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ABSTRACT

A possible route to finding new optically switchable molecular
solids is to investigate the photoeffects of compounds that exhibit
an abrupt phase transition or hysteresis loop. Such compounds
must possess at least bistable states that are separated by a
potential barrier in free energy. In fact, on the basis of this idea,
we have recently succeeded in identifying three kinds of optically
switchable molecular compounds. These include an Fe'' spin-
crossover complex exhibiting light induced excited spin state
trapping effects and a Cu'' photochromic complex and an FeCo
Prussian blue exhibiting photoinduced magnetization. It should
be noted that abrupt phase transitions or phase transitions with a
hysteresis loop are observed when cooperativity due to an inter-
molecular interaction operates within the crystals. This suggests
that the introduction of intermolecular interactions such as 7—x
interactions, hydrogen bonding, or an ion—dipole interaction might
serve to achieve optical switching effects in molecular compounds.

1. Introduction

The development of novel molecular compounds whose
physical properties can be controlled by external pertur-
bations have recently been attracting great interest.! 2 In
particular, the design of optically switchable molecular
compounds is one of the main challenges in molecular
materials science because of their possible applications
for optical memory.1® However, the number of optically
switchable molecular solids reported so far is not great.
This is because the strategy that is required in order to
achieve optical switching effects in the solid state has not
been clarified as yet. Hence, the preparation of new
optically switchable molecular compounds is still a chal-
lenging issue. Along these lines, we searched for new
molecular compounds and have recently succeeded in
developing several optically switchable molecular solids.*2*
Here, we describe three examples of such phototunable
molecular compounds. They are (1) the first observation
of light-induced excited spin-state trapping for an Fe'!
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FIGURE 1. Schematic illustration of the difference (Ar) in the metal-
to-ligand bond length between the high-spin and low-spin states. It
has been believed that Fe'" and Co" complexes can never show
LIESST effects because the metastable high-spin states of the Fe'
and Co' complexes are thought to be too easily relaxed back to the
original low-spin state by tunneling effects due to the small structural
change (Ar) compared with that of Fe'. It has been reported that
Arfor Fe!, Fe'l, and Co'' complexes are about 0.18, 0.12, and 0.10 A,
respectively.

spin-crossover complex,* ¢ (2) photoinduced structural
isomerization observed in Cu'" thermochromic com-
plexes,”® and (3) photoinduced magnetization observed
in an FeCo Prussian blue®18

2. First Observation of Light-Induced Excited
Spin State Trapping for an Fe!'" Complex:
a—a Interaction System?*—6

Metal complexes with the electron configuration d* to d’
can take two different spin states, i.e., the high-spin and
low-spin states. In particular, when the ligand field is
situated just within the critical region, the metal complex
exhibits a thermally induced spin transition between the
high-spin and low-spin states. Furthermore, it has been
reported that the spin transition can be induced by
illumination.?® The photoinduced spin transition phe-
nomena is called a light-induced excited spin state trap-
ping (LIESST) effect. After this discovery, LIESST effects
have been extensively studied.?6=3° However, until now,
LIESST effects were only observed for Fe'' spin-crossover
complexes, and there are no reports on the observation
of the LIESST effect in Fe'"" and Co' molecular solids.?® It
has been thought that the different photoresponse derives
from the difference in the metal-to-ligand bond length
(Ar) between the high-spin and low-spin states. The Ar
values for Fe'', Fe''', and Co'" spin-crossover complexes are
shown in Figure 1. Because the e, orbitals that are
occupied in the high-spin state are antibonding in char-
acter, the chemical bond between the ligand and the metal
of a high-spin species is relatively weak compared with
that of a low-spin species. As a result, the ligand-to-metal
bond length of the high-spin moieties is longer than that
of the low-spin species. The characteristic property is that
the difference, Ar, for Fe'"' and Co'" is smaller than that
for Fe'. It is thought that the shorter the relative horizontal
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FIGURE 2. (A) Crystal structure for [Fe(pap)2]ClO4-H,0* (B) Schematic illustration of the molecular arrangement of [Fe(pap),]ClO4-H0. The Fe

complexes form zz—s stacking between molecules.

displacement of the low-spin and high-spin potential
wells, the faster the tunneling becomes. Hence, it is
believed that the metastable high-spin states of Fe!"' and
Co" complexes can easily relax back to the original low-
spin state by tunneling effects, even if the high-spin states
could be induced by light. This means that the metastable
state of Fe'"' and Co'' complexes cannot be trapped even
at low temperature.

