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The iron(ll) compounds [Fe(3Cn-L),(NCS),] (n=6 (1), n=8(2),n=10(3), n=12 (4), n=14 (5), n = 16
(6), n =18 (7), n = 20 (8), and n = 22 (9)) were synthesized and their physical properties characterized by
polarizing optical microscopy, differential scanning calorimetry, and powder X-ray analysis, where 3Cn-L denotes
bidentate Schiff-base ligands formed from the corresponding aniline derivatives and pyridine-2-carboxyaldehyde.
The iron(1l) compounds 4-8 exhibited crystal to liquid-crystal transitions at 318, 334, 345, 338, and 347 K, respectively.
Variable-temperature magnetic susceptibility measurements revealed that the compounds 1-9 exhibit spin-crossover
behavior between the high-spin and low-spin states and a photoinduced spin transition from a low-spin state to a
metastable high-spin state. Therefore, the iron(ll) compounds 4—8 can undergo spin-crossover and photoinduced
spin transition as well as have liquid-crystal properties all in a single molecule. Compounds with multifunctions are
important in the development of molecular switches and optical materials.

Introduction

electrons are paramagnetic liquid crystals, and the mag-

Liquid crystals are fascinating functional materials and are Netic field strength required to align these is much smaller
important in the field of advanced materials such as elec- than that required to align diamagnetic liquid crystals. An

trooptic devices. Organic liquid crystals are diamagnetic and
can be easily oriented by an electric field. It is also possible
to align liquid crystals by a magnetic field in a manner similar
to that by an electric field. The construction of metal-
containing liquid crystals nietallomesogenshas recently
attracted a great deal of attentibif.Strong magnetic fields
are necessary for the alignment of diamagnetic liquid crystals.

investigation of magnetic liquid crystals containing rare-
earth ions has been reported, because these ions often have
a large magnetic anisotropgyrurthermore, in the develop-
ment of ferromagnets with liquid-crystal properties, side-
chain nickel(ll) polymeric compounds have been synthesized
and shown to exhibit cooperative magnetic propefrties.
Therefore, the development of metallomesogens with mul-

On the other hand, metallomesogens containing unpairedtifunctions (spin-crossover, mixed-valence, magnetism, con-
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ductivity, etc) is very important to achieve the co-occurrence
of various physical properties in the functional molecular-
based materials.

The spin-crossover (SCO) phenomenon occurs when
transforming between high-spin (HS) and low-spin (LS)
states reversibly, stimulated by external perturbations (e.g.,
temperature, pressure, magnetic field, or light) when the
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ligand field strength is comparable to the mean spin-pairing
energy. At low temperature, the thermodynamically stable
state is the LS state, of lowest enthaf®n the other hand,

when the temperature is higher than SCO temperature,
denotedT,/;, the HS state becomes the thermodynamically

stable state, because the entropy associated with the HS stafeigure 1.

is much greater than that associated with the LS state. It
may be possible that both the SCO and crystal to liquid-
crystal transition can be synchronized in a single molecule:
(i) the SCO compounds witfi;;, above room temperature

are necessary because the crystal to liquid-crystal transition

temperature is generally higher than room temperature for
the metallomesogens, or (ii) the crystal to liquid-crystal
transition temperature can be adjustedTip of the SCO
compounds by changing the length and type of the alkyl
chains. Furthermore, it would be interesting to investigate
the dielectric and ferroelectric properties from the point of
view of the application of these materials in future molecular
devices.

