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ABSTRACT: The temperature dependence of magnetic
susceptibility  of  [Fe"'(azp)(gsal-Me)]-0.5CH3;0OH
[Hgsal-Me = 5-methyl-N-(8-quinoyl)salicylaldimine,
Hoazp = 2,2’-azobisphenol] demonstrated that the spin-
crossover (SCO) transition behavior changed from an
abrupt transition to consecutive gradual conversions, and
moreover, the initial abrupt transition was recovered
keeping the complex at room temperature. The variable
temperature crystal structures revealed that an SCO trig-
gered linkage isomerization of the azobenzene ligand
from one orientation to two disordered orientations and
the relaxation from the disordered orientations to the
original orientation occurred. The high-spin to low-spin
relaxation kinetics and theoretical calculation indicate
that the pedal-like motion of the azobenzene ligand can
be on in the high-spin state, whereas off in the low-spin
state.

A molecular switch has attracted a great deal of attention
in chemical and materials science fields. The photoin-
duced cis-trans isomerization of azobenzene derivatives!
and ring formation-dissociation reaction of diarylethene
derivatives? are well-known molecular photo-switching
phenomena that can control not only the electronic- and
spin-states of a molecule but also the mechanical motion
of bulk materials such as blended polymers and single
crystals. Spin crossover (SCO) between the low-spin
(LS) and high-spin (HS) states in a transition metal co-

ordination complex is one of the molecular switching
phenomena that accompany the change in a spin-state
and molecular structure induced by various external
stimuli such as temperature, pressure, and light.3* Much
attention has been paid to the applications of SCO com-
plexes as a molecular switch to control other functions
such as electrical conductivity,>® magnetic,®>*? dielec-
tric,'®1 and optical properties.'>1” We herein report the
observation that SCO can control the pedal-like molecu-
lar motion of a coordination azobenzene ligand.
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Figure 1. Two possible linkage isomers of the heteroleptic
[Fe(azp)(gsal-R)] molecule in 1 (R = H) and 2 (R = CHa).

(a) The original (OR) linkage isomer determined in a pris-
tine crystal of 2. (b) The opposite (OP) linkage isomer.

(a)

2,2’-azobisphenol (H.azp) is one of the azo dyes that can
be utilized as an intense coloring reagent to metal ions.
Recently we discovered the deprotonated azp dianion
molecule afforded various Fe(lll) SCO complexes in
either homoleptic anionic form!81° or heteroleptic neu-
tral form,22:21 where the azp molecule was bound to the
Fe(lll) ion as a tridentate O,N,O-coordination ligand.



Since both nitrogen atoms in the azo group can coordi-
nate to a central metal ion, the azp ligand in the hetero-
leptic complexes may give two possible linkage isomers
(Figure 1). The orientational disorder of the azp ligand
was sometimes reported due to the existence of linkage
isomers in the complexes.!®-2?

Among the heteroleptic azp complexes, [Fe(azp)(gsal-
H)]-0.5CH30OH (1) exhibited an abrupt SCO transition
with a thermal hysteresis [Hgsal-H = N-(8-
quinoyl)salicylaldimine].?® To investigate the substitu-
tion effect on the SCO behavior, the methyl derivative
[Fe(azp)(gsal-Me)]-0.5CH3sOH (2) was synthesized and
characterized [Hgsal-Me = 5-methyl-N-(8-
quinoyl)salicylaldimine]. We found the SCO transition
from the LS to HS states in 2 induced the azp ligand
linkage isomerization from one orientation to dynami-
cally disordered orientations between the original (OR)
and opposite (OP) linkage isomers (Figure 1). Moreover,
the relaxation from the OP isomer to the OR isomer was
unexpectedly observed even at room temperature. The
relaxation kinetics and computational analyses revealed
that the pedal-like motion of the azp ligand molecule can
be on in the HS state, whereas the motion may be off in
the LS state. Therefore, the spin-state change of a metal
center can switch the ligand motion in 2.

The heteroleptic complex 2 was synthesized by the lig-
and exchange reaction between the corresponding homo-
leptic cationic and anionic'® complexes in methanol so-
lutions according to a modified procedure in the litera-
ture.? The composition of 2 was confirmed by microa-
nalysis and single-crystal X-ray structural analysis.
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Figure 2. Temperature dependence of the ymT products for
2 in the temperature range of 150-380 K at a scan rate of 2
K min™™.

