SCXRD and XAFS reveal that the vapochromism is derived from the changes in the coordination
number and geometry between square-planar (S = 0) and octahedral (S = 1) by
coordination/decoordination of pyridine molecules, and thus an associated magnetic
transformation is expected. The temperature-dependent magnetic susceptibilities were measured
using a Superconducting Quantum Interference Device (SQUID) in the 2-300 K at 5000 Oe
(Figures 6 and S15). The ymT values of 1r, 20_MeOH, and 20_an are almost 0 cm? K mol-!, and
1y’, 2g', and 2y' are 1 cm® K mol!, respectively, which correspond not only to the theoretical
values for the diamagnetic (S = 0) and paramagnetic (S = 1) mononuclear Ni(II) complex but also
to the results that 1r and 20 are square planar and 1y, 2g” and 2y’ are octahedral, as shown above
by SCXRD and XAFS. On lowering the temperature, the y,, T shows an abrupt decrease below 10

Kin 1y’, 2g', and 2y', which is attributable to the intramolecular antiferromagnetic interaction or

12



a zero-field splitting (ZFS). Magnetic switching between 20_an (S=0) and 2g' (S= 1) compounds

are repeatedly possible (Figure 6b), and this compound has the potential as a recyclable chemical
change by the

sensor for pyridine because both spin state and color can
coordination/decoordination of pyridine molecules.
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Figure 6. (a) Temperature-dependent magnetic susceptibilities of 20_an, 20_MeOH, 2g’, and 2y’.

(b) Magnetic switching between 20 and 2g via coordination/decoordination of pyridine molecules.

CONCLUSIONS

Mononuclear, discrete Ni(Il) complexes with ligands HL! or HL? change their geometry through

coordination/decoordination of pyridine molecules, resulting in a change in color and magnetic

properties, which could be repeated and was investigated by SCXRD and XAFS methods. The

vapochromism of Ni(II) complexes by pyridine molecules is completed in two steps, which is
reported for the first time among related CISSS systems and enable the development of new

molecules capable of switching color and/or magnetism in the solid state. Given the results, the

13



Ni(IT) compounds proposed in this study provide potential applications for chemical sensors and

memory devices.
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Coordination-induced spin-state switching (CISSS) and color change of new labile Ni(Il)

complexes by pyridine vapor in a short time result in a geometric transformation between four-

and six-coordinate based on pyridine coordination/decoordination.
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