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Abstract

The J aggregate formation of a cyanine dye, pseudoisocyanine (PIC), in the presence of synthetic polyanions, was studied both in aqueous

solutions and ®lm states. The dye formed J aggregates at low concentration (2 £ 1025 M) in the presence of polyacrylic acid, sodium salt

(PA) and polyvinyl sulfonic acid, potassium salt (PVS) in solutions, whereas the aggregation can only be formed at relative higher dye

concentration (1 £ 1024 M) in a polystyrenesulfonic acid, sodium salt (PSS) matrix. There existed an optimum condition for the J aggregate

formation depending on R, the ratio of the concentration of polymer residue to the dye. R values were ca. 10, two and two for PA, PVS and

PSS, respectively. The J aggregate ®lms were fabricated by casting the solutions on glass substrates. The cast ®lms of the dye in the PA and

PSS matrices showed a new J band at 585 nm, while those from the PVS matrix were at 573 nm. Higher molecular weights of the polyanions

lead to the formation of well-de®ned J aggregate, both in solution and in ®lm. All the J aggregate ®lms exhibited a chemochromism to HCl

and NH3 gases. The J band at 585 nm in the ®lms can be changed to the J band at 575 nm by repeated successive exposure of the ®lms to HCl

and NH3 gases, suggesting that the metastable nature of the J aggregate lies at 585 nm. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

J aggregates are characteristic of a sharp intense narrow

absorption band at a longer wavelength than the monomer,

and a strong emission with a Stokes shift of nearly zero.

Since its discovery by Jelly [1] and Scheibe [2], much atten-

tion has been paid to the structures [3±6], optical properties

[7±9], excited state dynamics [10±16] and energy transfer

[17] of the J aggregates. In addition, J aggregates are found

in use as photographic materials [18] and have potential to

be used as non-linear optical [19,20] and multiple wave-

length optical recording materials [21]. From the applica-

tion viewpoints of the J aggregates, it is important to prepare

J aggregate ®lms on an appropriate substrate in a large scale.

J aggregate is a molecular system where individual mole-

cules are highly organized. The sophisticated Langmuir±

Blodgett method has been proven useful for constructing

the J aggregate ®lms, either by introducing long alkyl chains

to the appropriate dye moiety [22,23] or by absorbing the

dye from an aqueous subphase to fatty acid or phospholipid

monolayers [24±26]. On the other hand, those dyes which

form J aggregates are usually charged, certain polyanions in

the solution can cause the J aggregate formation of dyes at

low concentrations [27±28]. The J-aggregates could also be

formed when the dye was dispersed into a polymer ®lm

matrix, such as sodium alginate and carboxymethyl cellu-

lose sodium salt [29]. Previously we have found that the

aggregation of a long-chain dye at the air/water interface

is greatly in¯uenced by the synthetic polyanions with differ-

ent substituents attached to the polymer chain [30]. In this

paper, we report the effect of these polyanions on the J-

aggregate formation in the polymer ®lms in comparison

with those in aqueous solutions. The effect of the molecular

weight of the polyanions on the J-aggregate formation in the

solutions and ®lms, and the chemochromism of the J-aggre-

gate ®lm to HCl and NH3 gas are also reported.

2. Experimental

The dye 1,1 0-diethyl-2,2 0-cyanine iodide, pseudoisocya-

nine (PIC) was purchased from Kodak and used without
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further puri®cation. Polyacrylic acid, sodium salt with

different molecular weights (PA5, 30 000; PA4, 15 000;

PA3, 8000; PA4, 2100 and PA1, 1200), polystyrenesulfonic

acid, sodium salt (PSS) was purchased from Aldrich and

used without further puri®cation. Polyvinyl sulfonic acid,

potassium salt (PVS) was purchased from Sigma and used

as received. The structures of the cyanine dye and the poly-

mers are shown in Scheme 1 . The cast ®lms were made by

dropping 300 ml of a 20 mM aqueous dye solution contain-

ing different contents of polyanions to a slide glass

(1 £ 10 £ 50 mm, Matsunami) and allowed to dry over

night in the dark. The absorption spectra and ¯uorescence

spectra were recorded with a Shimadzu UV-190 double-

beam spectrophotometer and a Shimadzu FP550 spectro-

photometer, respectively.