The fascinating peculiarities of SCO compounds stimulated
the idea of combining liquid crystalline and SCO behavior
in a single molecule. Galyametdinov and co-workers reported
such a SCO iron(lll) compoundS(= Y, <= S = 5,) with
liquid-crystal propertie§. This compound consists of an
iron(lll) ion coordinated to Schiff-base ligands with long
alkyl chains and exhibits a rodlike geometry. The SCO
behavior was gradual in the temperature range of-293
K, and the smectic A mesophase was observed between 38
and 418 K. Fujigaya et al. have reported a one-dimensional
iron(Il) compound with triazole derivatives, which exhibits
SCO and liquid-crystal behavior in the same temperature
region%!! However, the supposed mesomorphism of the
complexes has not been confirmed. Gaspar et al. have bee
investigating the possibility of synchronizing both transi-
tions in the iron(ll) complexes of [Fe(&trz)s](p-tol),

(n = 8, 10, and 12). They have reported that the com-
plexes exhibit a transition from the crystalline state to the
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Construction of themetallomesogerwith spin-crossover
phenomenon.

° Nu, | NCS
|'|2n+1 cno Fe
HaCoO () N \NCS
% N\ oCnH2n+1
0an2n+1
oanan

n =6, 8, 10, 12, 14, 16, 18, 20 and 22

Figure 2. Chemical structure of theaetallomesogewith a spin-crossover
core, [Fe(3@-L)2(NCS)].

The LIESST compounds can be used as optical switching
molecular devices, and various functional materials including
optical switches can be constructed.

Here, we focused on the SCO iron(ll) compounds in order
to control the liquid crystals, not only by temperature but
also by photoilluminatiori®!° The design of metallomeso-

ens containing an SCO iron(ll) center has stimulated the
roduction of unexpected advanced materials by combining
SCO, LIESST, and liquid-crystal properties (Figuré’lyhe
iron(Il) compounds [Fe(3@&L)2(NCS)] (n = 6 (1), 8 (2),
10 @), 12 @), 14 (), 16 (), 18 (7), 20 @), and 22 9))
were designed in order to construct a SCO material with

rﬂquid—crystal properties (Figure 2), where 8C are Schiff-

base bidentate ligands derived from the condensation of
aniline derivatives (with three long alkyl chains) and pyri-
dine-2-carboxyaldehyde (Scheme 1).

mesophase state, which takes place synchronously with theresyits and Discussion

spin transition224
For iron(Il) SCO compoundsS(= 0 < S = 2), light-

The iron(ll) compounds [Fe(3€L),(NCS)] were syn-

induced LS— HS conversion can be observed by illumina- thesized on the basis of the structure of [Fe(PM{RLS)]
tion. A mechanism for this phenomenon, denoted as “light- (PM = pyridylmethylene, A= aniline), in which the PM-A
induced excited spin-state trapping” (LIESST), has been ligand comprises long alkyl chains (s the length of the
proposed?4The development of novel compounds exhibit- mMethylene chaim = 6 (1), 8 (2), 10 @), 12 @), 14 ), 16

ing LIESST is one of the main challenges in this fiétd? (6), 18 (7), 20 @), and 22 9)).* For compoundsl—9, it
was not possible to prepare single crystals; therefore, the

geometrical optimization of these complexes was performed
by computer simulatio?! Létard et al. reported that the iron
atom was surrounded by six nitrogen atoms belonging to
the two NCS groups in cis positions and two bidentate
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Scheme 1. Synthesis of the Ligand 3€L? transition, and the peak at 399 KK = 24.1 kJ mot?) was
o OH o o eo °n“2;: \ o anz(;; . assigned to a mesophase-liquid transition. For compaund
jij/ @ \[ j Gy men the first peak at 338 KAH = 146.2 kJ mot?) was assigned
to a crystal-mesophase transition, and the peak at 389K (

NO, = 17.0 kJ mot!) was assigned to a mesophase-liquid
OCpHzns1 OCaHzns1 transition. For compoun§, the first peak at 347 KAH =
Han+1CaO OCyHzne1 .H2n41cn° OCqHznst 198.2 kJ mot!) was assigned to a crystal-mesophase
@ \<>/ @/ transition, and the peak at 392 KKl = 21.4 kJ mot?) was
assigned to a mesophase-liquid transition. The large peak