However, it has been reported that several Fe'"' and Co"
complexes exhibit a thermal hysteresis loop. For such
compounds, just above the spin transition temperature
T2 ¥ (T2 ¥ = the temperature at which there are 50%
high-spin and 50% low-spin states) in the cooling mode
within the hysteresis, the high-spin phase is a metastable
one, and the low spin phase is a ground one. This means
that the metastable high-spin state can be observed
without being allowed to relax back to the more stable
low-spin state via tunneling processes or a thermal
activation process. This suggests that the observation of
the LIESST effects is not necessarily an unexpected
phenomenon, at least for Fe'"" and Co'' complexes that
exhibit thermal hysteresis or abrupt phase transitions.
Hence, we aimed at producing an Fe'"' LIESST compound.
Naturally, it should be noted that the presence of a
hysteresis loop is never directly related to the achievement
of the LIESST effects, because these depend on the
electronic structure of the excited states. Furthermore, it
has been reported that a photoinduced metastable state
is not completely consistent with the structure of a
thermally accessible high-spin state.3! However, there is
a possibility that the metastable high-spin state can be
trapped.

On the basis of this idea, we have investigated the
photoeffects of the Fe'"' complex [Fe"!(pap),]ClO4-H,0-
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FIGURE 3. ymTvs T plots for [Fe(pap),]Cl04-H;0.* The sample was
cooled from 300 to 5 K (v) and then warmed from 5 to 300 K (») at
arate of 2 K min~L. The sample was warmed at a rate of 2K min—1
after it had been quenched to 5 K (a).

(where pap = N-2-pyridiyl-methylidene-2-hydroxy-
phenylaminato),? which exhibits a hysteresis loop. As
shown in Figure 2, the Fe"' ions in the complex are
coordinated by four nitrogen atoms and two oxygen
atoms, i.e., N4O,. Furthermore, their crystal structure
(Figure 2) shows that Fe'"' molecules are bonded to each
other by the 7—x interactions of their planar ligands,
forming a one-dimensional network structure. The one-
dimensional networks are finally assembled into a two-
dimensional sheetlike structure.

The magnetic properties of the complex are shown in
Figure 3. The thermally induced spin transition appears
at Ty ¥ = 165 K on cooling and at Ty/» ! = 180 K on heating
(T2} = temperature for which there are 50% high-spin
and 50% low-spin states in the heating mode). The
hysteresis loop is about 15 K. The presence of the
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FIGURE 4. %Fe Mdssbauer spectra for [Fe(pap);]CIOsH;0 at 13K* (a) Spectrum before illumination. (b) Spectrum after illumination.

hysteresis loop in the spin transition curve originates
entirely from cooperative effects. For this Fe''' complex,
the cooperativity is thought to be derived from the
intermolecular 7— interactions of the ligands. Further-
more, as is described above, the presence of the hysteresis
loop shows that the potential barrier separating the high-
spin and low-spin phases is large enough to observe the
metastable state in the temperature range between 165
and 180K. Hence, there is a possibility that the metastable
state can be trapped on the bottom of the potential well
at low temperature for this 7—x interaction system. It
should be noted that z-stacking has been used for making
cooperative spin crossover compounds.33-35

The spin transition was triggered by irradiating the
sample with a Hg—Xe light source. The low-spin Fe'"
complex has a broad absorption band in the visible region
that can be attributed to the spin-allowed ligand-to-metal
charge transfer (LMCT) transition. It has been reported
that the excitation of the LMCT band results in the
transient generation of high-spin Fe'" fractions.3%3” Hence,
for the excitation of the LMCT band, light with a wave-
length of 400—600 nm that had passed through a com-
bination of IR cutoff and green filters was used as the
pump light. When the Fe!"' complex was illuminated in a
SQUID sample holder at 5 K, an increase in the magne-
tization value was clearly observed. This suggests that the
LIESST effect was induced by light. To confirm this, we
measured the Mdssbauer spectra before and after excita-
tion with light at 13 K (Figure 4). The Mdssbauer param-
eters before illumination are isomer shift (1.S.) = 0.11
mms~! and quadrupole split (Q.S.) = 3.08 mms™. This is
consistent with the fact that Fe'"" takes the low-spin state.
On the other hand, when it is illuminated, the original
wide quadrupole-split doublet was reduced, and new
peaks appeared. The Madossbauer parameters after il-
lumination are I.S. = 0.44 mms !t and Q.S. = 1.14 mms™.
This means that Fe'' takes the high-spin state. The
magnetic and Mossbauer measurements clearly show that
the LIESST effect was induced in the Fe!"' complex for the
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first time. This can be expressed as
1H1-LS 5, 0y «— 11—-HS 3,2
Fe (tgey) = Fe (tygeg")

