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The on-off switching of spin-crossover (SCO) and single-molecule magnetism (SMM) remains highly
attractive, especially if it involves dynamic crystal-to-crystal transformation. Herein we report the first
molecule, a mononuclear cobalt() complex, that exhibits on—off switching between SCO and SMM
reversibly during crystal-to-crystal transformation. Subtle structural transformation triggered by a simple
dehydration—rehydration process induces significant geometrical changes of the Co" center and
modification of the supramolecular interactions and switches its colour and magnetic properties (dark
red/SCO-on/SMM-off < orange/SCO-off/SMM-on). This work suggests that modification of the weak
supramolecular interactions could be very effective in achieving switchable materials involving both SCO
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Introduction

Dynamic molecular materials with tunable physical properties
have attracted great attention because of their potential appli-
cations as switches and sensors." One of the most appealing
strategies for these materials is the modification of the coordi-
nation environment of the metal center through reversible
solid-state transformation, especially in a single-crystal-to-
single-crystal (SC-SC) fashion.>"” Notably, a solid-state trans-
formation could be due to a structural phase transition, which
usually causes a macroscopic change in the lattice symmetry
but not in the chemical composition.*® On the other hand, it can
also occur during a solid state chemical reaction, where the
chemical composition of the material is changed, with or
without the change of the lattice symmetry.” In molecular
magnetic materials, such a transformation can lead to the
tuning of a variety of magnetic properties, such as magnetic
ordering,*® spin crossover (SCO),*"' and single-molecule
magnetism (SMM).**"” Interestingly, both SCO and SMM
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materials have been intensively pursued as magnetically bista-
ble materials. In principle, the magnetic bistability of the SCO
complex is related to the ligand field strength of the metal
center, while that of the SMM complex mainly depends on the
magnetic anisotropy. As the ligand field strength of the metal
center is very sensitive to external stimuli, dynamic spin state
switching in SCO materials has been vigorously investigated,
leading to a myriad of SCO complexes showing various tunable
properties. Among them, only a few examples occurred in the
SC-SC fashion.”® In contrast, since it is very difficult to
dynamically tune the magnetic anisotropy of the metal center,
few dynamic SMM materials with switchable properties, espe-
cially complete on-off switching, have been documented.***>*”

As the saying “you can't have your cake and eat it” states,
SMM and SCO properties are usually inimical to each other. For
SMM materials, highly anisotropic spin quantum numbers are
of paramount importance, which are unfortunately not fav-
oured for SCO complexes because they normally show an
isotropic low spin state (S = 0 or 1/2) at low temperatures.
Therefore, despite the vast number of SCO and SMM materials
reported to date,**** compounds exhibiting both bistabilities
are very limited.”?® To achieve the high spin (HS) state
preferred for SMM materials, light irradiation to the metastable
HS state and partial SCO with HS fractions trapped at low
temperature are two successful strategies, leading to several
interesting photo-switchable SMM materials.**>* Nevertheless,
reversible on-off switching of both SCO and SMM in one single
crystal triggered by a SC-SC transformation remains unknown.

Undoubtedly, the overwhelming majority of SCO systems are
based on octahedral Fe'"™ complexes,?® while Co" compounds
are the most studied mononuclear SMM materials including

This journal is © The Royal Society of Chemistry 2018
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various coordination numbers (2-8) and molecular symmetries.**
To explore the potential of Co" complexes for both SCO and SMM
bistabilities, Murugesu and co-workers studied the influence of
ligand field on SCO and SMM behaviours in three mononuclear
Co" complexes based on terpyridine (terpy) ligands by controlling
the coordination environment of Co™ ions, where the SMM
behaviour could be observed in the five-coordinate Co™-terpy
complex while the SCO behaviour was observed in the six-
coordinate complex.** Another example reported by Hayami
and co-workers on [Co(Ci¢terpy),]*" showed an unexpected
reverse spin transition triggered by a structural phase transi-
tion.** However, the possible SMM behaviour based on the
reverse HS state was not studied. Importantly, these results
revealed that the magnetism of Co" ions is highly sensitive to
minor variations of the coordination environment and reflect the
possibility to realize simultaneous tuning of SCO and SMM
behaviours through structural perturbation.