The temperature variations of magnetic susceptibility for
2 are shown in Figure 2. The ymT value of a pristine
sample was 0.78 cm® K mol ™ at 300 K, suggesting that
2 was almost in the LS state. On decreasing tempera-
tures, the ymT values decreased gradually down to 250 K
and then were almost constant. The ymT value of the
pristine sample was 0.46 cm® K mol™* at 10 K. On heat-
ing the sample, the ymT values followed the initial cool-

ing trace and then increased abruptly at around 310 K,
indicating the SCO transition to the HS state took place
(Ti2t = 340 K). The ymT values reached 4.07 cm® K
mol~* at 380 K. On consecutive cooling, the ymT values
started to decrease at 350 K and a more gradual conver-
sion occurred and completed at 190 K (T12] = 302 K).
Further consecutive heating the ymT values followed the
gradual conversion trace up to 300 K and then a small
thermal hysteresis was observed (T121 = 302 K). The
gradual conversion was reproducible at a cooling and
heating speed of 2 K min~t. Therefore, the temperature
variations of the ywmT products were dramatically
changed after the sample experienced the initial SCO
transition. Very interestingly when we measured the
magnetic susceptibility of the SCO-experienced sample
kept at room temperature for one month, the initial ab-
rupt SCO transition that the pristine sample exhibited
was recovered. The recovery of the magnetic suscepti-
bility after aging at room temperature was reproducible
(Figure S1). This observation suggested that complex 2
that showed the gradual conversion may be in a thermal-
ly quenched state.

To clarify the thermal stability of 2, the thermogravime-
try analysis was carried out. The loss of solvated metha-
nol molecules began above 450 K (Figure S2). Thus,
this unusual magnetic behavior did not originate from
either elimination or exchange of solvate methanol mol-
ecules. The differential scanning calorimetry (DSC)
analysis of 2 was performed at a scan speed of 10 K
min~! (Figure S3 and Table S1). On heating a pristine
sample from 273 to 400 K, a sharp endothermic peak
appeared at 337 K. On consecutive cooling to 123 K, a
broad exothermic peak was observed at 320 K. On fur-
ther heating the sample to 400 K again, the DSC curve
consisted of only a broad endothermic peak. The differ-
ence between the initial and second heating DSC curves
was in good agreement with that in the ymT product be-
tween the initial and second heating scans.

To clarify the origin of this unusual thermal-magnetic
behavior, variable-temperature single-crystal X-ray
analyses were performed on one single crystal in the
following order: pristine crystal at 90 K (2-pr), SCO-
experienced crystal at 423 K (2-ex), thermally quenched
crystal at 90 K (2-qu), and one-month-aged crystal at 90
K (2-ag). The crystallographic data are listed in Table S2.
All the crystals belong to the triclinic system with P-1
and are isostructural to the parent complex 1. The
asymmetric unit contained one [Fe(azp)(gsal-Me)] mol-
ecule and a half methanol molecule. Both divalent azp
anion and monovalent gsal-Me anion were coordinated
to a Fe''" ion as tridentate ligands in an almost perpen-
dicular manner, to construct a pseudo-octahedral FeN3O3
coordination sphere (Figures 3 and S4). The coordina-
tion bond lengths and distortion parameters are listed in
Table S3. The comparison with these parameters of the
parent complex® revealed that 2-pr, 2-qu, and 2-ag
were in the LS state, whereas 2-ex was in the HS state.



Therefore, the initial spin transition from 2-pr to 2-ex
originated from the SCO transition. It should be noted
that the azp ligands in 2-pr and 2-ag were ordered,
whereas in 2-ex and 2-qu were disordered. The change
from the ordered ligand orientation in 2-pr to the disor-
dered ones in 2-ex indicates that the linkage isomeriza-
tion should take place after the initial SCO transition.
Moreover, the disordered ligand orientations in 2-qu
suggest that the ligand orientations may be frozen at a
cooling speed of several K min™. On the other hand, the
recovery to the OR orientation in 2-ag implies that the
reverse transformation from the OP to OR isomers may
occur even at room temperature.
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Figure 3. ORTEP drawings with a 50% probability of the
molecular structures of 2 at consecutive thermal treatments.
The ratios in the parenthesis are the ratios of the original
(OR) to the opposite (OP) orientations. The atoms of the
OP isomer are depicted without bonding lines.
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Figure 4. Time-dependent magnetic relaxation from the HS
to LS states at various temperatures. Inset indicates the Ar-
rhenius plot from the rate constants obtained by the IMAK
model, where the red line shows the best-fitted one.

To gain an insight into the relaxation kinetics from the
HS to LS states, the time-dependent magnetic suscepti-
bility was monitored at various constant temperatures.

