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Abstract Self-assembled fluorinated oligomeric aggre-

gates formed by fluoroalkyl end-capped N-(1,1-dimethyl-3-

oxobutyl)acrylamide oligomers, N,N-dimethylacrylamide

oligomers, and acrylic acid oligomers in methanol could

recognize selectively fluoresceins as guest molecules to form

a new class of fluorinated aggregates/fluoresceins nano-

composites. These fluorinated fluoresceins nanocomposites

were found to exhibit an extraordinarily enhanced light

absorption (kmax: ca. 440 nm) compared to that (kmaxs: 452

and 480 nm) of the parent fluorescein in the absence of

fluorinated aggregates. On the other hand, fluoroalkyl end-

capped 2-carboxyethyl acrylate oligomers, which possess no

aggregate characteristic in methanol solutions, could not

afford such an enhanced light absorption peak under similar

conditions. Not only fluorescein but also fluorescein deriv-

atives such fluoresceinamine, carboxyfluorescein, and

fluorescein isothiocyanate afforded similar enhanced narrow

absorption peaks under similar conditions. Naphthofluores-

cein was also encapsulated into these fluorinated oligomeric

aggregate cores to afford fluorinated aggregates/naphtho-

fluorescein composites, and these fluorinated naphthofluo-

rescein composites afforded an extremely enhanced narrow

absorption peak around 520 nm.

Introduction

Considerable interest has been devoted in recent years to

block copolymers containing fluoroalkyl groups owing to

exhibiting the low surface energy and the self-assembled

polymeric aggregates resembling micelle in aqueous and

organic media, which cannot be achieved in the corre-

sponding randomly fluorinated copolymers [1]. From the

viewpoints of increasing interests for the preparation and

applications of fluorinated block copolymers, it is very

important to develop new preparative methods of fluori-

nated block copolymers [2]. In fact, we have already

demonstrated that two fluoroalkyl end-capped triblock-type

cooligomers [RF–(M)n–RF] can be prepared by the oligo-

merizations of fluoroalkanoyl peroxides [(RFCOO)2] with

radical polymerizable monomers (M) such as acrylic acid

and acryloylmorpholine [3]. In these fluoroalkyl end-cap-

ped oligomers, in particular, amphiphilic fluoroalkyl end-

capped oligomers are attractive materials, because they

exhibit various unique properties such as high solubility,

surface active properties, biological activities, and nano-

meter size-controlled self-assembled molecular aggregates

which cannot be achieved by the corresponding non-fluo-

rinated and randomly fluoroalkylated ones [4]. For

example, self-assembled fluorinated oligomeric aggregates

formed by fluoroalkyl end-capped acryloylmorpholine

oligomers could interact with fullerene, carbon nanotubes,

nanodiamond, and metal particles as guest molecules in

aqueous and organic media to afford nanometer size-con-

trolled fluorinated aggregates/these guest molecules

composites [5]. These fluorinated nanocomposites should

have high potential for new nanomaterials possessing a

surface-active characteristic imparted by fluorine. From the

viewpoint of the higher applicable potential in material

syntheses, the development of the preparation of novel
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organic nanomaterials is much interesting. In fact, much

attention has been focused on the systematic research

works through the preparation of nanoparticles by a pre-

cipitation method [6]. Therefore, it is in particular interest

to explore the novel synthetic systems of organic nanom-

aterials possessing a unique characteristic imparted by

fluorine using organofluorine compounds, especially fluo-

roalkyl end-capped oligomers. In our continuing effort to

design and develop the preparation of organic nanocom-

posites by the use of fluoroalkyl end-capped oligomers, we

discovered that self-assembled fluorinated oligomeric

aggregates formed by fluoroalkyl end-capped oligomers in

methanol can interact selectively with fluorescein as guest

molecules to form a new class of fluorinated aggregates/

fluorescein nanocomposites with a mean diameter of

46 nm, leading to the dramatic increase of the light

absorption compared to that of the parent fluorescein [7].

We now give a full account of the preparation and prop-

erties of fluoroalkyl end-capped oligomers/fluoresceins

nanocomposites, with emphasis on light absorption of these

fluorinated nanocomposites.

Experimental

Measurements

Molecular weights were measured using a Shodex DS-4

(pomp, Tokyo, Japan) and Shodex RI-71 (detector) gel

permeation chromatography (GPC) calibrated with poly-

styrene standard using tetrahydrofuran (THF) as the eluent.

