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Abstract: A neutral mononuclear Fe'™ complex [Fe™ (H-5-Br-
thsa-Me)(5-Br-thsa-Me)]-H,O (1; H,-5-Br-thsa-Me = 5-bro-
mosalicylaldehyde methylthiosemicarbazone) was prepared
that exhibited a three-step spin-crossover (SCO) with symme-
try breaking and a 14 K hysteresis loop owing to strong
cooperativity. Two ordered intermediate states of 1 were
observed, 4HS-2LS and 2HS-4LS, which exhibited reentrant
phase-transition behavior. This study provides a new platform
for examining multistability in SCO complexes.

Spin-crossover (SCO) complexes have been among the most
intensively studied switchable molecular materials over the
last few decades.! Reversible switching between the high-
spin (HS) and the low-spin (LS) states is generally accom-
panied by changes in various properties of the material, such
as magnetic, optical, and dielectric properties, and has
potential applications in information storage, sensors, and
visual displays.” More recently, the focus of SCO research has
turned towards complexes with multiple states, such as
tristable and multistable systems.”! Such systems can be
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used in new molecular devices, such as multiswitches and
ternary memory devices.

Thus, complexes that exhibit two-step and three-step spin
transitions are sought.[*! [Fe"'(2-pic);]Cl,»C,H;OH (2-pic =2-
picolylamine) exhibits a two-step SCO phenomenon, and by
using X-ray diffraction and heat-capacity measurements, it
has been shown that Fe" SCO sites form a long-range periodic
structure with a HS/LS ratio of 1:1 in the intermediate state.”
A few examples of mononuclear, polymeric,”! and poly-
nuclear<8 Fe!' complexes which undergo two-step spin
transitions have also been reported.”)

Oshio and co-workers have reported a rare multistep
multicomponent  system, [Fe"(dpp),][Ni(mnt),],-MeNO,,
which undergoes low-temperature dimerization of the [Ni-
(mnt),] units (dpp =2,6-bis(pyrazol-1-yl)pyridine and mnt =
maleonitriledithiolate)."” A two-dimensional (2D) Hof-
mann-like network, [Fe"(4-methylpyridine),(Au(CN),)], has
been reported to undergo a three-step SCO transition, of
which the structures of the intermediate states are
unknown.*" Moreover, Kepert and co-workers have reported
a three-step SCO three-dimensional pillared Hofmann-type
metal-organic framework (MOF), which exhibits long-range
ordering of HS and LS sites in the intermediate states studied
by using synchrotron-based powder X-ray diffraction
(PXRD)."e! We have reported an example of a five/six-step
SCO transition without periodic ordering in the intermediate
states, during which symmetry breaking occurs.!"!!

It has been recognized that the spin transition strongly
depends on cooperativity, which results from local structural
distortions associated with the molecular spin-state change,
coupled to long-range interactions of elastic origins in the
crystalline solid."” These interactions are primarily mediated
by intermolecular contacts, such as hydrogen bonds, m—mx
stacking, and van der Waals interactions within the crystal
lattice."

Although a few multistep Fe" SCO complexes have been
reported, Fe'™ complexes exhibiting multistep (above three
steps) spin transitions with periodicity have not been
reported. In other words, long-range ordering of HS and LS
sites in the intermediate states is extremely difficult owing to
the poor cooperativity among the Fe™ SCO complexes. Thus,
we focused on enhancing the cooperativity among ferric SCO
complexes by incorporating hydrogen bonding. In this study,
we designed a new ligand that could act as a hydrogen-bond
donor and accepter to produce an SCO complex with
reversible multistability; the resulting complex underwent
abrupt thermal transitions with hysteresis.