The relaxation curves from the residual HS to LS states
at all setting temperatures are depicted in Figure 4. The
relaxation curves in the solid-state can be fitted with a
modified Johnson, Mehl, Avrami, and Kolmogorov
(JIMAK) model.z

T = (). 4o = GaT).Joxp| ~(k1)' | -+ eq. 1

where (ymT)o is the ymT value at the beginning of the
measurement t = 0 and (ymT)» IS the asymptotic ymT
value for infinity time t = oo, k is the transformation rate
constant, and n is the Avrami exponent. The fitted pa-
rameters are listed in Table S4. Since the value of the
Avrami exponent n minus 1 relates the dimensionality of
the nucleation of the LS state, the Avrami exponents of
around 1 indicated that the HS-to-LS relaxation occurred
almost independently in 2. An Arrhenius plot of In k vs.
1/T gave an almost linear relationship with an activation
energy of 65.8(16) kJ mol (Figure 4 inset). Therefore,
the relaxation from the residual HS to LS states may be
a single process. The activation energy was comparable
to those of the linkage isomerism of sodium nitroprus-
side?*?> or the pedal-like motion of stiloene deriva-
tives,?® and moreover, the azobenzene derivatives were
known to exhibit the pedal-like motion on heating.?’
Therefore, we can assume that the pedal-like motion of
the azp ligand may be related to the relaxation in 2.

To compute the activation energies of the pedal-like mo-
tion of the azp ligand for the LS and HS states, the mo-
lecular geometries of the transition state (TS) in a gas
phase were explored using the Gaussian 16 program
package?® at the B3LYP* functional?® by the synchro-
nous transit-guided quasi-Newton (STQN) method*°
with the QST3 option. The initial geometry of TS for the
QST3 exploration was obtained by the nudged elastic
band (NEB) method® using the NTChem program.®?
The thermochemistry parameters are listed in Table S5
and the schematic energy diagram is depicted in Figure
5. The optimized TS structures for the LS and HS states
were similar to each other, where the azo group of the
azp ligand was bound to the Fe(lll) ion in an n? manner
(Figure 5). The intrinsic reaction coordinate (IRC) calcu-
lations® for the TS structures in the LS and HS states
revealed that the TS structures arise from the pedal-like
motion of the azp ligand (Supporting information). The
Gibbs energy differences of the OR and OP isomers to
TS in the HS state at 298 K were 92.0 and 90.5 kJ mol?,
respectively, whereas those in the LS state were the
same value of 197.0 kJ mol™. These energy differences
suggest that the pedal-like motion of the azp ligand can
take place only when the complex is in the HS state. To
obtain the Gibbs energy of activation for the relaxation
of magnetic susceptibility, we applied the Eyring equa-
tion to the parameters given by the JMAK model. The
enthalpy and entropy differences of activation are
63.2(16) kJ mol™* and —87.5(5) J mol~* K2, respectively
(Figure S5). The Gibbs energy difference of activation at



298.15 K is 89.1(18) kJ mol1, which is in good agree-
ment with the Gibbs energy difference computated in the
HS state. These results strongly indicate that the residual
HS spin state of the Fe(lll) ion may be closely coupled
to the pedal-like motion of the azp ligand. The absence
of orientational disorder of the azp ligand of the pristine
LS complex and the unidirectional relaxation to the OR
orientational isomer suggest that the pedal-like motion
of the azp ligand may be on in the HS state, whereas off
in the LS state. Similar spin-state-dependent pyrazine
ligand rotation in an SCO metal-organic framework was
recently reported.3* These spin-state-dependent ligand
motions arise from the weakness of Fe-N coordination
bonds due to the occupancy of eg-type antibonding or-
bitals in the HS state.
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Figure 5. Energy diagram of the [Fe(azp)(gsal-Me)] mole-
cules optimized at the B3LYP* functional in a gas phase at
298 K. The Gibbs energy of the LS isomer is set to zero.

In summary, we demonstrated the synthesis, crystal
structures, physical measurements, and theoretical calcu-
lations of the methyl-substituted neutral heteroleptic
Fe(ll) complex 2 from the azobenzene ligand. The lig-
and orientational disorder, the HS-to-LS relaxation, and
computed TS energies revealed that the SCO transition
from the LS to HS state would be coupled to the pedal-
like motion of the azobenzene ligand, resulting in link-
age isomerization in complex 2. This SCO-induced link-
age isomerization indicates that the spin-state of a transi-
tion metal complex can switch not only the molecular
motion of a coordinated ligand but also the bonding and
dissociation of a coordination bond. The former leads to
the possibility of the on-off switch of motion for
molecular machines and actuators, the latter may lead to
the elucidation of a chemical reaction mechanism in-
volved in metal complex catalysts and bioinorganic mo-
lecular functional systems having potential SCO metal
centers. Further investigations from the point of view of
intermolecular interactions are needed to clarify the
mechanisms of the unidirectional relaxation to the OR
isomer and the change in SCO transition.
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