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Molecular switches have attracted persistent interest
due to their potential applications in data storage!? and
sensor systems.34 So far, various switching systems
have been proposed based on photochromism,>~7 fluo-
rescence,® intersystem crossing,®' electrochemically
and photochemically induced changes in liquid crys-
tals,'12 and photoinduced electron transfer and energy
transfer.13-15 Chiral switches, which endow the revers-
ible change in chirality with the other reversible proper-
ties, are particularly attractive. Many chiraloptical
switches® and chiral memory systems!’ have been
proposed. In this communication, we propose a dye—
DNA film system which exhibits a reversible change in
chirality. DNA (deoxyribonucleic acid) is one of the most
fascinating polymers found in nature and shows many
unique structural and functional properties such as
double-helix, chirality, and intercalation with certain
dye molecules. Some achiral dye molecules can exhibit
induced chirality when intercalated into DNA.*® Previ-
ously, we have found that cationic dye TMPyP (tetrakis
(N-methylpyridinium-4-yl) porphine, Scheme 1) could
be incorporated into a layer-by-layer (LbL) assembled
DNA/PAH (poly (allylamine hydrochloride)) film, and
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Scheme 1. Chemical Structure of Free Base
TMPyP
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induced circular dichroism (ICD) of TMPyP could be
observed due to the intercalation of TMPyP into DNA.1°
In this work, we further found that the induced chirality
of TMPyP—DNA/PAH film could be wiped off by expos-
ing the film to HCI gas. Interestingly, the ICD could be
recovered by subsequently exposing the film to NH;3 gas
and water vapor. This process could be repeated many
times and the film could be used as a chiral switch.

An LbL assembled DNA/PAH film was formed by the
alternating deposition of a quartz plate in DNA (Wako
Pure Chemical Industries, pH 6.8, 1 mM) and PAH
aqueous solutions (average mol. wt. 8500—11000, Nip-
pon Boseki, pH 2.4, 1 mg/mL). Loading of TMPyP into
the DNA/PAH film was performed by immersing the
DNA/PAH film into a TMPyP aqueous solution (pH 9.0,
1 mM) for 10 min. In investigating chiral switching, the
film was subjected to HCI gas, NH3 gas, and water vapor
for 30 s, respectively, and then the UV—vis and CD
spectra were recorded immediately after exposure.
Water vapor was obtained by heating the water at about
70 °C. To get correct CD spectra, the film was placed
perpendicular to the light path and rotated within the
film plane to avoid the polarization-dependent reflec-
tions and eliminate the possible angle dependence of the
CD signals.?0:2

Figure 1B shows the UV—Vis spectral changes of the
TMPyP-incorporated DNA/PAH film in various condi-
tions. The as-prepared film shows two distinct absorp-
tion bands at 439 and 262 nm, which can be attributed
to the Soret band of free base TMPyP and the charac-
teristic absorption of DNA, respectively. When the film
was exposed to HCI gas, its color changed from yellow
to green in a few seconds and the maximum absorption
band of TMPyP was red-shifted to 455 nm. This band
can be ascribed to the protonation of the TMPyP in the
inner nitrogen atom.2? Further verification of the pro-
tonation of TMPyP can be from the fact that four peaks
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Figure 1. CD (A) and UV—Vis (B) spectral changes of the
TMPyP-incorporated DNA/PAH multilayer film in various
conditions: dashed line, as-prepared; dotted line, exposed to
HCI gas; dashed-dotted line, exposed to NH; gas; and solid
line, exposed to water vapor.

of the Q-band diminished into two after exposure to HCI
gas. The absorption band of the DNA base pair is also
slightly red-shifted and its bandwidth increased, indi-
cating the protonation of base pairs. This protonated
TMPyP/DNA/PAH film was stable and would not change
in the air for a long time. However, if this film was
exposed to NHj3 gas, its color recovered immediately and
the Soret band appeared at 432 nm. This band is
slightly blue shifted about 7 nm as compared with the
as-prepared TMPyP-incorporated DNA/PAH film. This
suggests that reorganization may occur for the dye
molecules in the film during the vapor-exposing process.
The peak position and bandwidth of the DNA base pair
are also recovered precisely. When such film was further
alternately exposed to HCI and NHj3 gases, the spectral
changes went on in a manner similar to the above,
indicating that the process was reversible. In addition,
when the NHs-exposed TMPyP/DNA/PAH film was
further exposed to a water vapor, the Soret band of
TMPyP appeared at 434 nm without changing the
positions of the other absorptions.