It is thought that the excited LMCT state relaxed back to
the metastable high-spin state via the intermediate “T;
state.

It should be noted that this complex exhibits a frozen-
in effect. That is, when the Fe'"' complex is rapidly cooled
from room temperature down to 5 K, the high-spin state
is trapped without the spin transition proceeding from
high-spin to low-spin (Figure 3). The trapping of the
metastable high-spin state is consistent with the observa-
tion of the LIESST effects. Furthermore, the LIESST effects
were also observed for the [Fe"(pap).]PFs-MeOH complex.
This means that the previous prediction, i.e., “LIESST
effect cannot be expected for Fe'" spin-crossover com-
pounds”,?® might not be the case.

Let us mention why LIESST effects can be observed for
the [Fe""'(pap).]Cl04-H,0 compound, although this was not
originally expected to be the case. As described above, the
[Fe"'(pap).]ClO4+H,0 compound exhibits a hysteresis loop,
within which metastable high-spin or low-spin states can
be observed. It is well-known that the hysteresis loop
originates from cooperative effects. Hence, there is a
possibility that cooperative interaction due to the 7z—x
interactions might play an important roll in observing the
Fe!"' LIESST effects at low temperature. Another possible
reason is that the single configuration coordinate (SCC)
model used for the description of the nonadiabatic
relaxation of the LIESST process is a rather bad ap-
proximation for an Fe'"' spin-crossover compound with
an FeO,N,; core, and hence the observation of LIESST
effects in an Fe'"! spin-crossover compound is not unusual.
Note that it has been reported that the SCC model
becomes a rather bad approximation for Co' systems.?
Furthermore, we should note that Marcen et al. have
reported that the relaxation temperature of the LIESST
effects, T.(LIESST), is not simply controlled by the hori-
zontal and vertical displacements of the two potential
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wells, and hence other parameters such as the stiffness
of the cage complex or the twisting motion between the
ligand around the metal atom have to be investigated in
more detail.38

Finally we would like to comment on the cooperative
interaction. Recently, the relationship between cooperat-
ivity and LIESST effects has been discussed in detail.3843
However, to the best of my knowledge, the effect of the
cooperativity on the LIESST process is still controversial.
For example, Létard et al. have studied the relationship
between thermally induced spin conversions and photo-
induced high-spin to low-spin relaxation and observed
that T.(LIESST) is governed, at least in part, by the
abruptness of the spin transition.*> On this basis, they
reported that a possible strategy for increasing the tem-
perature range over which the photoinduced information
can be retained consists of increasing the intermolecular
interactions.*? In contrast, more recently they reported
that the T¢(LIESST) is insensitive to the cooperativity.3®
This means that the role of cooperativity on LIESST effects
should be further investigated. However, in our opinion,
cooperative interactions were at least in partly responsible
for the LIESST effects that were observed in the present
Fe'"" compound, which exhibited an abrupt phase transi-
tion.

3. Photoinduced Structural Isomerization_in a
Cu" Complex: Hydrogen Bonding System’#®

To search for new optically switchable molecular solids,
we have focused on solid-state thermochromic com-
plexes.**4 Thermochromic compounds have at least two
different electronic states with different colors. This sug-
gests that the two states can be switched by illumination
as well as by thermal excitation. However, most of the
solid state thermochromic complexes never show a pho-
toinduced change in color. In other words, the number
of metal complexes that can exhibit a color change
induced by light, as in the case of the Fe' LIESST
compounds, is very small. On the other hand, we have
recently discovered that a classical solid-state thermo-
chromic complex, [Cu'(dieten),](X), (X = BF, and CIOy),
where dieten represents bis(N,N-diethylethylenediamine),
exhibits a photoinduced structural isomerization.