observed at low temperature was assigned to the crystal-
| mesophase transition, whereas the smaller peak at high
temperature was assigned to the mesophase-liquid transition.
The temperatures of the crystal-mesophase and mesophase-
liquid transitions for compound$—9 are summarized in
Table 1. The DCS results were measured in the temperature
range corresponding to the transition from the crystal to
liquid-crystal state on warming and cooling reversibly. On
cooling, the transition temperatures for the mesophase-crystal
transition of compoundd4—8 were observed at 299, 310,
325, 335, and 340 K, respectively. The free ligarisn-L
(n = 6—22), exhibit only one peak, assigned to the melting
Figure 3. Computer simulation of the molecular structure of com- point of the ligand.
pound6. The mesophase was studied by hot-stage polarized optical
microscopy, and the texture of the liquid-crystal state was
|igands?2'23Since the iron(”) CompoundS'biS(thiocyanatO)' observed by 0ptica| microscopy_ Compounds8 were
bis[N-(2-pyridylmethylene)aniline]iron(ll) exhibits SCO and  observed in the solid state at room temperature. The
the LIESST effect, the PM-A ligand was modified to give @ compounds were heated on the stage of the optical micro-
Schiff-base ligand with elongated substituents (Figure 2). In scope under polarized light and shown to exhibit mesomor-
consideration of the structure of the SCO iron(“) Compounds, ph|Sm On heating, the Compounds underwent a transition
the structures of compounds-9 have been optimized. The  from the solid state to a birefringent viscous fluid and
resultant geometrical structure 6fs shown in Figure 3. A exhibited a characteristic mosaic texture. When the com-
twisted-structure or starfish-like geometry has been proposedpounds were cooled from the isotropic liquid state to room
for the molecular structures of compountis. temperature, the same mosaic texture was observed as that
Phase transition enthalpy changes were measured byseen prior to heating. An example of this texture is revealed
carrying out differential scanning calorimetry (DSC) thermal for 8 observed under crossed polarizers, as shown in Figure
analysis for compound$—9. The DSC curves o1—9 are 5. The same texture & was also observed for compounds
shown in parts a and b of Figeit . One endothermic peak 4—7. The phase of the liquid-crystal state has not been
was observed during the heating mode of compounds identified on the basis of the texture observed by optical
3, and 9, which has been assigned to the corresponding microscopy.
melting points of these materials. It has been revealed that Temperature-dependent X-ray diffraction (XRD) measure-
compoundd, 2, 3, and9 with alkyl chain lengths oh = 6, ments were carried out to confirm the existence of this
8, 10, and 22 do not exhibit crystal-mesophase transitions.mesophase. Figure 6a shows the powder XRD patterns of
On the other hand, two peaks were observed in the DSCthe crystal and mesophase states for compalmtbserved
spectra for compounds-8. For compound, the first peak  in the temperature range from 290 to 330 K. A sharp
at 318 K (AH = 29.4 kJ mof?) was assigned to a crystal- reflection in the low-angle area §2= 4.1°) with d-spacing
mesophase transition and that at 404Mi(= 16.0 kJ mot?) of 21.5 A was detected at 290 and 310 K. THispacing
was assigned to a mesophase-liquid transition. For compoundnay correspond to the length of the elongated substituents.
5, the first peak at 333 KAH = 82.2 kJ mof?) was assigned At 330 K, the peak of @ = 4.1° disappeared and a new
to a crystal-mesophase transition, and the second peak apeak appeared a2= 2.6° (d = 33.9 A). The peak of @
402 K (AH = 26.3 kJ mot?) was assigned to a mesophase- = 19.5 (d = 4.6 A) observed below 310 K broadened
liquid transition. For compouné, the first peak at 342 K simultaneously. The formation of the mesophase is completed
(AH = 142.3 kJ mot*) was assigned to a crystal-mesophase in the temperature range between 310 and 330 K, in
accordance with the result observed in DSC. The powder

(22) Le&ard, J.-F.; Guionneau, P.; Codjovi, E.; Lavastre, O.; Bravic, G.; i -
Chasseau, D.. Kahn. O, Am. Chem. 504987 219, 10861, patterns for compounds and 6 also changed in the low