NMR spectra and Fourier-transform infrared (FTIR)

spectra were measured using JEOL JNM-400 (400 MHz)

FT NMR SYSTEM (Tokyo, Japan) and Shimadzu FTIR-

8400 FTIR spectrophotometer (Kyoto, Japan), respectively.

Dynamic light-scattering (DLS) and static light-scattering

(SLS) measurements were measured using Otsuka Elec-

tronics DLS-7000 HL (Tokyo, Japan). Ultraviolet–visible

(UV–vis) spectra were measured using Shimadzu UV-1600

UV–vis spectrophotometer (Kyoto, Japan). The surface

tensions of aqueous methanol solutions of the fluoroalkyl

end-capped oligomers were measured at 30 �C by the drop

weight-type surface tensiometer (Ver. 1.00 DVS-2000

system, Yamashita Giken Co., Ltd., Tokushima, Japan).

The formation of the nanocomposites was observed from

SEM (scanning electron microscope: JEOL JSM-5300,

Tokyo, Japan).

Materials

Acrylic acid (ACA) and N,N-dimethylacrylamide (DMAA)

were used as received from Toagosei Co., Ltd. (Tokyo,

Japan) and Kohjin Co., Ltd. (Tokyo, Japan), respectively.

N-(1,1-dimethyl-3-oxobutyl)acrylamide (DOBAA) was

used as received Kyowa Hakko Kogyou Co., Ltd. (Tokyo,

Japan). Fluorescein, uranine, fluoresceinamine, carboxyfluo-

rescein, fluorescein diacetate, fluorescein isothiocyanate, and

methyl orange were purchased from Wako Pure Chemical

Industries, Ltd. (Osaka, Japan). Indigo carmine, tropaeolin O,

lucigenin, eriochrome black T, ethidium bromide, aminoph-

thalic acid, methyl red, 4-methylumbelliferone, phenyl

acridine-9-carboxylate, 4-hydroxyazobenzene-40-sulfonic

acid, rhodamine B, methylene blue, acridine hydrochloride,

methyl orange, 4-hydroxyazobenzene-40-sulfonic acid

sodium salt, and acriflavine hydrochloride were purchased

from Tokyo Kasei Kogyou Co., Ltd. (Tokyo, Japan). 2-Car-

boxyethyl acrylate (CEA) and naphthofluorescein were

purchased from Sigma-Aldrich Japan Corp. (Tokyo, Japan).

Fluoroalkyl end-capped DOBAA, DMAA, and ACA oligo-

mers were prepared by the methods described in the literatures

[3a, 3c, 8].

Synthesis of fluoroalkyl end-capped CEA oligomers

Perfluoro-2-methyl-3-oxahexanoyl peroxide (3.1 mmol) in

AK-225 (1:1 mixed solvents of 1,1-dichloro-2,2,3,3,3-

pentafluoropropane and 1,3-dichloro-1,2,2,3,3-pentafluo-

ropropane: 25 g) was added to a mixture of CEA

(16.9 mmol) and AK-225 (180 g). The solution was stirred

at 45 �C for 5 h under nitrogen. After evaporating the

solvent, the obtained crude products were reprecipitated

from the methanol—AK-225 system to give an a,x-

bis(perfluoro-1-methyl-2-oxapentylated) CEA oligomer

(2.21 g). This oligomer exhibited the following spectra

characteristics:

IR (m/cm-1) 3080 (OH), 1732 (C=O), 1242 (CF2);
1H NMR (CDCl3) d 1.42–2.02 (CH2), 2.23–2.80

(CH, CH2), 4.18–4.41 (CH2).

The other product obtained exhibited the following spectra

characteristics.

RF–(CEA)n–RF; RF = CF(CF3)OCF2CF(CF3)OC3F7:

IR (m/cm-1) 3110 (OH), 1732 (C=O), 1242 (CF2);
1H NMR (CDCl3) d 1.43–2.04 (CH2), 2.23–2.80

(CH, CH2), 4.17–4.43 (CH2).

