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Molecular environment has a significant impact on
the dynamics and reactivity of molecules, particularly
when the molecules are confined in a rigidly tied
space.>2 In such a surrounding, guest molecules may
experience a different reaction pathway due to chemical
as well as steric interactions with the host environment.
Unlike the case where reactive species are embedded
in vesicle membranes and Langmuir—Blodgett films, in
inclusion complexation, guest molecules are supramo-
lecularly encapsulated by host molecules through bind-
ing interactions such that the confined guest becomes
rigidified and loses conformational freedom. These are
part of the consequence, and further, a number of
uncommon chemical/physical properties are anticipated
to result, depending on the inclusion structure and
external conditions.

Taking advantage of part of the above notion, we have
developed a new strategy for nonlinear optical (NLO)
materials whose chromophores are supramolecularly
included in the helical cavity of amylose.® It was found
that solution-cast thin films of the supramolecular
complex displayed a self-assembly/self-poling, which
induced a significantly large second harmonic genera-
tion*® and an excellent long-term polar stability.*
Further advantages for the material properties are
enhanced thermal and photochemical stabilities and
mechanical integrity of chromophores.#67 A recent
observation® revealed that the hyperpolarizability of the
chromophores is doubled by the inclusion complexation
with a helical amylose?® relative to the noninclusion free
state in solution.

Few studies have been made with respect to thermal
stability® of the bound guest in amylose inclusion. In
this communication, we report thermally induced con-
formational transitions of a hemicyanine dye, 4-[4-
(dimethylamino)styryl]-1-docosylpyridinium bromide
(DASPC,,), confined in a helical amylose (forming a 1:1
complex)!? in the solid state, making a comparison with
that in solution. This is the first report of an unusual
thermochromism of the dye that is associated with
restricted chromophore conformations in the confine-
ment of the rigid helical host in the solid state.

Amylose - DASPC22 Inclusion Complex

It is known that conjugated dyes in amphiphilic
multilayers!® as well as in solution!” and conjugated
polymers®1® in solid films and in solution as well
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Figure 1. Temperature effect on visible spectra of amylose—
DASPC,; inclusion complex in water; the dashed line indicates
that the sample was heated at 100 °C, and the spectrum was
recorded at room temperature.

undergo a marked conformational transition with in-
creasing temperature, exhibiting a reversible thermo-
chromism that is commonly represented by a linearly
increasing blue shift of the absorption maximum, Amax,
with temperature. This is largely due to the loss of
coplanarity in the conjugated chromophore.

Since amylose is a polymeric host with multiple
binding sites, once incorporated, the guest molecules are
rigidly bound (K, = 2 x 105 M%) with increasing carbon
chain length or hydrophobicity. As a result, the rota-
tional freedom around the chromophore (in the inclu-
sion) is substantially restricted even at an elevated
temperature in solution, compared to the case of the
noninclusion free dye. This results in an enhanced
fluorescence emission of the chromophore.32° Our earlier
fluorescence study? suggests that the binding of DASPC,;
to the host amylose (at room temperature) is reduced
with increasing water content in DMSO—H,0O mixtures,
anticipating that, in 100% water, conformation of the
included dye becomes less restrictive and that, at a
critical temperature, some of the bound dye may be
freed from the inclusion and moves into bulk water.

Indeed, heating an aqueous solution of the inclusion
complex at 90 °C causes a pronounced conformational
change, showing a blue shift (to 488 nm) of the Amax (496
nm) and a significant decrease of the absorbance (Figure
1), while heating it at 60 °C causes only a minor change
(relative to 30 °C). The worst situation occurs at 100 °C
where the Amax is further blue-shifted to 484 nm, along
with an appearance of a shoulder around 410 nm, which
is associated with the dye aggregation. This seems to
suggest that some of the dye molecules are released from
the inclusion into the bulk water, existing as free dye
and/or dimeric aggregates. Such blue shifts and the
decrease of absorbance by increasing the temperature
seem to be the result of a decrease in intramolecular
charge transfer (ICT) of the guest dye due to a disrup-
tion of the planar s-conjugation. This is a direct
consequence of abrupt decrease of the guest binding to
the host.

It is conceivable that the extent of thermal impact on
conformational transition of the inclusion dye in solid
films should be much less than that in solution due to
a tighter guest binding and a restricted helical deforma-
tion. It is therefore extremely difficult for dye molecules
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Figure 2. Reversible thermochromism of the amylose—
DASPC,; inclusion complex in a solid thin film (ca. 1 um in
thickness).

to be freed from inclusion unless being melted and
decomposed.?!