The thermochromic properties of this Cu complex were
first reported more than 60 years ago.* The crystal
structures of the ClO, salt and the BF, salts have been
reported by Grenthe et al.*’ and Narayanan et al.,*
respectively. They show that [Cu'(dieten),]™ molecules are
bounded by CIO, or BF, species and undergo hydrogen
bonding, forming a one-dimensional network with an
alternate arrangement of [Cu'/(dieten),]™ molecules and
anions (Figure 5).

The Cu complex has absorption bands in the visible
and UV regions. The absorption in the visible region is
ascribable to the d—d transition, while that in the UV
region is ascribable to the ligand-to-metal charge transfer
(LMCT) band.* On cooling, the absorption peak in the
visible region shifts from 515 nm at room temperature to

[Cu(dieten),|(BF,),

FIGURE 5. Crystal structure of [Cu(dieten),](BFs),.4"*
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FIGURE 6. (Top) Temperature-dependent absorption spectra and
chemical structure of [Cu(dieten),](BF,),.” (bottom) Spectra (a) before
and (b) after illumination and (c) after thermal treatment to 150 K.
Inset: expanded spectra from 350 to 650 nm.’

455 nm at 35 K (Figure 6). Single-crystal X-ray analysis
shows that the copper atom is placed in a square-planar
configuration in the low-temperature (red) phase and in
a dynamically disordered, slightly tetrahedral-distorted
configuration in the high-temperature (purple) phase,
respectively.*” This means that the color change is caused
by a variation in the in-plane field strength. It should be
noted that the phase transition involving the color change
occurs abruptly, not gradually. This means that the two
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phases are separated by a potential barrier in free energy
due to cooperative interactions. Hence, this suggests that
the photoinduced phase can also be stabilized by the
cooperativity resulting from the hydrogen bonding.

The effects of illumination on the Cu'" complex were
investigated at low temperature. When the sample was
illuminated by UV light (250—400 nm), the absorption
peak at 455 nm shifted to longer wavelength in the UV
spectra (Figure 6). The color change could be maintained
at 35 K for more than several hours. This clearly shows
that the metastable state could be induced by illumination
and, in contrast to the conventional thermochromic
compounds, the resultant metastable state, a local mini-
mum in the potential well, could be trapped without
showing appreciable decay at 35 K. By analogy to previous
work, the change in the UV—vis spectra suggests that the
UV-light illumination induces a transformation from a
square-planar configuration to a slightly tetrahedrally
distorted one around the copper atom (Figure 7). This idea
is consistent with the fact that the Cu' ions, which are
generated transiently by exciting the LMCT band, favor
the tetrahedral conformation rather than the planar
structure. That is, the tetrahedrally distorted conformation,
which might be generated in the excited LMCT state, was
frozen after the back electron transfer from Cu' to dieten
was induced. It is thought that the unusually long-lived
metastable state observed in the Cu complex was realized
by the presence of a cooperative interaction by which the
activation energy in the potential curve is enhanced. This
finding suggests that, to find new optically switchable
compounds, it is valuable to test those polymeric com-
pounds exhibiting an abrupt phase transition.

4. Photoinduced Magnetization in an FeCo
Prussian Blue: lon—Dipole Interaction
System?~18
In section 2, | described a photoinduced change in the
magnetic properties.* However, this is a change at the
single molecule level with respect to the magnetic proper-
ties, and the magnetic polarity of each molecule is
completely random, which means that these systems are
not magnets. In a true magnet, each magnetic polarity
aligns ferromagnetically or antiferromagnetically. This
means that, to design photomagnets, we should pay
attention not only to the optical switching properties but
also to the magnetic interactions between spin sources.
To create a photomagnet, we have focused on FeCo
Prussian blue, where FeCo Prussian blue represents the
Prussian blue analogues with Fe—CN—Co structures (Fig-
ure 8). FeCo Prussian blue has two proximal electronic
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Vacancy of [Fe(CN)]