3. Results and discussion

3.1. J aggregate formation in aqueous solutions and cast

®lms

Fig. 1 shows the absorption spectra of the aqueous solu-

tion of PIC dye (20 mM) in the presence of PA5

(MW � 30 000) with various concentrations. In the absence

of the PA5 (Fig. 1a), main absorption peaks appear at 491

and 523 nm, representing the dimer and monomer of PIC

dye, respectively [3]. Upon addition of an appropriate

amount of PA5 (Fig. 1c), a strong sharp absorption band

appears at a longer wavelength of 568 nm with a frequency

width at half maximum (FWHM) of 382 cm21, and two

secondary peaks at 501 and 534 nm. The solution shows

an emission band at 573 nm under the excitation of 560

nm. These spectral features suggest that J aggregates have

been formed in the presence of PA5 [27,28]. The intensity of

the J band was found to depend on the relative concentration

of PA5 to the dye (Fig. 1b±d). Using R to express the ratio of

the concentration of polymer residue to the dye, and plotting

the intensity of the J band as a function of the R value, the

best condition for J aggregate formation could be obtained,

as shown in Fig. 2. The optimum condition for the formation

of J aggregates in the presence of PA5 was found at the R

value of ca.10 (Fig. 2a). The molar extinction coef®cient of

the J band in this condition was found to be 7:9 £ 104M21

cm21. This value is comparable to that reported in the case

of heparin [27].

At low R values, where the number of PA5 binding site

COO2 is less than the dye molecules, due to the existence of

free dye, monomer peaks appeared in the solution. At high R

values, where the binding sites of polyanion are larger than

the dye, the dyes were assumed to bind to the COO2 of PA5.

However, in this case, as there were many binding sites, part

of the dyes bound to the COO2 were in a separated state and
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Scheme 1.

Fig. 1. Absorption spectra of aqueous solutions of 2:0 £ 1025 M PIC dye

under the presence of various amounts of PA5. The concentrations of PA5

based on the residue are: (a), 0; (b), 1 £ 1025 M; (c), 2 £ 1024 M; (d) 2 £
1023 M. The dashed line in (c) is a ¯uorescence spectrum of the corre-

sponding solution.

Fig. 2. Plot of the intensity of the J band against the relative ratio of (a),

PAS; (b), PVS; and (c), PSS residue to dye. The dye concentration of 2 £
1025 M and a 10 mm cell were used in PA and PVS matrices. A dye

concentration of 1 £ 1024 M and a 2 mm cell were used in the PSS matrix.



therefore there were also monomer peaks at higher R values.

At medium R values, the dyes bound to the polymer were

orderly arranged and the J aggregate was solely formed.

Similar results were obtained for other polyanions. For

PVS, best R was found to be two and the molar extinction

coef®cient of the J band in this condition was found to be

9:5 £ 104 M21cm21 (Fig. 2b). For PSS, although no J band

was found at the dye concentration of 2 £ 1025 M, the best J

aggregate was formed at a dye concentration of 1 £ 1024 M

with R � 2 (Fig. 2c). The molar extinction coef®cient of the

J band in the condition was found to be 6:5 £ 104 M21 cm21.

Lower R values in PVS and PSS than in PA indicate that it is

easier to induce the J aggregate formation in the SO3
2 group

than in the COO2 group. The fact that the J aggregate

formed at a higher dye concentration in PSS indicates that

an aromatic substituent in the polyanion side chain is unfa-

vorable for J aggregate formation. Comparing these three

polyanions, it can be found that PVS is the best one to

induce the J aggregate formation.

The J aggregate ®lms were prepared by casting the solu-

tions with various R values onto glass substrates. It was

found that well-de®ned ®lms were obtained in optimum R

values. Fig. 3 shows the absorption spectra of the cast ®lms.

