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Spectral changes of dyes occur when the 

concentration of the dyes increases in solution 

or when polyelectrolytes are added to the 

solution of the dyes. This color change, which 

is not correlated with the change of the 

chemical structure, is termed metachromasy. 

Variability in color of dyes may be also 

encountered in polymer films. The absorption 

spectrum of dyes is affected by the micro­

environment in the polymer, which can be 

altered by the sorption of gas or liquid. Little 

work has been done on the metachromasy in 

polymer films in spite of these possibilities. 

Recently, the color change of dye-doped 

polymer films has been studied in order to use 

it for optical humidity detection. 1 - 4 In these 

studies, however, the response of the humidity­

sensitive film alone was described without 

details of the humidity dependence of the 

absorption spectrum of the dyes in the polymer 

films. 

This is the first straightforward investigation 

on the metachromasy in polymer films. The 

color change of methylene blue (MB) in a 

perfluorinated polymer film was studied. The 

hydration state of the film was altered by 

equilibration with air currents of various 

relative humidity (RR). The absorption 

spectrum of the film containing MB was 

measured in various hydration states. The 

nature of the dye in the film and the interaction 

of the dye and the polymer were discussed. 

EXPERIMENTAL 

Nafion (1100 equiv. wt.; water-alcohol 

solution; 5% w/v; Aldrich) and MB (hydro­

chloride; extra pure; Ishizu Pharmaceutical) 

were used as received. Nafion films containing 

MB for study were prepared by two different 

protocols. A glass plate coated with indium tin 

oxide (ITO) was used as a substrate for 

MB-impregnated films, because Nafion films 

cast directly on glass are easily removed by 

immersion in water. The 5% w/v Nafion 

solution was diluted 4-fold with ethanol. 

0.05 ml of the resulting solution was deposited 

on an ITO-coated glass plate (30 x 9.5 mm), 

air-dried at room temperature, and washed 

with water. The Nafion film thus obtained was 

immersed in lOml of a 5 x 1O- 4 M aqueous 

solution of MB for a measured time, washed 

with water, and allowed to dry in room air. 

For an MB-mixed film, MB was dissolved in 

ethanol-water (2: 1 v/v) at a concentration of 

1.89 x 10- 3 M and mixed with the same volume 

of the 5% w/v Nafion solution. 0.1 ml of the 

solution thus obtained was cast on a glass plate 

(30 x 9.5 mm) and the solvent allowed to 

evaporate. The resulting film contained 0.038 

molkg- 1 of MB. Absorption spectrum was 

measured on a JASCD UVIDEC-I double-
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beam spectrometer. Absorbance measurements 

under the condition of desired RH were made 

at 25°C ± 0.2°C as described elsewhere. 5 

RESULTS AND DISCUSSION 

The spectral nature of MB in solution is 

well-known. The spectrum of MB in water is 

made up by the superposition of two bands: 

one with a maximum at 656.5 nm due to the 

monomer of the monocation form (MB +) is 

more prominent in dilute solutions; the second 

with a maximum at 600 nm due to the dimer 

((MB +)z) is stronger in concentrated solu­

tions. 6 In acidic solutions the dication form 

(MBH2 +) predominates, whose spectrum 

consists of a large peak at 742 nm, a medium 

peak at about 680 nm, and a shoulder at about 

61Onm.7 

MB was incorporated in a Nafion film by 

immersing the film in an aqueous MB solution. 

The MB concentration in the Nafion films 

apparently increases with increasing immer­

sion time. The absorption spectrum of MB­

impregnated Nafion films was measured after 

the films were dipped in water and equilibrated 

for more than 20 min. The dip of the film in 

water makes the fully hydrated state of the film. 