Angew. Chem. Int. Ed. 2016, 55, 51845189


http://dx.doi.org/10.1002/ange.201511281
http://dx.doi.org/10.1002/anie.201511281
http://dx.doi.org/10.1002/anie.201511281

GDCh
~~

Herein we report a new neutral mononuclear complex,
[Fe™(H-5-Br-thsa-Me)(5-Br-thsa-Me)]-H,O (1; H,-5-Br-thsa-
Me = 5-bromosalicylaldehyde methylthiosemicarbazone; see
Figure S1 in the Supporting Information for the structure of
the ligand), which exhibited a three-step spin transition in
both cooling and heating processes (Figure 1). Thermal
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Figure 1. Temperature dependence of the magnetic susceptibility of

1 measured in the Trange of 5-300 K in a 5000 Oe field. A complete,
reversible three-step SCO was observed (red and black curves repre-
sent heating and cooling processes, respectively).

hysteresis was observed between states I and II (ca. 8 K)
and between states III and IV (ca. 14 K). Remarkable long-
range ordering accompanies this stepwise magnetic transi-
tion: The molecule converted from all HS states to long-range
configurations of ordered intermediate states and then to all
LS states (i.e. all HS—4HS-2LS —2HS-4LS —all LS), which
were directly observed by using synchrotron single-crystal X-
ray diffraction (SC-XRD).

Complex 1 was synthesized by heating the H,-5-Br-thsa-
Me ligand, dimethylamine, and Fe(NOs);9H,O at reflux in
a mixture of methanol and water. To observe the three-step
spin-transition behavior, extremely good crystals of the
products were needed. PXRD at room temperature con-
firmed the purity and crystallinity of the complex (see
Figure S2).

Magnetic susceptibility measurements were performed on
single crystals in the temperature (7) range of 5-300 K during
both heating and cooling processes. The y,,T value at 300 K
was estimated to be 4.18 cm®>Kmol™', which is close to the
expected value of 4.375 cm*Kmol™ for HS Fe™ ions (S=
5/2). On further cooling, a stepwise decrease in the y,,T value
occurred from 4.18 to 0.54 cm® Kmol ' while cooling from 300
to 5 K, thus indicating that a spin transition from the HS to the
LS state occurred. The first transition step in the cooling
mode was centered at T1! =253 K, and the xml value
decreased to approximately 3.19 cm’Kmol™' at 245K,
which indicated a spin-state conversion involving about
30% of the LS Fe" centers. The second transition step was
centered at 236 K (T2l), and the y,T value decreased
abruptly to a value of approximately 1.67 cm®Kmol ' at
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205 K, thus indicating that a spin-state conversion occurred
involving about 70% of the LS Fe™ centers. Further cooling
gradually led to a third transition step centered at 189 K
(T31), which indicated complete conversion of the Fe'!
centers. On the other hand, in the heating mode, the three
transition steps were centered at 202 (T1T), 236 (T2T), and
260 K (T3T) with a hysteresis of approximately 14 K between
states III and IV, approximately 2 K between II and III, and
approximately 8 K between I and II with a scan rate of
5Kmin'.

Next, we investigated the effects of the scan rate on the
hysteresis (see Figure S3). At all scan rates, the three-step
hysteresis was observed during the cooling and heating
processes (see Table S1 in the Supporting Information).
However, only the loop width was slightly dependent on the
scan rate; the shape of the loop was not affected. The largest
AT values were 14 K between states III and IV at 5 Kmin ™'
and 10 K between states I and II at 8 Kmin ™', mainly because
the barrier for spin conversion between the HS and LS states
is not large. The results indicate that 1 undergoes a complete
three-step spin transition via two intermediate states: state I
(HS)<sstate II (2:1 HS/LS)<«>state III (1:2 HS/LS)«sstate IV
(LS). To the best of our knowledge, no mononuclear Fe™
complex exhibiting multistep hysteresis, that is, multistability,
has been reported previously.

We performed differential scanning calorimetry (DSC)
measurements to confirm the above results (see Figure S4).
We observed a sharp peak at approximately 260 K and two
smaller peaks at 200 and 238 K, respectively, in the heating
mode, whereas three peaks at approximately 194, 235, and
254 K were observed in the cooling mode, thus confirming the
presence of the hysteresis loop. These results support the
occurrence of a cooperative first-order transition.