Preparation of RF–(DOBAA)n–RF/fluorescein

nanocomposites

To a methanol solution (2 mL) of 4 g/dm3 RF–(CEA)x–

(DMAA)y–RF was added a methanol solution (2 mL) of

J Mater Sci (2008) 43:1366–1375 1367

123



fluorescein (0.2 mmol). The mixture was stirred with a

magnetic stirring bar at room temperature for 1 h to afford

RF–(DOBAA)n–RF/fluorescein nanocomposites. The for-

mation of RF–(DOBAA)n–RF/fluorescein nanocomposites

in the methanol solution was confirmed by the use of UV–

vis spectra (kmax: ca. 440 nm), and the result was shown in

Fig. 1. Other fluorinated oligomers/fluoresceins and naph-

thofluorescein nanocomposites were prepared under similar

conditions, and the formation of these nanocomposites was

spectrophotometrically confirmed.

Results and discussion

UV–vis spectra of methanol solution of fluorescein

(0.1 mmol/dm3) show absorption band at 452 nm (enol

form) and 480 nm (keto form); however, these absorption

bands completely disappeared by the addition of fluoroal-

kyl end-capped N-(1,1-dimthyl-3-oxobutyl)acrylamide

oligomer [RF–(DOBAA)n–RF] and very interestingly, an

intense narrow absorption band was newly observed at

440 nm as shown in Fig. 1.

In contrast, such absorption band was not observed in

the presence of the corresponding non-fluorinated DOBAA

oligomer, and UV–vis spectra showed the same two

absorption bands as with the parent fluorescein. This

intense narrow absorption band in Fig. 1 is also evident

from the difference in colors of methanol solutions of the

parent fluorescein (transparent colorless solution: (a) in

Fig. 1), fluorescein/–(DOBAA)n– oligomer (transparent

colorless solution: (c) in Fig. 1), and fluorescein/RF–(DO-

BAA)n–RF (transparent yellow-colored solution: (b) in

Fig. 1).

Additionally, we tried to measure the UV–vis spectra of

a variety of fluorescein derivatives such as uranine, fluo-

resceinamine, carboxyfluorescein, fluorescein diacetate,

and fluorescein isothiocyanate (see Chart 1) under similar

conditions, and the results were shown in Table 1.

As shown in Table 1, each absorption band (kmaxs: 452

and 480 nm) of the parent fluorescein derivatives was

completely disappeared in the presence of RF–(DOBAA)n–

RF oligomer, and intense narrow absorption bands around

440 nm were newly observed in these fluorescein

derivatives.

Interestingly, the wavelength of the ultraviolet intense

narrow absorption for fluoresceinamine was found to be

slightly blue-shifted from 440 (fluorescein) to 435 nm; in

contrast, it was demonstrated that in the cases of fluores-

cein isothiocyanate and carboxyfluorescein, these

wavelengths were slightly red-shifted to 442 and 443 nm,

respectively.

In particular interest, uranine and fluorescein diacetate,

in which –OH groups are substituted for –ONa and

–OC(=O)Me, respectively, were not able to afford such

intense narrow absorption bands around 440 nm, and the

ratio of absorbance [Aoligomer(ca. 440 nm)/A(ca. 450 nm)]

[the ratios of the absorbance around 440 nm based on that

(around 450 nm) of the parent fluorescein] became sig-

nificantly decrease. On the other hand, fluorescein and
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Fig. 1 UV–vis spectra of methanol solution of fluorescein in the

presence of RF–(DOBAA)n–RF oligomer. (a) Fluorescein (0.1 mmol/

dm3) in MeOH. (b) RF–(DOBAA)n–RF [RF = CF(CF3)OC3F7;

Mn = 3,710] (2 g/dm3)–fluorescein (0.1 mmol/dm3) in MeOH. (c)

–(DOBAA)n– [Mn = 5,820] (2 g/dm3)–fluorescein (0.1 mmol/dm3)

in MeOH

Chart 1 Fluorescein

derivatives
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fluoresceinamine had remarkably higher values (14.5 and

13.9), indicating that fluorinated self-assembled oligomeric

aggregates formed by RF–(DOBAA)n–RF oligomer in

methanol could provide suitable host moieties to recognize

selectively fluorescein derivatives bearing hydroxyl groups

as guest molecules.

A similar result was obtained in the case of naphthofluo-

rescein, and an extremely intense narrow absorption around

520 nm was observed in the presence of RF–(DOBAA)n

–RF oligomer, although such absorption band was not

observed at all in the presence of the corresponding non-

fluorinated DOBAA oligomer and in the absence of oligomer

(see Fig. 2). Calcein bearing two bulky substituents on aro-

matic nuclei (see Chart 2), which is one of fluorescein

derivatives, failed to exhibit the enhanced absorption band

around 440 nm, suggesting that calcein is not likely to

interact with fluorinated molecular aggregates as guest

molecule due to the steric hindrance.