J bands were found at 585 nm in the case of PA and PSS,

while it was at 573 nm for PVS. It is well known that PIC

shows a J band at 575 nm; the J aggregate formed in PA and

PSS matrix suggest a different type of J aggregate (see next

section). In addition, the FWHMs are 275, 460 and 552

cm21 for the J aggregate in the PVS, PA and PSS matrices,

respectively. The results indicate that the best J aggregate is

formed in the PVS matrix.

The molecular weight of the polyanions was found to

in¯uence J-aggregate formation. Although similar J aggre-

gate was formed in the presence of PA4 (MW � 15 000),

only incomplete J aggregate was found in the presence of

PA3 (MW � 8000). When the molecular weight was

decreased to ca. 1000±2000, no J band was observed for a

20 mM dye solution in the entire R range. This indicates that

the higher the molecular weight, the easier for the J aggre-

gate to form. The same is the case for ®lms. It was found that

polyanions with higher molecular weights preferred the

formation of well-de®ned J aggregate ®lms.

3.2. Chemochromism in the J aggregate ®lm

The J aggregate ®lm formed in the polyanion matrix

exhibited a chemochromism by repeated exposure of the J

aggregate to HCl and NH3 gas.

Fig. 4 shows the absorption spectra of a cast ®lm from the

dye PA5 (R � 10) solution under different conditions. The

as-cast ®lm shows the J band at 585 nm (solid line). When

the ®lm was exposed to a HCl gas for 5 s (dotted line), the J

band became very low and the pink color of the ®lm became

so weak that it could not be seen. However, when the ®lm

was exposed to a NH3 gas for 5 s, the color recovered and

the J band reappeared at 580 nm (dashed line), and its

intensity was almost not diminished. The above process

could be repeated many times. If we de®ne the alternative

exposure of the ®lm to HCl and NH3 for 5 s as one cycle,

then after 50 cycles the J band shifted to 576 nm and the

FWHM of the ®lm was narrowed to 280 cm21 (alternate

dash and dot line). In addition, the intensity of the J band

remained unchanged. Further treatment would no longer

change the J band. These results indicate that the J aggregate

at 585 nm is different from that at 575 nm, while alternating

exposure of the ®lm to HCl and NH3 gases can realize the

transformation of the J band at 585 to 575 nm. The J band at

585 nm is a metastable state of the J aggregate, and the J

aggregate at 575 nm is a stable J aggregate state. In addition,

when the ®lm was exposed to HCl it bleached, while when it
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Fig. 3. Absorption spectra of the cast ®lms from dye-polyanions. (a), PA,

R � 10; (b), PVS, R � 2; (c), PSS, R � 2; (d), PVA, R � 10. The dashed

line in (a) is a ¯uorescence spectrum of the corresponding cast ®lm.

Fig. 4. Spectral change of a cast ®lm from 0.6 ml aqueous solution contain-

ing 2 £ 1025 M PIC and 2 £ 1024 M PA5 under different conditions. Solid

line, as-cast; dotted line, after exposure to HCl gas for 5 s; dashed line, after

exposure of the HCl treated ®lm to NH3 gas for 5 s; alternate dash and dot

line, after repeat treatment of the ®lm to HCl and NH3 50 times.



was successively exposed to NH3 the ®lm recovered its pink

color. This result indicates that the J aggregate ®lm may be

used as a memory material.

The cast ®lm from PSS matrix showed a similar result to

the case of PA matrices, while the cast ®lm from PVS matrix

showed a narrow FWHM but without shift of the J band

around 575 nm.

4. Conclusions

We have investigated the J aggregate formation of a

cyanine dye in the presence of synthetic polyanions in solu-

tions and ®lm states. The existence of polyanions with

higher molecular weights can induce the formation of J

aggregate at a low concentration of the dye both in solution

and in ®lm; while usual neutral polymers cannot afford to

make such J aggregate formation. An optimum ratio exists

between the dye and the polyanions in the formation of J-

aggregate. The cast ®lms from PA and PSS matrices showed

a new J band at 585 nm, which is a metastable J aggregate.

All the J aggregate ®lms are chemochromatic to HCl and

NH3 gases. The metastable J aggregate at 585 nm can be

changed to a more stable aggregate at 575 nm by repeated

successive exposure of the ®lms to HCl and NH3 gases.
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