Figure 1A shows the CD spectral changes of the
TMPyP-incorporated DNA/PAH film with the corre-
sponding UV—Vis spectral changes. In the CD spectrum
of as-prepared TMPyP-incorporated DNA/PAH film, two
CD bands are observed. One is ascribed to TMPyP
where positive and negative Cotton effects are observed
at 423 and 445 nm, respectively, with a crossover at 432
nm. The other is the negative Cotton effect at 268 nm.
The positive and negative Cotton effects at 423 and 445
nm can be ascribed to the electrostatically attached and
intercalated TMPyP, respectively.?® The negative Cotton
effect appearing at 268 nm can be assigned to DNA. The
Cotton effect for DNA is obviously different from the
spectrum measured in solution. This is because DNA
formed the so-called polymer-salt induced (PSI) ag-
gregate during the assembly with PAH in the film.2425
Upon exposing the film to HCI gas, however, the ICD
of TMPyP disappeared completely. When we exposed
the film to NHj3 gas, although the UV—Vis spectrum was
recovered, as shown in Figure 1B, the ICD signal did
not recover. Surprisingly, we found that the ICD could
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Figure 2. ICD magnitude (A6 = 0434 nm — 60414 nm) Of TMPYP
as a function of exposing cycles.

be recovered by subsequently exposing the film to the
water vapor. After the film was treated by the water
vapor, positive and negative Cotton effects were ob-
served at 414 and 434 nm, respectively, as shown in
Figure 1A. Such process can be repeated. That is, when
the film was further exposed to HCI gas, the ICD
disappeared and it could be recovered by exposing the
film to NH3 and subsequent water vapor. The magni-
tude of the negative ICD of TMPyP was plotted as a
function of exposing cycles and is shown in Figure 2. It
was clear that the ICD of TMPyP become near zero
when the film was exposed to HCI, whereas it recovered
nearly to its original intensity when the film was
exposed to water vapor. Such process can be repeated
more than 10 cycles. After 10 cycles, a reduction of the
ICD intensity was observed.

It is well-known that TMPyP can interact strongly
with DNA through intercalation, which results in the
ICD of TMPyP.18 Upon exposing the film to HCI gas,
TMPyP and DNA base pairs were protonated. Such
protonation could cause strong electrostatic repulsion
between the protonated TMPyP and DNA base, which
resulted in the change of DNA conformation and the
deintercalation of TMPyP. Therefore, no ICD was
observed when the film was exposed to HCI gas. When
the film was exposed to NH3 gas, although TMPyP and
DNA recovered to its original charge, the deintercalated
TMPyP could not interact with DNA yet. When the film
was further exposed to water vapor, DNA could return
to its natural B-form conformation and the water
molecules help TMPyP interact with the base pairs of
DNA, which resulted in the appearance of ICD of
TMPyP. This can be verified from the CD spectra of the
TMPyP/DNA in the UV region. The film after treatment
with water vapor shows negative and splitting positive
Cotton effecs at 250, 276 and 288 nm, respectively, with
a crossover at 262 nm, which is similar to that of TMPyP
intercalated DNA in solution.26 We could get the repro-
ducible results in many experiments.

It is noted that both the CD signal of DNA and the
ICD signal of TMPyP appeared in a different manner
between the as-prepared film and the film exposed to
water vapor. The latter CD spectra can be repeated
many times upon alternate exposure to HCI—-NH3 and
water vapor. This is because, at the beginning, the DNA/
PAH film forms a PSI film containing aggregate of
DNA.25 When the film was immersed into the aqueous
TMPyP solution, TMPyP could incorporate into the film
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through intercalation and electrostatic interactions. In
this process, TMPyP itself could also aggregate and
showed red shift in the UV—Vis spectra. Therefore, we
observed the position of ICD peak at a longer wave-
length for the as-prepared film. When the film was
exposed to HCI both the aggregation between DNA and
TMPyP were destroyed. After the film was recovered
by NHj3, although a typical UV—Vis absorption band of
free base of TMPyP was obtained, the interaction
between DNA and TMPyP was not recovered. When the
film was exposed to water vapor, the water molecules
helped TMPyP to electrostatically attach and intercalate
with DNA. This resulted in the recovery of the ICD band
in the film. Here, water vapor played an important role
in getting back the ICD of the TMPyP in the film. To
further verify the function of the water vapor, we
immersed the NHs-exposed film into deionized water
and ICD was really found to be recovered. However, it
was unavoidable that TMPyP dissolved from the film
into the solution. The vapor adsorption proved to be a
more effective way in realizing the recovery of the
chirality. Such process is illustrated by Scheme 2. The
as-prepared film contains the aggregate of both DNA
and TMPyP. When the film is exposed to HCI gas, the
aggregation is destroyed. In addition, both the DNA and
TMPYP can be protonated by exposure to excess HCI to
form state A, where deintercalation of TMPyP from
DNA occurs and ICD disappears. When the film in state
A is further exposed to NHz and water vapor consecu-
tively, the film can change into state B, where the ICD
of TMPyP appears. The reversible changes between
state A and B can be realized by subsequently exposing
the film to HCI, NH3z, and water. This process can be
repeated many times and a chiral switch between these
two states is realized.

In summary, we have successfully realized a chiral
switch based on the TMPyP-incorporated LbL as-
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Scheme 2. lllustration of Reversible Change of
Color and Chirality in the TMPyP-Incorporated
DNA/PAH Multilayer Film
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sembled DNA/PAH film. The TMPyP-incorporated DNA/
PAH film showed induced chirality in the Soret band
of TMPyP. The ICD could be wiped off by exposing the
film to HCI gas and recovered by subsequently exposing
the film to NH; and water vapor. In realizing the
recovery of the ICD, the water vapor played an impor-
tant role. DNA/PAH film was very stable in a larger pH
range, therefore, the results provide an important clue
to realize a chiral switch using a supramolecular film
system based on biological compounds.
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