Traditional organic dyes such as indigo carmine, tropae-

olin O, lucigenin, eriochrome black T, ethidium bromide,

aminophthalic acid, methyl red, 4-methylumbelliferone,

phenyl acridine-9-carboxylate, 4-hydroxyazobenzene-40-
sulfonic acid, rhodamine B, methylene blue, acridine

hydrochloride, methyl orange, 4-hydroxyazobenzene-40-
sulfonic acid sodium salt, and acriflavine hydrochloride,

which possess no fluorescein’s units, were not able to interact

with fluorinated oligomeric aggregates at all, and only the

original absorption bands related to parent organic dyes were

observed.

To calculate the maximum number of fluorescein that

could occupy the fluorinated aggregate core, we have

studied on the relationship between the absorbance of

fluorescein and the concentrations of fluorescein in the

presence of fluorinated oligomers, and the results were

shown in Fig. 3.

As shown in Fig. 3, the absorbance of 440 nm in the

presence of RF–(DOBAA)n–RF oligomer increased

remarkably with increasing the concentration of fluores-

cein, and the almost constant values were obtained above

0.2 mmol/dm3. On the other hand, the absorbance of

452 nm related to the parent fluorescein (enol isomer) in

the presence of –(DOBAA)n– oligomer increased slightly

with increasing the concentration of fluorescein. This

experimental result shows that 2 g/dm3 oligomer could

interact with 0.2 mmol/dm3 fluorescein. Thus, one mole of

RF–(DOBAA)n–RF oligomer could interact with ca.

0.37 mol of fluorescein, indicating that fluorinated

Table 1 Absorbance (A) of fluorescein derivatives in methanol in the presence of 2.0 g/dm3 RF–(DOBAA)n–RF [RF = CF(CF3)OC3F7;

Mn = 3,710]

Fluorescein derivatives In the absence of oligomer In the presence of oligomer

kmax (nm) [A] kmax (nm) [A] Aoligomer(ca.440 nm)/A(ca.450 nm)

Fluorescein (0.1 mmol/dm3) 452 [0.101] 440 [1.467] 14.5

480 [0.095]

Uranine (0.03 mmol/dm3) 457 [0.512] 440 [0.392] 0.8

489 [0.678]

Fluoresceinamine (0.10 mmol/dm3) 452 [0.204] 435 [2.834] 13.9

479 [0.190]

Fluorescein isothiocyanate (0.20 mmol/dm3) 442 [0.601] 442 [2.834] 4.7

Carboxyfluorescein (0.10 mmol/dm3) 443 [0.569] 443 [1.366] 2.4

Fluorescein diacetate (1.0 mmol/dm3) 450 [0.081] 440 [0.108] 1.3

477 [0.068]
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Fig. 2 UV–vis spectra of methanol solution of naphthofluorescein in

the presence of RF–(DOBAA)n–RF oligomer. (a) Naphthofluorescein

(0.25 mmol/dm3) in MeOH. (b) RF–(DOBAA)n–RF (2 g/dm3)–naph-

thofluorescein (0.25 mmol/dm3) in MeOH. (c) –(DOBAA)n–

(2 g/dm3)–naphthofluorescein (0.25 mmol/dm3) in MeOH
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Chart 2 Calcein
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oligomeric aggregate could occupy around 3 fluorescein

molecules per aggregate core (see Scheme 1); because this

fluorinated molecular aggregate is considered to consist of

around 8 fluorinated oligomeric molecules since the

molecular weight of the aggregates formed by the fluori-

nated oligomer determined by the static light scattering

measurements and the molecular weight of the fluorinated

oligomer determined by GPC (gel permeation chromatog-

raphy) measurements are 30,310 and 3,710, respectively.

We tried to measure the UV–vis spectra of fluorescein

by the use of not only fluorinated DOBAA oligomers but

also other fluorinated oligomers such as fluoroalkyl end-

capped acrylic acid oligomers [RF–(CH2CHCOOH)n–RF

(RF–(ACA)n–RF)] and N,N-dimethylacrylamide oligomers

[RF–(CH2CHCONMe2)n–RF (RF–(DMAA)n–RF)] under

similar conditions (see Fig. 4 and Table 2).