(23) Létard, J.-F.; Guionneau, P.; Rabardel, L.; Howard, J. A. K.; Goeta, @ngle region, from@ = 3.8° (d = 23.2 A)to» =23 (d
A. E.; Chasseau, D.; Kahn, Morg. Chem.1998 37, 4432. =384 A) for5 (Figure 6b) and from@ = 3.4° (d =26.0

(24) Seredyuk, M.; Gaspar, A. B.; Ksenofontov, V.; Reiman, S.; Galyamet- _ _ :
dinov, Y.; Haase, W.; Rentschler, E.; tBch, P.Chem. Mater2006 A) to 20 =22 (d= 401 A) for 6 (Figure 6¢c). On the

18, 2513. other hand, the changes in the powder XRD patterns for

NZ
A

aReagents and conditions: (i)&zn+1Br, K,COs, 80°C, 6 h; (ii) HNG;,
SiO,, 1 h; (iii) hydrazine, Pe-C, 24 h; (iv) pyridine-2-carboxyaldehyde,
3h.
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Figure 4. DSC of compound4—3 and9 (a) and4—8 (b).

Table 1. Phase Transition Temperatures for9?

transition temperature/K

compound Cr-LQ LQ-L SCoO T(LIESST)
L,n=6 350 173 63
2,n=28 345 159 61
3,n=10 352 129 65
4,n=12 318 404 230 61
5n=14 333 402 223 55
6,n=16 342 399 221 61
7,n=18 338 389 214 57
8,n=20 347 392 205 59
9,n=22 352 177 61

aCr is solid state, LQ is liquid-crystal state, and L is liquid state.

Figure 5. Texture of compoun® under crossed polarizers at 380 K.

and 8 were different from those fo#4—6. Figure 6d show
the powder XRD patterns of the crystal and mesophase statesncrease may be explained as a molecular reorientation due
for compound?, observed in the temperature range from to melting. When the samples of compoutdwere il-
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290 to 350 K. A reflection in the low-angle region was not
observed at 290 or 310 K, because the reflection peak is in
a lower angle area thar92= 2.(r. After the liquid-crystal
transition at 350 K, a new peak appeared@t22.3 (d =

37.8 A), and the peak of2= 21.6° (d = 4.1 A) observed
below 310 K was found to broaden. The formation of the
mesophase is completed in the temperature range between
310 and 350 K, in accordance with the results observed in
the DSC study. The powder XRD patterns for compo8nd
also changed, in accordance with those Tofrom 20 <

2.0° (d > 44.1 A) to D = 2.2° (d = 40.1 A) for 8 (Figure

6e). After the liquid-crystal transition, thd-spacing was
found to increase for compounds-6 and decrease fat—8.

It is thought that the phase transition behaviors are different
between compoundé—6 and 7—8.

The SCO phenomenon observed between the HS and LS
states for compounds—9 was followed by measurements
of the molar magnetic susceptibility, as a function of
temperature. The produgt,T for the SCO material is
determined by the temperature-dependent contribugigns
and ym.s according toym(T) = yusymis + (L — yus)xmis-
TheymT vs T plots for compound&—9 are given in Figure
7. Compoundsl—3 and 9 do not exhibit a mesophase
transition. They,T value for compound. is equal to 1.75
cm?® K mol~* below 70 K, which shows that about 62% of
the iron(ll) ions remained in the HS state. It is thought that
the decrease of thg,T value below 30 K is due to zero-
field splitting. On heating, the/mT values were almost
constant from 30 to 70 K and gradually increased around
the spin transition temperaturg,, = 173 K (Table 1). The
xmT value at 320 K was ca. 2.82 énK mol™%, and an
incomplete gradual SCO phenomenon was observed. A jump
in the ymT value was observed at 367 K, which is in
accordance with the melting point in the DSC data. This
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Figure 6. Temperature dependence of the powder XRD pattern for compau(als5 (b), 6 (c), 7(d), and8 (e).