Figure 1 shows the visible absorption spectra 

of Nafion films immersed in the MB solutions 

for three different times. With the immersion 
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Figure 1. Absorption spectra of Nafion films im­

pregnated with MB by immersing the films in aqueous MB 

solutions for 10 s, 1 min, and 10 min. The films were dipped 

in water through the measurement. 
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for 10 s in the dye solution, an absorption peak 

at 649 nm with a shoulder at about 660 nm 

appears. This absorption is probably due to 

MB +. With increasing immersion time, a 

shoulder at about 600 nm develops. With the 

immersion for 10min an absorption peak 

becomes pronounced at 598 nm, which corre­

sponds to (MB+)z. The effect of the MB 

concentration on the absorption spectrum is 

the same as in solution. The existence of MB + 

and (MB +)2 has been established for MB­

impregnated Nafion films.8,9 Solid Nafion has 

a structure like an inverse micelle; the ionic 

part of Nafion is arranged in non-spherical 

clusters within the fluorocarbon phase. 1o 

Absorbed water and dye molecules reside in 

the ionic clusters. Water molecules in the ionic 

clusters have a similar nature as in solution, 

although they are weakly hydrogen-bondedY 

Consequently the formation of dimers is 

expected to take place within Nafion films 

similarly as in solution. In addition, an 

absorption band due to MBH2 + appears at 

747nm. With the immersion for lOs this band 

is prominent. However, no information is 

described in the literature concerning the 

formation of MBH2 + in Nafion films. It seems 

that with decreasing MB concentration the 

interaction of MB molecules with sulfonic acid 

groups of Nafion becomes stronger, which 

results in the increase of MBH2 + . 

The hydration state of Nafion films can be 

altered by changing ambient humidity, at which 

the films adsorb the equilibrium amount of 

water vapor. Figures 2(a)-(c) show the visible 

absorption spectra ofMB-impregnated Nafion 

films, which were recorded at different RHs. 

Figure 2(a) is the result for the film with an 

immersion time of 10 s. At O%RH there are 

two peaks at 682 and 752 nm and a shoulder 

at about 620 nm, which correspond to MBH2 + . 

Because water molecules are excluded from the 

ionic cluster at O%RH, the interaction between 

MB molecules and sulfonic acid groups of 

Nafion is strong without interference of water 

molecules. Therefore, it is predicted that a lot 
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Figure 2. Absorption spectra of MB-impregnated 

Nafion films measured at varying RHs. Nafion films were 

impregnated with MB by immersing the films in aqueous 

MB solutions for lOs (a), I min (b), and 10 min (c). 

of MB molecules are protonated to form 

MBH2+ atO%RH. When RH increases to 12% 

the bands due to MBH2 + abruptly develop 

without change in their proportion. As 

evidenced below, MBH2 + changes to the 

trication form +) at O%RH. It seems 
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that the MB concentration is so low with the 

immersion for 10 s that one MB molecule 

interacts with more than one sulfonic acid 

groups (Figure 3(a)). The peaks at 682 and 

752 nm shift slightly to a shorter wavelength 

with increasing RH but their intensity scarcely 

changes in the range from 12% to 52%RH. 

Above 52%RH new peaks develop at 649 and 

665 nm, which correspond to MB + . Con­

comitantly, the peaks at 682 and 752 nm are 

diminished. The amount of water present in 

the ionic cluster apparently increases with RH. 

As a result, the interaction between MB 

molecules and sulfonic acid groups of Nafion 

becomes weak because the MB molecules are 

solvated with water. Thus, the deprotonation 

proceeds as RH increases. At 90%RH the 

peaks at 649 and 665 nm due to MB + become 

large but the peak at 752 nm still remains. This 

indicates that most of MB monocation exists 

as monomers and a lot of MBH2 + is also 

present in the ionic cluster (Figure 3(b)). 

Figure 2(b) shows the visible absorption 

spectra for the film with an immersion time of 

I min. At O%RH there are two peaks at 682 

and 757 nm and a shoulder at about 620 nm, 

which are characteristic of MBH2 +. The 

relative intensity of the bands at 682 and 

620 nm is larger than that for the lOs-immersed 

film. This is probably because the peaks due 

to the monocation forms are superposed on 

these bands. It can be therefore said that many 

MB molecules are protonated but some MB 

molecules exist as the monocation forms 

(Figure 3(c)). It is supposed that the number 

of MB molecules in the ionic cluster is 

comparable to that of sulfonic acid groups. As 

RH increases, the shoulder at about 620 nm 

increases and shifts to a shorter wavelength. 

Concomitantly, the peaks at 682 and 757 nm 

are diminished. At 90%RH a peak at 605 nm 

due to (MB +h predominates. Because the MB 

concentration is sufficiently high, many MB 

molecules exist as dimers in the ionic cluster 

(Figure 3(d)). 