As shown in Fig. 4 and Table 2, not only fluorinated

DOBAA oligomer but also fluorinated ACA and DMAA

oligomers gave a similar intense narrow absorption peak

around 440 nm, although the corresponding non-fluori-

nated oligomers failed to exhibit such enhanced absorption

peaks. The interaction of RF–(ACA)n–RF oligomer with

fluorescein was found to become weaker compared to those

of RF–(DOBAA)n–RF oligomer and RF–(DMAA)n–RF

oligomer. We could have the highest enhanced absorption

band (the ratio of absorbance [Aoligomer(ca. 440 nm)/A(ca.

450 nm)] [the ratios of the absorbance around 440 nm in

the presence of oligomer based on that (around 450 nm) of

the parent fluorescein]: 21.5) in the case of RF–(DMAA)n–

RF oligomer.

Fluorinated DMAA and ACA oligomers were also

found to afford the same intense narrow absorption peaks

related to naphthofluorescein around 520 nm as with

fluorinated DOBAA oligomer (see Table 3). The ratio of

the absorbance [Aoligomer(ca. 520 nm)/A(520 nm): the

ratios of the absorbance around 520 nm in the presence of

oligomers based on that (520 nm) of the parent naphtho-

fluorescein under the same conditions] was found to

increase effectively in the presence of fluorinated

concentration of fluorescein (mmol/dm3)

452 nm

440 nm
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ba

nc
e

 0.05 

3

2.5

2

1.5

1

0.5

0
0.35 0 0.3 0.25 0.2 0.15 0.1 

Fig. 3 Relationship between the absorbance of fluorescein and the

concentrations of fluorescein in the presence of oligomers (2 g/dm3)

in methanol. (d) RF–(DOBAA)n–RF; RF = CF(CF3)OC3F7 (Mn =

3,710), (m) –(DOBAA)n– (Mn = 5,820)
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Scheme 1 Interaction of

fluorinated oligomeric

aggregates with fluorescein
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Fig. 4 UV–vis spectra of methanol solutions of 0.10 mmol/dm3

fluorescein in the presence of fluoroalkyl end-capped oligomers

(concentration of oligomer: 2 g/dm3). (a) RF–(DMAA)n–RF; RF = CF

(CF3)OC3F7 (Mn = 4,820). (b) RF–(DOBAA)n–RF; RF = CF(CF3)

OC3F7 (Mn = 3,710). (c) RF–(ACA)n–RF; RF = CF(CF3)OC3F7

(Mn = 5,220). (d) 0.10 mmol/dm3 fluorescein in the absence of

oligomer
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oligomers, and an extremely higher ratio (200.3) was

obtained in the case of fluorinated DMAA oligomer. In

contrat, the absorbance ratio of the corresponding non-

fluorinated DMAA oligomer was extremely lower (3.1: see

Table 3).

We have measured the size of fluorinated oligomeric

aggregates formed by RF–(DMAA)n–RF [2 g/dm3: RF =

CF(CF3)OC3F7] in methanol solutions at 30 �C by the

dynamic light scattering (DLS) measurements. DLS mea-

surements shows that RF–(DMAA)n–RF oligomer can form

the nanometer size-controlled fluorinated molecular

aggregates (84.8 ± 9.6 nm) in methanol solution. The size

of fluorinated aggregates was found to increase from

84.8 nm to 114.1 ± 12.1 nm by the composization with

fluorescein (0.1 mol/dm3). This finding suggests that

fluorescein should be tightly encapsulated into the fluori-

nated oligomeric aggregate cores to afford the fluorinated

oligomer/fluorescein nanocomposites.

Unexpectedly, as shown in Fig. 5, fluoroalkyl end-capped

2-carboxyethyl acrylate oligomers [RF–(CH2CHC(=O)

OCH2CH2C(=O)OH)n–RF (RF–(CEA)n–RF)], which were

prepared by the reactions of fluoroalkanoyl peroxides with

the corresponding monomer, were not able to afford newly a

similar intense narrow absorption peak around 440 nm to

that of RF–(ACA)n–RF oligomer, and almost the same

absorption bands as with the parent fluorescein were

observed. A similar result was obtained in the case of the

corresponding non-fluorinated CEA oligomer [–(CEA)n–].