Next, we studied the metastable state of 1 (state V). When
the sample was irradiated with 532 nm continuous-wave laser
light at 5 K, an increase in magnetization was observed (see
Figure S5), thus indicating that light-induced excited-spin-
state trapping (LIESST) occurred. The y,,T value increased
from an initial value of 0.54 cm*Kmol ' to a saturation
regime at 0.90 cm*Kmol ™' over 2 h, and then upon heating,
the metastable state relaxed back to the LS state at
approximately 70 K, thus indicating that approximately
10% photoconversion from the LS to a metastable HS state
(state V) occurred. It is known that approximately 10%
photoconversion is normal for ferric complexes owing to the
relatively fast relaxation of the photoinduced HS state, and
only the Fe species in the surface layer exhibit the LIESST
effect because Fe™ complexes strongly absorb in the visible
region. In general, one-step thermal relaxation of the
metastable state (state V) is common because the metastable
state is not completely the same as the HS state. This result
clearly suggests that 1 is a photoresponsive complex.

SC-XRD was performed on the same single crystal at
various 7 values in the synchrotron beamline NW2A at KEK,
Japan. In the first stage, oscillation photographs were
acquired along the c*axis of the crystal to verify the
differences in the Bragg reflections for states I-IV at 295,
245,205, and 100 K, respectively. The ¢ axis parameter tripled
on the basis of the extra Bragg reflections (Figure 2), thus
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Figure 2. Single-crystal diffraction images along the ¢* direction at
a) 100 K and d) 295 K; and along the ¢'* direction at b) 205 K and
c) 245 K. New Bragg reflections appeared in images of the interme-
diate states. The ¢* direction was determined from indices derived
from the data obtained at 100 and 295 K, and the ¢’* direction was
determined from indices derived from the data obtained at 205 and
245 K.

clearly indicating the ordering of the spin states in the
intermediate states (states II and III).

Moreover, we were able to fully characterize the single-
crystal structure of each state, including intermediate states II
and III (see Table S2 for a summary of crystal data). At 295 K
(state I, HS), complex 1 was determined to be in the
monoclinic Cc space group (Flack parameter: 0.005(3)): a =
8.9090(1), b =23.1573(2), ¢ =11.4302(1) A, and V =2357.63-
(4) A%, The asymmetric unit consists of one independent Fe"
center, H-5-Br-thsa and 5-Br-thsa ligands, and an uncoordi-
nated water molecule (Figure3a). The metal center is
hexacoordinate with an N,0O,S, donor set. The Fe-N and
Fe-S bond distances at 295 K were determined to be 2.113(4)/
2.135(4) and 2.394(2)/2.450(2) A, respectively, which are
characteristic of HS Fe™ com-
plexes.

When T was decreased from
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(a) State 7, HS (b) State 7V, LS

(d) State III, 2HS:4LS

Figure 3. Crystal structures for the different states of complex 1 with
H atoms omitted for clarity: a) state I, all HS; b) state IV, all LS;
c) state I, 4HS-2LS; d) state I, 2HS-4LS.

For state II, each molecule has the same coordination
environment with an N,O,S, donor set but a different
geometry (Figure 3¢). From the average bond lengths (Fel-
N: 2.011(6) A, Fe2-N: 2.018(6) A), Fel and Fe2 are mainly
LS ions, whereas Fe3, Fe4, Fe5, and Fe6 molecules are mainly
HS ions (Table 1). This result clearly indicates that HS and LS

Table 1: Fe—N and Fe-S bond lengths [A] of complex 1 at 100, 205, 245, and 295 K.