Herein, we demonstrate an unprecedented on-off switching
of both SCO and SMM behaviors triggered by a reversible SC-SC
transformation during dehydration-rehydration of a Co"
complex, [Co"(L),](DPAS),-DMF-2H,0 (1), and its dehydrated
form [Co"(L),](DPAS),-DMF (2, L = 4'-(4-bromophenyl)-
2,2:6/,2"-terpyridine and DPAS~ = 4-(phenylamino)benzene-
sulfonate). Detailed structural analyses revealed that the SC-SC
transformation alters the local geometry of the Co®>" center and
the supramolecular interactions, which in turn leads to a revers-
ible switching of the SCO behavior. Furthermore, the change of
the spin states at low temperature results in the switching of the
magnetic anisotropy and also the SMM behavior.

Results and discussion

Dark red crystals of 1 were prepared by slow evaporation of the
DMF/H,0 solution containing the ligand L, NaDPAS, and
Co(Cl0O,),-6H,0O (see the details in experimental methods,
ESIT). Thermogravimetric analysis (TGA) of 1 (Fig. S1, ESIt)
revealed two desolvation processes: ca. 3.0% weight loss in the
20-80 °C range and ca. 5.0% weight loss in the 250-290 °C
range, corresponding to the removal of two H,O molecules
(cale. 2.5%) and one DMF molecule (calc. 5.1%). Guided by this
TGA result, orange crystals of 2 can be prepared by heating 1 at
130-180 °C. The color change can be monitored by using the
variable-temperature single-crystal UV-Vis spectra (Fig. S2,
ESIY). Interestingly, this dehydration process occurred in a SC—
SC fashion when the dark red crystals of 1 were heated at 180 °C
under a dry nitrogen gas flow on the X-ray diffractometer. Upon
exposure to air for one day, the orange crystals of 2 return to 1.
This reversible dehydration/rehydration process is fully sup-
ported by TGA, elemental analyses, powder X-ray diffraction and
magnetic studies of 1, 2 and the rehydrated sample 1-re (Fig. S3
and Table S1, ESIf). Attempts to further remove the DMF
molecules in a SC-SC fashion were not successful.

Single crystal X-ray diffraction analyses were performed on 1
at 100, 150 and 300 K and on the in situ generated single crystal
of 2 at 450, 300 and 150 K (see the details in the ESIt). Both
compounds crystallized in the triclinic space group P1 at all
temperatures measured (Tables S1-S3, ESIT). Their structures
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are very similar to each other, except for the two H,O molecules
in 1. The asymmetric units of both 1 and 2 contain one Co, two
unique L ligands (denoted as L, and Lg), tWwo DPAS™ anions and
a lattice DMF molecule (Fig. 1). The Co" center is coordinated to
six nitrogen atoms from two tridentate ligands L, and Lg in
a bis-meridional fashion, resulting in a distorted octahedron.
The continuous shape measure (CShM)** values for different
symmetries were calculated using SHAPE 2.0 and are listed in
Table S4.1 For an ideal octahedron, the CShM value is 0, while
more deviation from zero means more distortion. As we can see,
the CShM values relative to an ideal octahedron are 3.594 (100
K), 3.632 (150 K) and 4.365 (300 K) for 1, while they are 4.693,
4.653 and 4.667 for 2 at 150, 300, and 400 K, respectively, sug-
gesting a severely distorted O}, symmetry for both Co®" ions in 1
and 2. The average Co-N bond length decreases smoothly from
2.117 (300 K) to 2.078 (150 K) and to 2.074 A (100 K) for 1, while
it remains almost the same for 2 with 2.118, 2.116 and 2.117 A at
450, 300 and 150 K, respectively. These bond lengths are in
accordance with the reported values for structurally similar Co™-
terpy based SCO complexes®****-3¢ and clearly indicate that 1
undergoes a spin-crossover from 300 to 100 K, while 2 stays in
the HS state between 150 and 450 K.

Variable temperature magnetic susceptibilities of 1 and 2,
measured using both heating and cooling modes (Fig. 2a),
confirmed the different suspected behaviors. At 300 K, a xyT of
2.83 cm® mol " K for 1 indicates the HS state for a Co" center of
S = 3/2 with orbital contribution. Upon cooling, the xuT
decreases smoothly down to 0.45 cm® mol ' K at 2 K, which is
consistent with the reported values for a LS Co" center with S =
1/2 and indicates a complete SCO from S = 3/2 to 1/2.%* The SCO
temperature is estimated to be T, = 125 K. Upon heating, the
xmT curve follows the cooling curve exactly in the temperature
range of 2-300 K, suggesting no hysteretic effect, as observed in
most Co" SCO materials.*® Furthermore, the thermodynamic
xmT curve below 300 K can be simulated by the expression
(In[(1 — nus)/nus]) = [AH + T'(1 — 2nys))/RT — AS/R obtained
from a regular solution model,”” giving AH = 3.12 kJ mol ,
AS=21.56] K "mol™ ', and I' = 1.86 k] mol . These results are

