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Solid thin films of sugar gels containing ionic dyes, such as flavylium and thionine salts, exhibit extensive and va-
por-specific color changes upon exposure to volatile organic compounds, such as methanol, ethanol, acetone, benzene,
ether, and pyridine. Some of them show good vapochromic reversibility after repeated exposures, although extensive
degradation occurs with pyridine vapor. Vapochromism has been explained in terms of solvation and stabilization of
the dye molecules by permeated vapors, resulting in a shift of dye aggregation–deaggregation equilibria.

Reversible color changes by environmental and/or physical
changes have been actively studied for use in molecular sen-
sors, switches, and information processing devices. Extensive
color changes caused by temperature or moisture through re-
versible dye aggregation have been reported, e.g. in bilayer
membranes,1{3 in alkane matrices,4 on helical DNA
templates,5 and in hemicyanine-based bichromophores.6 A no-
vel thermochromism in polymeric hydrogels has been reported
with a betain dye through a proton-transfer equilibrium be-
tween phenolate and phenol forms.7 We reported thermochro-
mism and solvatochromism of ionic dyes by reversible aggre-
gation in aqueous sugar-gel matrices, where cationic dyes tend
to coagulate and condense on the negatively charged sugar-gel
surface via electrostatic attractions.8 Recently, humidity-sensi-
tive color changes of organic polymer films have received con-
siderable attention, e.g., those through switching of the aggre-
gation states of dyes (H- and J-aggregates) induced by
adsorbed water molecules in layered assemblies of azobenzene
derivatives,9;10 a polymethine dye in thin films,11 and sulfoph-
thalein-doped polymers.12 An optical sensing host dye that re-
sponds to amine vapors has also been reported.13 Of particular
interest is the vapochromism towards environmentally hazard-
ous substances such as volatile organic compounds (VOCs).
Vapochromism of crystalline metal complexes has been exten-
sively studied,14{18 and a chemoselectively responsive sensor
array of metallo-porphyrin dyes for odor visualization has been
demonstrated.19 In contrast, the vapochromism of dye-doped
organic polymer films or matrices towards VOCs has been
scarecely reported to our knowledge, despite their merit of ea-
sier fabrication and low cost.

In the course of our investigation on the humidity-sensitive
color changes of ionic dyes in sugar-gel thin films,20 extensive
vapochromic responses towards some VOCs were observed.21

This paper is concerned with vapochromism of ionic dyes
doped in thin films of sugar gels through vapor-induced chan-
ges in the dye aggregation states.

Experimental

Commercial thionine chloride (TH) (Tokyo Kasei), �-carragee-
nan (hereafter denoted as carrageenan) and agarose gels (Wako),

and all organic solvents of purest grade (Wako) were used as re-
ceived, while water was de-ionized through ion-exchange resins.
7-Diethylamino-40-dimethylaminoflavylium perchlorate (FV)
was prepared by acid-catalyzed condensation of 4-diethylamino-
2-hydroxybenzaldehyde and 4-dimethylaminoacetophenone
(Scheme 1).22

To a mixture of 3 mL methanol solution containing FV (0.75
mM) or TH (1.5 mM) and 7 mL water was added carrageenan
gel (0.1 g) or agarose gel (0.1 g) with vigorous stirring. The aque-
ous hydrogel was pasted on a silica glass plate and air-dried over-
night at room temperature, giving a transparent thin film. The film
was exposed to various vapors in a photometer cell sealed with a
paraffin film for 2 h at room temperature. After each measurement
of its absorption spectrum, the film was removed and exposed to
air for 2 h. A dry film was prepared by transferring the air-dried
film into a photometer cell with anhydrous calcium chloride and
sealing with a paraffin film. Absorption spectra were recorded
on a Hitachi U-3000 spectrophotometer.

Results and Discussion

Figure 1(a) illustrates the vapochromic responses of carra-
geenan film doped with FV upon exposure to various vapors
for 2 h at room temperature. The shoulder around 600 nm
is ascribable to the monomeric species and the 570 nm band
to the dimeric or lower aggregates of FV.8;20 In the air-dried
film (broken curves) the 600 nm monomeric shoulder was
much weaker as compared to the strong band of the aqueous
hydrogel.8 This implies that extensive aggregation had pro-
gressed during the removal of solvents from the aqueous
hydrogel. Since water is a much better solvent for the sugar
gel, the vapor-specific behaviors in Fig. 1 should be more rea-
sonably rationalized by the relative affinities (solubilities) of

Scheme 1. Structures and abbreviations of the dyes.
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the permeated vapors with the dye rather than the gel. Upon
exposure to vapors of methanol and ethanol (good solvents
for FV), the monomeric shoulder and dimeric band increased
markedly, whereas higher aggregation bands around 540 nm
increased on exposure to benzene, ether, and water vapors
(poor solvents for FV). Thus, with time of exposure to metha-
nol vapor, the band of higher aggregates (543 nm) decreased
and monomeric (600 nm) and dimeric (563 nm) bands in-
creased in ca. 30 min. These changes were substantially re-
versed upon removal from the vapor and exposure to air, as il-
lustrated in Fig. 2. Upon repeated alternate exposures to
methanol vapor and air, however, the film revealed significant
fatigue after several cycles under conditions not optimized, as

illustrated in Fig. 1(b). Exposure to pyridine vapor resulted in
the substantial decrease in the absorbance of FV, and a new
band appeared around 430 nm of 4-diethylamino-40-dimeth-
ylamino-2-hydroxychalcone. This implies partial conversion
of FV into the chalcone due to an increase in the basicity.22