room temperature to 245K

e 100 K 205 K 245 K 295 K
(state IT), the crystal quality did
not decrease, and the crystal data ~ Fel=N 1.946(2)/1.952(2)  1.966(6)/1.985(5)  2.000(6)/2.022(6)  2.113(4)/2.135(4)
indicated that the svmmetry was  Fe2~N - 1.996(6)/2.019(5)  2.017(6)/2.020(6) -
- Syn y Fe3-N - 2.011(7)/2.016(6)  2.080(6)/2.103(6) -
reduced to the triclinic P1 space ., p B 1.966(7)/1.983(6) 2.047(6)/2.053(6) B
group (Flack parameter: 0.017 (4))  fes-N - 2.037(6)/2.063(6)  2.088(6)/2.095(6) -
with six crystallographically dis-  Fe6-N - 2.035(7)/2.059(6) 2.049(6)/2.059(6) -
tinct Fe'! molecules: a=8.9133(1),  Fe,s-N¥ 1.949(2) 1.993(6) 2.015(6) -
b=124010(1), c=34.0378(4) A, FewsN" - 2.049(6) 2.072(6) 2.124(4)
and V=351033(7) A>. As com- €IS 2243(1)/2.261(1)  2.255(2)/2.286(2)  2.292(2)/2.332(3)  2.394(2)/2.450(2)
. Fe2-S - 2285(3)/2.321(2)  2.297(3)/2.333(3) -
pared ‘o statel, the aaxis of ., ¢ - 2299(3)/2330(4)  2372(4)2417(3) -
state I is barely changed. How-  pes g - 2.261(3)/2.288(2)  2.323(4)2.369(4) -
ever, the b and c axes are nearly  Fe5-S _ 2.333(3)/2.369(4) 2.370(3)/2.417(4) _
half and three times as long than  Fe6-S - 2.334(4)/2.371(3)  2.338(4)/2.372(5) -
those of stateI (see Figure S6), Fes—S" 2.252(1) 2.291(3) 2.314(3) -
consistent with the results of the  Fens=S" 2.352(3) 2.372(4) 2.422(2)

SC oscillation photograph studies.

www.angewandte.org

[a] Average Fe—N bond length. [b] Average Fe-S bond length.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2016, 55, 51845189


http://www.angewandte.org

GDCh
) —

states of the Fe'' sites are ordered in state II in a HS/LS ratio
of 4:2 (4HS:2LS), which is consistent with the analysis of the
magnetic data (x,7=3.2 cm*Kmol ', ca. 70% HS states).

At 205K (Figure 3d, state IIT), new Bragg reflections
appeared in the oscillation photographs along the ¢'* axis. The
diffraction data indicate that there are six crystallographically
independent Fe™ molecules, of which Fel, Fe2, Fe3, and Fe4
are mainly LS and Fe5 and Fe6 are HS. As for state II, the
triclinic P1 space group was observed (Flack parameter:
0.006(3)): a=8.9127(1), b=12.3885(1), c =33.894(4) A, and
V' =3491.76(7) A’. The data clearly show that the ratio of HS
and LS sites is 2:4, which is consistent with the magnetic data
(¢uT=1.5cm’Kmol ™, ca. 30% HS states).

At 100 K (Figure 3b, state IV), the symmetry changed to
the monoclinic Cc space group (Flack parameter: 0.015(2)),
thus indicating that the unit cell contains only one LS Fe™
complex: a =8.9000(1), b =23.0478(2), c = 11.2492(1) A, and
V =2306.87(4) A®. The extra Bragg reflections disappeared at
100 K (Figure 2 a), thus indicating that the 2HS-4LS ordered
state disappeared and the state IV formed. The Fe-N and Fe—
S bond distances were 1.946(2)/1.952(2) and 2.243(1)/2.261-
(1) A at 100 K, respectively, which correspond to an LS Fe™"
center.

The one-dimensional (1D) packing structure of 1 in
states I and IV is similar, with ordered regions of molecules of
the same spin states (Figure 4). However, in the packing
structures of the intermediate states, there are ordered
regions of HS and LS sites. For state II, long-range ordering
of [4HS-2LS] moieties was observed, whereas for state III,
long-range ordering of [2HS—4LS] units was observed. The
ordering of the HS and LS sites in the packing structure is