Fig. 1 Asymmetric units of 1 and 2. Hydrogen atoms have been
omitted for clarity. The purple dashed lines represent H-bonds. The
two water molecules in the circle were removed through dehydration.
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Fig. 2 (a) Susceptibility temperature product xT as a function of
temperature (2—-400 K) recorded on powder samples of 1 and 2 at an
applied field of 1000 Oe. (b) Magnetization as a function of applied
magnetic field at 2, 3, and 5 K for the same sample. The solid lines in (a)
and (b) are spin Hamiltonian fits. Inset: reduced magnetization data of
2 collected in the temperature range of 2—10 K under applied dc fields
of 1-7T.

reasonable compared with other reported Co"-terpy-based SCO
complexes.®® The relatively small I' value indicates a small
cooperativity associated with the spin crossover. The sample
was then kept at 400 K within a SQUID under a flow of He for
two hours to obtain 2, whose magnetic susceptibilities were
measured in the further cooling and warming processes. A
dramatic magnetic change occurred after dehydration. The T
decreases from 3.18 cm® mol ' K at 400 K to 1.96 cm® mol ' K
at 2 K, which is typical for a mononuclear Co" complex with
a HS anisotropic spin center of S = 3/2, and retains its moment
at all temperatures.®>** The final sharp decrease in the yuT
curve at low temperature should be mainly due to the intrinsic
magnetic anisotropy of the Co" ions.*

To characterize its magnetic anisotropy, field dependent
magnetization M(H) of 2 at 2, 3, and 5 K was measured (Fig. 2b).
The M values increase continuously and reach 2.29, 2.28, and
2.22 ug at 70 kOe. An effective spin Hamiltonian H = D[S,> — S(S
+1)/3] + E(S,” — S,%) + upBgS (D and E are the axial and rhombic
zero-field splitting parameters) was employed to fit the x7(7)
and M(H) curves simultaneously using the PHI program.** The
best fit gave D = —75.1(8) em ™', E = 0.35(1) cm ', gy, = 2.35(2),
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and g, = 2.68(6). The reduced magnetization curves were also
measured (Fig. 2b, inset). The resulting isofield curves exhibit
significant separation, indicative of a strong magnetic anisot-
ropy of the Co" centers.

Furthermore, high-frequency and high-field electron para-
magnetic resonance (HF-EPR) experiments were performed on 1
and 2 at 2 K. Absorption EPR signals were obtained because of
the transmission mode employed in the HF-EPR spectrometer.
The spectrum of 1 shows typical S = 1/2 signals as expected for
a LS state of 1 at 2 K (Fig. S6, ESIt). Simulations of the data with
an S = 1/2 spin Hamiltonian afford g, = 2.22(2), g, = 2.16 (2),
and g, = 2.04(5) for 1. As for 2, the experimental spectra of the
powder sample were simulated using an S = 3/2 spin Hamil-
tonian with both positive and negative D values (Fig. 3a). The
simulation* using a negative D value (red line) matches the
experimental data better than that using a positive value (blue
line) considering the peak positions and shapes, confirming the
uniaxial magnetic anisotropy of 2.** It should be noted that as
the magnitude of the D value (—75.1 ecm™ "' from the SQUID

measurement) is out of the frequency range in our
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Fig. 3 (a) HF-EPR spectra of 2 with simulations at 140 GHz and 2 K.
The blue trace is the spectrum simulated using a positive D value, while
the red trace is the spectrum simulated using a negative D value,
proving that 2 has a negative D value. The spin Hamiltonian parameters
used in the simulations were those obtained from a fit to the 2-D field/
frequency map as in (b). (b) Resonance field vs. microwave frequency
of EPR transitions for 2. The red, blue, and black curves are simulations
using the best-fitted spin Hamiltonian parameters with the magnetic
field B parallel to the x, y, and z axes of the ZFS tensor, respectively. The
vertical dashed line represents the frequency (140 GHz) used in (a) at
which the spectra were recorded or simulated.
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measurements (260 GHz, ~ 9 cm '), no transitions between the
Kramers doublets M, = +1/2 and M, = +3/2 were observed. The
HF-EPR spectra were simulated with the D value estimated from
SQUID measurements. In addition, a least-square fit to the
entire array of HF-EPR resonances extracted at various micro-
wave frequencies gives the best-fit parameters of g, = 2.25(2), g,
=2.25(2), 8, = 2.59(5), D= —75.1(8) cm ' and E = 23.32(3) cm "
(Fig. 3b). Of course, we want to point out that as the simulation
of the HF-EPR spectra is only an estimation, the obtained g and
E values are different from what we have obtained from the
SQUID measurements. Anyway, these results clearly reflect the
easy-axis anisotropy of 2, which is also suggested by the theo-
retical calculations (vide post).