Figure 3 illustrates the vapochromic responses of carragee-
nan film (a) and agarose film (b) doped with TH upon exposure
to various vapors. The absorption band around 600 nm is as-
signed to the monomeric species and the band around 550–570
nm to the dimeric or lower aggregates of TH.23;24 Both films
exhibited similar responses: vapors of methanol and ethanol
(good solvents for TH) enhanced the monomer and dimer
bands, and vapors of benzene and water (poor solvents) en-

Fig. 1. (a) Vapochromic responses of FV-doped carrageenan film upon exposure to various vapors for 2 h at room temperature.
The broken curve refers to a film exposed to the atmospheric air for 2 h. (b) Absorption spectra of the film before (solid curves)
and after (broken curves) 5 cycles of repeated alternate exposures to methanol vapor and air.

Fig. 2. Temporal changes in the absorbances of monomeric (600 nm) and aggregates (563, 543 nm) of FV-doped carrageenan film
upon exposure to methanol vapor (left half) and atmospheric air (right half).
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hanced the bands of higher aggregates. Thus, here again, the
vapor-specific responses are ascribable to the solvation interac-
tions that alter the dye aggregation states.

Good vapochromic reversibility was obtained with the TH-
doped carrageenan film on exposure to acetone vapor, as illu-
strated in Fig. 4b. With time of exposure, both the 600 nm and
560 nm bands increased in pararell and attained a near maxi-
mum after ca. 20 min (data not shown). Upon alternate expo-
sures to acetone vapor and atmospheric air, the color changed
reversibly without substantial fatigues (Fig. 4b), and the spec-
tra remained substantially unchanged after 10 repeated cycles

(broken curves in Fig. 4a). Similarly, reversible color changes
with exposures to methanol and water vapors are illustrated in
Fig. 5, showing slight fatigue after 10 cycles. On the other
hand, repeated exposure to pyridine vapor resulted in extensive
degradation, and the film became almost colorless after 5 repe-
ated cycles, which is not explainable as yet.

Vapochromism may be assumed to be a special case of sol-
vatochromism, and a simplified mechanistic model may be
proposed for the present vapochromism in terms of dye aggre-
gation–deaggregation equilibria (Scheme 2), similar to that for
the solvatochromism of the flavylium-doped aqueous hydro-

Fig. 3. Vapochromic responses of TH-doped carrageenan (a) and agarose (b) films, upon exposure to various vapors for 2 h at room
temperature. The broken curves refer to films exposed to the atmospheric air for 2 h.

Fig. 4. (a) Absorption spectra of TH-doped carrageenan film before (solid curves) and after (broken curves) 10 cycles of repeated
alternate exposures to acetone vapor and air. (b) Reversible color changes toward alternate 2 h-exposures to acetone vapor and air.

Scheme 2. A simplified model for the vapochromism of cationic dyes in thin films of sugar gels. Counter anions are omitted for
simplification.
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gels.8 However, vapochromic performances of doped dyes
should be substantially different between a (dry) thin film
and a volumed aqueous hydrogel. Thus, a high vapochromic
response is expected in a thin film where permeated VOCs
can effectively make contact with the dye molecules, but not
in a volumed hydrogel where VOCs are diluted in the bulk sol-
vent before interacting with the dye molecules. Further, dyes
in thin films are constrained in small spaces, causing the dye
molecules to aggregate more extensively than in a volumed
hydrogel. Such strain should also exert a higher sensitivity (re-
activity) to the VOCs upon contact. The restricted mobility of
the aggregates in thin films can be substantially relaxed and/or
the aggregates can dissociate upon exposure to the VOCs of
good solvents, such as methanol and ethanol, to become
strongly solvated and stabilized. If the solvation energy is
larger than the aggregation energy, then deaggregation into
lower aggregates and/or monomeric species would proceed.

When vapors of poor solvents permeate a gel, they cannot
effectively solvate or they may even destabilize the dye mole-
cules to enhance higher aggregation (backward).

Similarly, extensive vapochromism has been observed in a
dye-doped Nafion film upon exposure to various vapors of
VOCs, and a comparative study with the present sugar-gel
films is in progress. Thin films of FV-doped carrageenan gels
revealed apparent thermochromic behavior under air upon
changes in temperature, as reported in a previous letter.20

The spectral features were very similar to those obtained for
the humidity changes at constant temperature. However, no
significant thermochromism was observed when the film was
placed over anhydrous calcium dichloride and sealed in a
cell. Thus, the apparent thermochromism observed under air
should be ascribed to the temperature-dependent changes in
the amount of adsorbed water vapor.

In summary, ionic dye-doped thin films of sugar gels exhibit
extensive vapor-specific vapochromism. On exposure to va-
pors of good solvents for dyes, the monomeric and dimeric
bands remarkably increase, while the weak bands of higher ag-
gregates shift to the blue on exposure to vapors of poor

solvents. This phenomena can be explained in terms of solva-
tion and stabilization of the dye molecules by the permeated
vapors, resulting in a shift of the dye aggregation–deaggrega-
tion equilibria.

Interactions of the matrices with dye molecules and VOCs
should be investigated, including microscopic examinations.
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