luminated (at 532 nm)t& K for 1 h, they,T value increased. K and indicates that the crystal to liquid-crystal transition
This change in thg,T value persisted for many hours, even may be caused by alignment of the liquid-crystal molecules.
after the illumination was stopped. This suggests that the Compound 4 also exhibited a LIESST effect, with a
transition from the LS to HS state can be partially induced T(LIESST) value of 61 K, where about 46% of the LS
by illumination. The relaxation temperature of the LIESST fraction was induced to the HS state by illumination. The
effect is defined a3(LIESST), and the temperature depen- SCO and LIESST behaviors for compourts? were also
dence ofy,T after illumination shows that thg.,T value similar to that of4. The spin transition temperatures were
decreases with increasing temperature and that thermalT,, = 223 K for 5, Ty, = 221 K for 6, Ty, = 214 K for 7,
relaxation to the ground state occurs. TREIESST) is 63 andT,, = 205 K for 8. The T(LIESST) is 55 K for5, 61 K
K, and compoundlL was found to exhibit photoswitching for 6, 57 K for 7, and 59 K for8. It was determined that
below this temperature (Table 1). About 51% of the LS the longer the alkyl chains lengths, the greater the decrease
fraction was induced by illumination. The SCO and LIESST in spin transition temperature for compounds8. The
behaviors for compound®, 3, and9 were also similar to  T(LIESST) value was almost constant 8.
that of 1. The observed spin transition temperatures were The SCO temperatureby, for compoundsl—3 and 9
Ti2 =159 K for 2, T1, = 129 K for 3, and Ty, = 177 K for (which do not exhibit mesophase transitions) occur in the
9. The T(LIESST) is 61 K for2, 65 K for 3, and 61 K for temperature range of 12477 K, where the observed tem-
9. It was found that the longer the alkyl chains lengths, peratures are lower than those for compou#d$ (205—
the lower the spin transition temperatures fbr3. The 230 K), which exhibit mesophase transitions. The fractions
T(LIESST) was almost constant for compourids3 and9. of the SCO from the HS to LS state were 38%, 41%, 41%,
On the other hand, the magnetic behaviors for compoundsand 35% for compound$—3 and 9 (which do not exhibit
4—8 exhibiting liquid-crystal transitions were different from mesophase transitions), respectively. On the other hand, the
those for compounddl—3 and 9. The ynT value for fractions were 83%, 86%, 82%, 69%, and 55% for com-
compound4 is equal to 0.55 c&K mol~* below 80 K, which pounds 4—8, which all exhibit mesophase transitions,
shows that about 17% of the iron(ll) ions remained in the respectively. The SCO fractions for compourds8 were
HS state. On heating, the,T values were almost constant larger than those for compounds-3 and 9. Furthermore,
from 5 to 80 K and gradually increased at around the spin the SCO fractions fod—6 were between 82 and 86%,
transition temperaturd,;, = 230 K. TheynT value at 360  whereas the fractions fof—8 were between 51 and 65%.
K was ca. 3.25 cthK mol~?, showing that the SCO from  The differences in the SCO fractions may be caused by the
the LS to HS state is induced. ThgT jump associated with  differences in the mesophase transition behaviors;dthe
the crystal to liquid-crystal transition was observed at 321 spacing was observed to increase for compouhels and

Inorganic Chemistry, Vol. 46, No. 5, 2007 1793
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for the LIESST experiment were recorded in the warming mage (

decrease for compounds and 8 after the mesophase
transition.

Conclusion
Iron(ll) compounds 1—9) with long alkyl chains have
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can be widely applied, not only in the design of LIESST
compounds with liquid-crystal properties but also in the
design of a variety of optically switchable molecular
compounds.