(d) State 17, LS

Figure 4. Packing structures of the four different states of 1: a) state I;
b) state Il; c) state Ill; d) state IV. The ordering of HS (red) and LS
molecules (green) is clear.
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mediated by two sets of intermolecular hydrogen-bonding
interactions. There are three kinds of hydrogen bonding (see
Figure S7). One is intermolecular hydrogen bonding with
water molecules (i.e., O ey H O o)), Which are present in
each state. The second is intermolecular hydrogen bonding
between the molecules of 1 (i.e., Nipigey"HO(c-0)). These
H bonds are relatively strong noncovalent interactions in the
LS state (donor-acceptor (D--A) distances are 2.713(4)/
2.826(4) A, D-H-A angles are 167/175°), whereas they are
somewhat weaker in the HS states (D--A distances are
2.822(6)/2.929(6) A, D-H-A angles are 168°/174°). Thus, the
HS state is arranged in a zigzag chain structure. The last type
of intermolecular hydrogen bonding is that with H,O
molecules bridging molecules of 1 (i.€., N omethiney H** O waten)
and O yutery H* "N somethine)) and causes the formation of a 1D
chain structure. A mixture of the last two types of H bonding
significantly contributes to the 2D structure and the ordering
of the HS and LS sites (Figure 5), as well as the spin
transitions and structural variations.

Figure 5. 2D packing structures of the intermediate states with differ-
ent distributions of HS and LS sites: a) state II; b) state IlI.

To gain a deeper understanding of the mechanism for the
three-step spin transition in neutral Fe™ mononuclear com-
plexes with strong cooperativity, we compared several models
that may be applied to the present case. The Ising-type HS/LS
models derived from the Gorski-Bragg—Williams or Slichter—
Drickamer approach assume a single crystallographic Fe site
in a mean environment (mean field) and neglects correlation
effects."! However, Landau theory, which explicitly accounts
for changes in crystal symmetry and the coupling of the
ordering and spin-transition processes, is applicable for the
present three-step spin transition because long-range elastic
interactions depend upon strong intermolecular contacts to
communicate the spin transition to every Fe" center in the
lattice. DFT calculations and simulations based on a modified
Landau theory are currently in progress to elucidate the
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crystallographic symmetry breaking accompanying the multi-
step spin-transition behavior of 1.

In summary, we have prepared the first neutral mono-
nuclear multistep Fe™ SCO complex, which underwent
symmetry breaking and exhibits a 14 K hysteresis loop. X-
ray diffraction analysis clearly indicated that there were four
spin states (states I-IV) with different long-range orderings of
the HS and LS sites and one metastable spin state (state V).
Two ordered intermediate states of 1 were observed: 4HS—
2LS (state IT) and 2HS-4LS (state III), which exhibit reen-
trant phase-transition behavior. Furthermore, this study
provides a new platform for examining multistability in
SCO complexes because it is possible to control the number
of stable states by increasing the flexibility to allow for
symmetry breaking and to incorporate hydrogen bonds to
enhance cooperativity.

Experimental Section

The Schiff base ligand H,-5-Br-thsa-Me (H,L) was synthesized by
a condensation reaction of 2-hydroxy-5-bromobenzaldehyde and 4-
methylthiosemicarbazide. The product was purified in hot ethanol
and obtained in 70% yield. Single crystals suitable for X-ray
crystallographic analysis (see the Supporting Information) were
obtained by recrystallization from ethanol. Elemental analysis (%)
calcd for CoH,;(BrN;OS: H 3.50, C 37.51, N 14.58; found: H 3.47, C
37.62, N 14.43.

Synthesis of [Fe"!(H-5-Br-thsa-Me)(5-Br-thsa-Me)]-H,O (1): H,-
5-Br-thsa-Me (0.288 g, 1 mmol) and a solution of 45 % DMA (0.225 g,
2 mmol) in methanol were heated in methanol (50 mL) and water
(0.5mL) at 80°C. Fe(NO;);9H,0 (0.202 g, 0.5 mmol) was slowly
added, and the resulting mixture was heated at reflux for a further 8 h
and then allowed to cool to room temperature overnight. The black
precipitate that formed was collected by filtration, washed with
acetone/water, and dried in a vacuum for 4 h. Single crystals suitable
for X-ray diffraction were obtained through a layering reaction in
about 55%  yield. Elemental analysis (%) caled for
CsH oBr,FeN,O;S,: H 2.96, C 33.41, N 12.99; found: H 2.93, C
33.77, N 12.76.
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