To gain further insights into their electronic properties,
CASPT2 calculations were performed on the basis of X-ray
determined geometries of 1 and 2 (see the details in the ESIT).
The calculated energy levels of the ground and first excited
doublets on both the HS states of 1 and 2 indicate a strong
mixing of the two lowest spin quartets (Table S5, ESIT).
Although the energy difference between the lowest two spin-free
states (Table S5, ESIT) for each of complexes 1 and 2 is larger
than that between the lowest two spin-orbit states (Table S6,
ESI}), the spin-orbit ground states are all composed of the
lowest two spin-free states not only from the ground one (Table
S6, ESIt). Thus, we cannot use the zero-field splitting parame-
ters D and E to depict their magnetic anisotropies. The g tensors
of the ground and first excited doublets of the Co™ of 1 and 2
were calculated (Table S7, ESIf). The results reveal a high
anisotropy with g; > g, > g, in all structures, supporting an
easy-axis magnetic anisotropy. Notably, considering that the
ground spin-orbit state is not only from the ground spin-free
state (Table S6, ESI}), the g tensors calculated using CASPT2
were obtained with respect to the effective spin of Co" being
considered as 1/2.**** However, the g tensors and also the zero-
field splitting parameters D and E using HFEPR were obtained
by considering the spin of Co™ as 3/2. We noticed that the
calculated orientations of gy, g, and g, on Co" of 2 at 150, 300,
and 450 K almost coincide with each other (Fig. S7, ESIY),
agreeing well with its HS state in the whole temperature range.

Dynamic magnetic properties of 1 and 2 were also investi-
gated. As for 1, no out-of-phase ac signals (x”) were observed
under a zero or 1 kOe bias dc field (Fig. S8, ESIt), consistent
with its LS state at low temperatures. For 2 on the other hand,
although no x” signals were observed under a zero dc field,
strong ac signals appeared under static dc fields, revealing its
slow magnetic relaxation behaviour (Fig. S9, ESIt). The
optimum dc field (1 kOe) to slow down the magnetic relaxation
was deduced from the ac measurements under different dc
fields (Fig. S9 and S10, inset of Fig. 4b, and Table S8, ESIf}).
Detailed frequency- and temperature-dependent ac suscepti-
bility data of 2 were then collected under Hy. = 1 kOe (Fig. 4a
and S11, ESIT). From these data, semicircle Cole-Cole plots
(Fig. S12, ESIT) were obtained and fitted to give the values and
distribution of the relaxation time (r and «, Table S9, ESI{).*
The « values are from 0 to 0.13, suggesting a narrow distribution
of relaxation times. From the fit of the high temperature data in
the Arrhenius plot (In(c) vs. T"*, Fig. 4b) with the Arrhenius law
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Fig. 4 (a) The in-phase (x’) and out-of-phase (x”) components of the
ac susceptibilities as a function of T of 2 in 1000 Oe dc field at different
frequencies (1-1000 Hz). (b) Natural logarithm of the relaxation time
In 7 as a function of the inverse temperature T~*. The straight red line is
a fit of the 12 points at highest temperatures to the Arrhenius law In 7 =
In 7g + Uegt/kgT. The curved green line is the best fit to the sum of the
direct and Raman processes (see ESIT). Inset: field dependence of the
magnetic relaxation times at 3 K for 2 and its approximation by the
different models assuming two magnetic relaxation mechanisms,
where only the sum of the direct and Raman processes gives a good fit.

T = 10 exp(Uesi/ksT), the effective energy barrier was estimated to
be Uegr = 34.1 K (23.6 cm™ ') with 7o = 2.1 x 10~ 5. The obtained
Uegr is far too small compared with the energy gap estimated

Chem. Sci., 2018, 9, 7986-7991 | 7989
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from the |2D| value (150 cm ') and also the calculated energy
gap between the ground and excited doublets (Table S77), sug-
gesting that the Orbach relaxation pathway is unlikely for 2. In
addition, the slight curvature at low temperature in the Arrhe-
nius plot indicates the existence of multiple relaxation path-
ways. Detailed analyses support that Raman and direct
relaxation mechanisms should dominate in the magnetic
relaxation in 2 (see the details in the ESIT). Notably, magnetic
measurements on the rehydration sample of 1 and its dehy-
drated sample confirmed again the reversibility of the
dehydration/rehydration process (Fig. S13, ESIY).