FIGURE 8. Structure of FeCo Prussian blue. It is thought that the
vacancies at the [Fe(CN)s] site are surrounded by six water
molecules. Interstitial alkali cations are omitted for clarity.

states, i.e., Fe''-CN—Co'"'"'S and its valence tautomer
Fe'"-CN—Co'"""S, It has been reported that a dinuclear
FeCo complex, [(NC)sFe—CN—Co(CN)s],6~ has the Fe''—
CN—Co'"'""tS structure,>® while the polymeric compound,
Coy5[Fe(CN)g]*xH,0, has the Fe'"'-CN—Co"~"S structure.
This suggests that the two states might be switched by
some subtle external perturbation. Furthermore, a strong
cooperativity is expected to operate due to the presence
of the three-dimensional CN network. Hence, it is thought
that the potential barrier separating these two phases is
relatively large, potentially enabling the observation of a
long-lived metastable state after illumination. Additionally,
it is well accepted that the CN ligand can mediate
magnetic interactions between spin sources. Hence, we
can expect that the spins on the metal ions will align
ferromagnetically or antiferromagnetically, resulting in the
production of a ferro- or ferri-magnet below a critical
temperature.

The FeCo Prussian blue can be synthesized via an
electrochemical route!®! or by a simple solution reaction
of CoCl, and A3;[Fe(CN)s] (A = alkali cation).®16718 The
stoichiometry of the FeCo Prussian blue can basically be
expressed by A Co:5-[Fe(CN)e]-zH,O. An important char-
acteristic of the FeCo Prussian blue is that it exhibits a
thermally induced phase transition involving electron
transfer between Fe and Co ions. For example, the
electrochemically synthesized compound Ay 4Co"~H5; 5-
[Fe"'(CN)g]-5H,0 (A = Na) exhibited the following phase
transition at around 260 K%

Ay ,C0" " J[Fe"(CN)s] =
A0.4C0|I_Hso.3C0|”_LS[Fe”(CN)e]

This means that following electron-transfer proceeds in
the compounds

Fe"'(tzg5ego)—CN —CO“fHS(tzgsegz) <
Fell(t2g6€go)—CN—CO“I_LS(tngego)

The phase transition is an entropy-driven process. The
observation of the thermally induced switch between the
two states is consistent with the view that the FeCo
Prussian blue has two proximal electronic states, i.e., Fe''—
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FIGURE 9. Field-cooled magnetization vs temperature curves at H
= 5 G (M) before light illumination, (@) after visible light (fn:)
illumination, and (a) after near-IR light (/1) illumination.’ The FCM
plots after visible light illumination showed an abrupt break around
26 K, ie., T = 26 K. The enhancement of the magnetization could
almost be reverted back to the original level by near-IR light
illumination.

CN—Co"'""S and Fe'""-CN—Co'"~HS, Furthermore, the phase
transition is accompanied by a hysteresis loop.1116-18 The
largest hysteresis width observed for the FeCo Prussian
blue is 40 K. The presence of a hysteresis loop derives from
cooperative effects. The abrupt spin transition with hys-
teresis shows that the potential barrier separating the two
phases is large enough to observe supercooling and
superheating phenomena. Hence, there is a possibility that
the metastable state can be trapped on the bottom of the
potential well at low temperature for this three-dimen-
sional ion—dipole interaction system.

The effects of illumination on FeCo Prussian blue were
investigated by exciting the charge-transfer band from Fe'"
to Co"'"S, Figure 9 shows the Field-cooled magnetization
(FCM) versus temperature plots of electrochemically
synthesized Ay 4Co'" S, 3Co'"""S[Fe''(CN)g]-5H,0.1° Before
illumination, the magnetization value is small, and there
are no abrupt breaks between 340 and 2 K because it is a
paramagnetic material. On the other hand, excitation of
the CT band from Co"~"S to Fe'"" with a Hg—Xe lamp at 5
K induced an increase in the magnetization value. After
illumination, the FCM plots showed an abrupt break
around 26 K, meaning that the compound turns magnetic
below 26 K.1° Additionally the plot of M versus H after
illumination did exhibit hysteresis loops (Figure 10)104
The Mossbauer,5! IR,'*17 X-ray-absorption fine-structure
(XAFS),1315 and UV—vis spectra'*® show that the Fe'-
(t2g°e,®) —CN—Co"'"15(ty,%e,0) state transferred to the Fe'!-
(t2g°e4°) —CN—Co""~HS(ty4%e4?) state. This can be expressed
as