Figure 2(c) shows the visible absorption 
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Figure 3. Effect of hydration on the interaction between MB molecules and sulfonic acid groups in the 

ionic cluster of Nafion containing different MB concentrations. The number ofMB molecules is less (a, b), 

almost the same (c, d), and greater (e, f) than that of sulfonic acid groups. 

spectra for the film with an immersion time of 

10min. The spectrum recorded at O%RH, 

which consists of three main bands at 620, 670, 

and 761 nm, resembles to the spectra recorded 

at 32% and 52%RH for the 1 min-immersed 

film. The situation at O%RH is similar to 

that in the medium-RH region for the I min­

immersed film. Consequently, it is predicted 

that (MB +)2' MB +, and MBH2 + are present at 

the same time. The peak at 761 nm is ascribed 

to MBH2 +. The peaks at 620 and 670 nm are 

interpreted as unresolved peaks resulting from 

the superposition of the bands due to (MB + h 
and MB +, respectively, on the bands due to 

MGH2+. Probably the number of MB 

molecules is fairly greater than that of sulfonic 

acid groups. In addition, it is expected that the 

number of sulfonic acid groups that are capable 

1110 Polym. J., Vol. 25, No. 10, 1993 



Metachromasy of Methylene Blue in Nafion Films 

" c 
c .. 

..0 

1.6 

:; 0.8 

350 400 450 500 550 600 650 700 750 800 
Wavelength/n. 

Figure 4. Absorption spectra of an MB-mixed Nafion 

film measured at varying RHs. 

of interacting with MB molecules is somewhat 

less than its total number, 0.91 mol kg-I. 

Hence, many MB molecules remain un­

protonated and some of them exist as dimers 

even in the completely dry state (Figure 3(e)). 

As RH increases, the peak at 620 nm increases 

and shifts to a shorter wavelength. Con­

comitantly, the peaks at 670 and 761 nm are 

diminished. At 90%RH the peak at 602 nm due 

to (MB +)2 predominates. The relative intensity 

of this peak is larger than that for the 

1 min-immersed film. It seems that the dimer 

formation occurs more readily because of the 

higher concentration of MB (Figure 3(f)). 

The same measurement was made for an 

MB-mixed Nafion film in order to check the 

effect of the method of film preparation. Figure 

4 shows the visible absorption spectra of an 

MB-mixed Nafion film, which were recorded 

similarly to MB-impregnated films. At O%RH 

there are peaks corresponding to MBH2 + at 

682 and 751 nm. At 90%RH bands due to MB + 

get prominent at 649 and 664 nm. Thus, the 

spectral change with RH quite resembles that 

observed for the 10 s-immersed film. This is 

possibly because the MB concentrations of 

these two films are almost the same. In 

addition, at O%RH there are broad peaks at 

about 400 and 450 nm. Similar peaks have been 

reported for MB in 78% sulfuric acid7 but their 

assignment has not been made. These peaks 

disappear but the bands due to MBH2 + 

increase with increasing RH from 0% to 12%. 
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This reveals that the peaks at about 400 and 

450 nm correspond to +. A similar 

increase of the bands due to MBH2 + was 

observed for the 10 s-immersed film as 

described above. Therefore, it is clear that 

+ is also formed for the lOs-immersed 

film. 

CONCLUSIONS 

Metachromasy of MB in Nafion films was 

thoroughly investigated. When the films are 

fully hydrated, MB + and (MB +)z are formed 

in the films similarly as in solution. In addi­

tion, MBH2 + also exist& and increases with 

decreasing MB concentration. The hydration 

state of Nafion films is altered by equilibration 

with air streams of different RHs. At a low MB 

concentration + together with MBH2 + 

is formed in the low RH region, whereas both 

MB + and MBH2 + are the main species in the 

high RH region. It seems that the number of 

MB molecules is fairly less than that of sulfonic 

acid groups. At a high MB concentration MB + , 

(MB +)z, and MBH2 + are present in the low 

RH region, whereas (MB +)2 predominates in 

the high RH region. This is probably because 

the number of MB molecules is fairly higher 

than that of sulfonic acid groups. Because the 

interaction between MB molecules and sulfonic 

acid groups is strong in the dry state, dye 

cations with more than one positive charges 

are formed. This interaction becomes weak 

owing to hydration of sulfonic acid groups as 

the amount of water in the films increases. 
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