The above results clearly show that the SC-SC transformation
leads to the reversible on-off switching between SCO and SMM
(SCO-on/SMM-off (1) <> SCO-off/SMM-on (2)) in one material. Its
design principle and structure-property relationship are worth
more discussions. The design of this interesting system relies on
the unique magnetic properties of the Co™ ion. On the one hand,
the high magnetic anisotropy of the HS Co" ions has led to
numerous Co"-SIMs.*>* On the other hand, Co" compounds
have also played very important roles in SCO materials. There-
fore, by tuning the ligand field of the Co-terpy complexes
([Co(terpy),]*" and [Co(terpy)X,], X = CI~ or NCS™), Murugesu
et al. and Hayami et al. have succeeded in the preparation of
unique complexes with either SMM or SCO behaviors.**** Here,
we developed another strategy by taking advantage of the
sensitivity of the Co™ SCO compounds. In fact, since the entropy
change of SCO for a Co™ ion (S = 1/2 < S = 3/2) is much smaller
than those for Fe"™ ions, the SCO properties of the Co"
compounds are more sensitive to small structural changes, as
observed in the Co-terpy compounds with long alkyl chains.*
This feature offers a good opportunity to achieve dynamic
materials with switchable spin states. As the magnetic anisot-
ropy of the HS Co" is usually large, a dynamic material with
switching of SCO and SMM behaviours is also anticipated.

As for its structure-property relationship, careful inspection
of the structures provides some clues. A range of supramolecular
interactions, including the H-bonds between H,O, DAPS™ and L
ligands and 7-7 interactions between the aromatic rings, exist
in 1 (Fig. 5 and Table S10, ESIT). Connected by the NH---O and
OH---O H-bonds, the DPAS™ anions and water molecules form
1D ladders along the a axis (Fig. 5a). Interestingly, half of the L
ligands (L,) are locked inside the square windows of the ladders
by the CH:---O hydrogen bonds between the O atoms from H,O
and the SO;~ and C-H groups from L, ligands. Furthermore, t—
7 interactions between the pyridine rings of Lg and the benzene
rings of the DAPS™ anions were also found (Fig. 5b). After
dehydration, H-bonds involving H,0 molecules are all removed,
which has two direct impacts on the supramolecular interac-
tions. (I) The hydrogen bonded ladders no longer exist and the
locking effect of the L, ligands is eliminated. (II) The m-m
interactions mentioned above are weakened due to the rotation
of the benzene rings of the DAPS™ anions. Consequently, the L
ligands in 2 are much more loosely packed compared to those in
1, which results in a more distorted octahedron of the Co*"
center in 2. This is confirmed by a range of parameters, such as
the large CShM value of 2 at 300 K (see above), the larger
distortion parameters ¥ and O of 2 (Table S3, ESIT)," and the

7990 | Chem. Sci., 2018, 9, 7986-7991

View Article Online

Edge Article

Fig. 5 (a) The DPAS™ anions connect themselves and interact with
water molecules, forming porous 1D ladders along the a axis through
a set of hydrogen bonds, which disappear after dehydration in 2. (b) The
breaking/formation of -1t interactions (centroid:--centroid distance is
3.65 A at 300 K and 3.56 A at 100 K) between the pyridine rings of Lg and
the benzene rings of the DAPS™ anions. (c) The rotation of the L, ligand
upon the dehydration/rehydration processes in 1 and 2.

smaller dihedral angle between the least-square planes of the
two L ligands (87.48° in 1 vs. 84.99° in 2 at 300 K, Fig. 5c).
Apparently, the large distortion of the Co>* octahedron favours
the HS state and prevents the SCO from taking place in 2.

Conclusions

In summary, we demonstrated the achievement of the first
example of reversible on-off switching of both the SCO and
SMM behaviours in one single material through a crystal-to-
crystal transformation during dehydration-rehydration. The
magnetic switching occurred in a non-porous mononuclear
cobalt(ir) complex and is triggered by the modification of the
ligand field induced by changes in the supramolecular inter-
actions. These results highlight the importance of the weak
supramolecular interactions and suggest an alternative strategy
for the construction of switchable materials using SCO mate-
rials of high sensitivity and high magnetic anisotropy.
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