Experimental Section

Instruments. *H NMR was measured on a Bruker AVANCE
SERIES DPX 400 instrument operating at 400 MHz (using the
deuterated solvent as the lock and the residual solvent or tetra-
methylsilane as the internal reference). Magnetic susceptibilities
of the ground samples were measured on a Quantum Design
MPMS-5S. Samples were placed into a gelatin capsule, mounted
inside a full length straw, and then fixed to the end of the sample
transport rod. Illlumination experiments were performed using a
Nd:YVOQO, laser ¢ = 532 nm) as a light source. The light was guided
via an optical fiber into the SQUID magnetometer. The sample
was placed on the edge of the optical fiber. Thésslwauer spec-
tra (isomer shift vs metallic iron at room temperature) were
measured using a Wissel MVT-1000"B&bauer spectrometer with
a5"Co/Rh source in the transmission mode. All isomer shifts are
given relative too-Fe at room temperature. The measurements at
low temperature were performed with a closed-cycle helium
refrigerator cryostat (Iwatani Co., Ltd.). DSC thermal analysis was
carried out on a SHIMADZU DSC50 differential scanning calo-
rimeter. XRD studies were performed on a Rigaku X-ray diffrac-
tometer RAD-2A with a 2.0 kW Cu K X-ray. Optical polarized
microscopy was carried out on a Nippon Chemical Industrial
Corporation polarization microscope (OPTICAL POL with a
Yanagimoto factory model MP-J3) micromelting point meter.

Materials. Unless otherwise noted, all starting materials were
purchased from commercial sources and were used as obtained.
All the ligands BCn-L, n = 6—22) and iron(ll) compounds
[Fe(3Qn-L)(NCS)] (1-9) were synthesized according to the
method described previousl§!® Anal. Calcd for GyHgoNsOeS;

(1): C,65.47; H, 8.15; N, 7.39. Found: C, 65.25; H, 8.08; N, 7.29.
Anal. Calcd for GsH11NsOsS, (2): C, 68.48; H, 8.99; N, 6.14.
Found: C, 68.37; H, 8.95; N, 6.34. Anal. Calcd fogsB140Ns06S,

(3): C,69.89; H, 9.50; N, 5.67. Found: C, 70.07; H, 9.57; N, 5.70.
Anal. Calcd for GgH164NsOsS, (4): C, 70.83; H, 9.87; N, 5.04.
Found: C, 70.67; H, 10.06; N, 5.12. Anal. Calcd far&l18dNeOsS,

been synthesized, and their properties have been character): C, 71.85; H, 10.31; N, 4.54. Found: C, 71.97; H, 10.47; N,

ized. Compoundd—8 exhibited liquid-crystal properties, as
confirmed from the results of DSC and XRD diffractions
and the texture of the compounds observed under crosse
polarizers. Compound4—9 exhibited SCO phenomena.
Furthermore, compounds-9 exhibited the LIESST effect;
i.e., three physical properties, spin-crossover, the LIESST
effect, and liquid-crystal properties, can coexist in a single
molecule for compound4—8. Moreover, the behaviors of
the mesophase transitions for compou#d$ were different
from those for compounds-8; thed-spacing for compounds
4—6increases, whereas thespacing for7—8 decreases after
the mesophase transition. Geometrical flexibility in the
molecules is very important in order to achieve co-occurrence
of various physical properties in the functional molecular-

based materials. We believe that our approach, i.e., the co-

occurrence of SCO, LIESST, and liquid-crystal properties,
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4.64. Anal. Calcd for GH212NeO6S; (6): C, 74.04; H, 10.80; N,
4.25. Found: C, 73.71; H, 10.71; N, 4.19. Anal. Calcd for

Fr3d23Ne06S (7): C,75.25; H, 11.11; N, 3.75. Found: C, 75.05;

H, 11.08; N, 3.91. Anal. Calcd for {GeH260Ns06S; (8): C, 76.40;

H, 11.52; N, 3.38. Found: C, 76.60; H, 11.70; N, 3.09. Anal. Calcd
for C158Hzg4N60682 (9) C, 75.73; H, 11.32; N, 3.63. Found: C,
75.90; H, 11.38; N, 3.35.
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