Solid thin films?2 of the inclusion complex change
color, darkening” with increasing temperature. As seen
in Figure 2, the Amax 494 nm of the solid thin film at
room temperature has no measurable change up to 50
°C, but above that temperature, it exhibits a small red
shift gradually with increasing temperature but remains
almost unchanged with a further increase of tempera-
ture over 100 °C.%® When the heated sample is cooled
to room temperature, it reverses to exactly the same
initial spectrum. Such a reversible thermochromism can
be repeated many times without spectral changes. This
is in strong contrast to that observed in solution.
Whatever the reasons, bathochromic shifts of Amax are
the thermally induced enhancement of ICT which is
correlated to an extensive m-conjugation of the chro-
mophore in the supramolecular complex. This behavior
is uniquely uncommon and is attributed to the helical
confinement. To understand these situations, it is
essential to probe the local environment change around
the chromophore (in the host cavity) induced by the
temperature increase.

Since the guest dye fluoresces strongly (10—100 times)
under the inclusion,32324 the chromophore itself can be
used as an environmental probe to monitor the steric
restriction (binding state) around the probe in the cavity
upon varing the temperature. It was observed that the
temperature effect on the fluorescence emission (of the
dye) is different between the inclusion and the nonin-
clusion free states. This is attributable to a high
guantum efficiency and longer lifetime®23 in the former
compared to the latter which suffers a great deal from
the internal quenching,?® resulting from twisting of
bondings to a nonplanar state. A control experiment was
carried out to assess the temperature effect on the
emission intensity of the free dye (without amylose)?®
dispersed in a poly(methyl methacrylate) film or dis-
solved in DMSO. In both cases, the emission intensity
decreased (more in solution) in a linear fashion with
increasing temperatures (a 10—15% decrease per every
10 deg) between 20 and 80 °C.

The temperature dependency of the emission intensity
of the inclusion dye is far from the linear fashion that
was observed for the dye in the noninclusion free state.
It is worth noting that the emission intensity (at 620
nm) of the inclusion dye in water at 60 °C exhibits a
sharp decrease from that at 30 °C (Figure 3) while the
absorbance change between the two temperatures is
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Figure 3. Temperature effect on fluorescence emission of the
amylose—DASPC,; inclusion complex in water.
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Figure 4. Temperature effect on fluorescence emission of the
amylose—DASPC,; inclusion complex in a solid thin film (ca.
1 um in thickness).

only minor (Figure 1), meaning that the conformation
(ICT state) of the chromophore of the guest dye does
not seem to be significantly altered, despite a large
decrease in guest bindings. However, at 90 °C, a marked
change seems to occur in the conformation, although the
majority of the dye molecules is assumed to remain still
in the inclusion state.

Since no chemical change would occur with the guest
dyes in the solid-state inclusion at 90 °C (the decompo-
sition starts around 250 °C),%2! they must maintain the
same 1:1 stoichiometry with amylose. As shown in
Figure 4, only a small decrease (compared to that in
solution (Figure 3)) in fluorescence intensity is observ-
able at 60 °C, while a noticeable decrease is observed
with increasing temperature to 90 °C. This situation
should correspond to the bathochromic shift in the
absorption spectra (Figure 2); up to 50 °C no measurable
red shift is observed, but above this it starts to appear.
Taking into account that the fluorescence decrease at
90 °C in the solid state (Figure 4) is still less than that
at 60 °C in solution (Figure 3), where the decrease of
the ICT is insignificant, relative to 30 °C (Figure 1), the
ICT decrease in the solid state is unlikely to occur
between 30 and 90 °C. The chromophores (in solid-state
inclusion) at 90 °C seem to acquire a significant con-
formational freedom, partly because of thermal expan-
sion of the helical cavity. However, the helical expansion
still undergoes a restriction due to a relatively close
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packing of the rigid-rod supramolecules in the solid
state. Conversely, when the temperature is lowered to
room temperature, the once expanded helical coil size
is reduced, reverting to the initial state. The red shift
of the Amax from 494 to 505 nm (Figure 2) upon heating
(30 to 90 °C) the solid thin film can be interpreted as a
result of the extended coplanarity of the conjugated
chromophore, which may result from a relief of local
constraints on the chromophore, so that a conforma-
tional realignment may occur in an energetically favor-
able manner. It is, however, unclear why such a
particular temperature range is critical to attain the
enhanced conjugation (red shift of 1nax), but it can be
associated at least in part with the ordered packing of
the rigid-rod helical host in the solid state.

In conclusion, supramolecular solid thin films of the
amylose-DASPC,, dye inclusion complex exhibited an
unusual thermochromic behavior, the characteristics of
which are that the Amax is red-shifted by increasing
temperature from 50 to 90 °C and exactly reversed when
the temperature was lowered. On the contrary, the
trend in solution is just the opposite, as commonly
known for thermochromisms of organic molecules in the
solid state as well as in solution; the Amax is blue-shifted
with increasing temperature. Fluorescence emission
from the inclusion dye indicates that the temperature
increase results in the reduction of dye bindings to the
helical host, which subsequently induces disruption of
chromophore conjugation in solution, whereas in the
solid state, a partial reduction of dye binding assists the
dye conformation to realign into a more extended
conjugation state. This unusual thermal effect seems
to be closely related to the guest environment under the
tight confinement and ordered packing of the rigid-rod
supramolecular chromophores in the solid state.
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