Ao 40" ;Ca" T [Fe (CN)] —
AOACO”*HSlls[Fe“|(CN)6]

The change persisted for periods of several days when the

5000

M (cm’mol 'G)
(=]
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FIGURE 10. Hysteresis loops at 2 K (m) before illumination, (®) after
visible light (hvy) illumination, and (a) after near-IR light (hvy)
illumination.1®
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FIGURE 11. Temperature dependence of the magnetization of
Nag24C0'' =S, 55[Fe(CN)g]-4.5H,0.18 When it was cooled from room
temperature to 5 K at a rate of 10 K/min, the high-temperature phase
with the Fe''-CN-Co''—HS structure was trapped without relaxing back
to the low-temperature phase with the Fe"-CN-Co"'S structure. On
the other hand, when it was cooled at a rate of 1 K/min, a phase
transition accompanied by a thermal hysteresis was induced. The
transition temperatures were Tyl = 180 K and Ty,'= 220 K.

sample was maintained at 5 K. The metastable state
reverted back to the ground state at around 130 K.
Furthermore, the reverse process could be induced by
illumination with near-IR light at 5 K. This is the first
reported example of a molecular photomagnet, which is
different from a change in the magnetic properties at the
single molecule level.

As in the case of the [Fe!"'(pap),]ClIO4-H,O complex,
FeCo Prussian blue exhibited frozen-in effects.’® That is,
when the Nag3,Co"~HS; 35[Fe'"'(CN)g]-4.5H,0 is cooled from
room temperature to 5K at a rate of 10 K/min, the high-
temperature phase with the Fe''-CN—Co'~" structure was
trapped without relaxing back to the low-temperature
phase with the Fe""-CN—Co'"'"S structure (Figure 11). This
observation is consistent with the view that the achieve-
ment of a long-lived metastable state is related to the
presence of a strong intermolecular interaction operating
within the crystals. Furthermore, it has been reported that
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might play an important role in trapping the photoinduced metastable state for these polymeric systems.

the thermal relaxation after illumination does not follow
the exponential law, with the sigmoidal shape typical of
a self-accelerated process.>? By analogy to the relaxation
behavior observed for LIESST complexes, the sigmoidal
relaxation suggests the operation of cooperative effects
within the crystal. This observation also supports the idea
that an intermolecular interaction due to the three-
dimensional CN network plays an important role in
trapping the photoinduced metastable state.

It is important to note that several other groups have
also recently studied the photomagnetic properties of
FeCo Prussian blue from both the theoretical®*~%" and
experimental viewpoints.52585° |t has been reported that
the presence of structural disorder, i.e., vacancies on [Fe-
(CN)g] sites, plays an important roll in the photoeffects of
the FeCo Prussian blue.%’

Furthermore, we should note that several other opti-
cally switchable molecular magnets have been recently
reported.®®6! Additionally, Kawamoto et al. recently pro-
posed a new strategy to design optically switchable
systems, i.e., the design of nanosuperstructures consisting
from two kinds of bistable materials with opposite relative
stabilities.®?

5. Summary

In summary, | have shown that several molecular solids
exhibit optical switching effects. These are an Fe'" spin-
crossover complex exhibiting light-induced excited spin
state trapping effects, a Cu'"' photochromic complex, and
an FeCo Prussian blue exhibiting photoinduced magne-
tization. To find such new optically switchable com-
pounds, it seems to be valuable to examine the photoef-
fects of polymeric compounds that exhibit an abrupt
phase transition or hysteresis loop. This is because the
cooperative interaction resulting from the polymeric
structure allows one to separate the two states in free
energy by creating a potential barrier, potentially enabling
the observation of the long-lived metastable state.
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It should be noted that the design of polymeric
structures using noncovalent bonds such as the 7—x
interaction, hydrogen bonding, and ion—dipole interac-
tions are currently attracting great attention in the disci-
pline of supra-molecular chemistry. This suggests that
optically switchable compounds might be designed ra-
tionally by combining knowledge from the fields of
supramolecular chemistry and photochemistry (Figure 12).
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