This finding would results from that RF–(CEA)n–RF oligo-

mers have a poor surface active characteristic due to the

electrostatic repulsion between the carboxyl groups in

Table 2 Absorbance (A) of 0.10 mmol/dm3 fluorescein in methanol in the presence of a variety of fluorinated oligomers [2.0 g/dm3]

Oligomer kmax (nm) [A] Aoligomer(ca.440 nm)/A(ca.450 nm)

No oligomer 452 [0.101], 480 [0.095] 0

RF–(DOBAA)n–RF

RF =CF(CF3)OC3F7 (Mn = 3,710) 440 [1.467] 14.5

RF = CF(CF3)OCF2CF(CF3)OCF2CF(CF3)OC3F7 (Mn = 9,390) 440 [1.621] 16.0

RF = C3F7 (Mn = 8,090) 440 [1.167] 11.6

RF = non-fluorinated; Mn = 5,820] 452 [0.083], 480 [0.077] 0

RF–(DMAA)n–RF

RF = CF(CF3)OC3F7 (Mn = 4,820) 440 [2.173] 21.5

RF–(ACA)n–RF

RF = CF(CF3)OC3F7 (Mn = 5,220) 440 [0.854] 8.5

RF = CF(CF3)OCF2CF(CF3)OC3F7 (Mn = 4,250) 441 [0.904] 9.0

Table 3 Absorbance (A) of 0.25 mmol/dm3 Naphthofluorescein

in methanol in the presence of a variety of fluorinated oligomers

[2.0 g/dm3]

Oligomer kmax (nm) [A] Aoligomer(ca.521 nm)/A

No oligomer 521 [0.009]

RF–(DOBAA)n–RF

RF = CF(CF3)OC3F7

(Mn = 3,710)

521 [0.848] 94.2

–(DOBAA)n–

(Mn = 5,820)

521 [0.024] 2.7

RF–(DMAA)n–RF

RF = CF(CF3)OC3F7

(Mn = 4,820)

521 [1.803] 200.3

–(DMAA)n–

(Mn = 22,550)

521 [0.028] 3.1

RF–(ACA)n–RF

RF = CF(CF3)OC3F7

(Mn = 5,220)

521 [0.620] 68.9

–(ACA)n– (Mn = 6,520) 521 [0.033] 3.7
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Fig. 5 UV–vis spectra of methanol solutions of fluorescein in the

presence of RF–(CEA)n–RF and RF–(ACA)n–RF oligomer. (a) Fluo-

rescein (0.1 mmol/dm3) in MeOH. (b) RF–(CEA)n–RF (2 g/dm3)–

fluorescein (0.1 mmol/dm3) in MeOH. (c) –(CEA)n– (2 g/dm3)–

fluorescein (0.1 mmol/dm3) in MeOH. (d) RF–(ACA)n–RF (2 g/dm3)–

fluorescein (0.1 mmol/dm3) in MeOH
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oligomers, quite different from fluoroalkyl end-capped

acrylic acid oligomers [RF–(CH2CHC(=O)OH)n–RF].

In order to clarify this result in detail, the surface

properties of RF–(CEA)n–RF oligomers were evaluated by

measuring surface tension of MeOH/H2O (1/1 vol.) mixed

solutions of these fluorinated oligomers using the drop

weight method at 30 �C. We have also measured surface

tension of the solutions containing the corresponding

RF–(ACA)n–RF oligomers, for comparison. These results

were shown in Fig. 6.

As shown in Fig. 6, RF–(CEA)n–RF oligomers were not

able to reduce the surface tension of the mixed solvents,

effectively, compared to the corresponding ACA oligo-

mers. This would be due to the strong electrostatic

repulsion between the carboxyl groups in RF–(CEA)n–RF

oligomers, because these carboxyl groups were introduced

into oligomeric main chains through the ester units. In

contrast, we could not observe such electrostatic repulsions

in RF–(ACA)n–RF oligomer, because the carboxyl groups

in this oligomer were directly introduced into oligomeric

main chains. Fluoroalkyl end-capped ACA oligomers can

form the self-assembled fluorinated oligomeric aggregates

with the aggregations of terminal fluoroalkyl segments in

aqueous and organic media. On the other hand, it is

strongly suggested that RF–(CEA)n–RF oligomers could

not form the nanometer size-controlled molecular aggre-

gates, due to the electrostatic repulsions between the

carboxyl groups in oligomers. Thus, we have measured the

molecular weights of RF–(CEA)n–RF oligomer [RF =

CF(CF3)OCF2CF(CF3)OC3F7] and RF–(ACA)n–RF oligo-

mer [RF = CF(CF3)OCF2CF(CF3)OC3F7] in methanol by

the static light-scattering (SLS) measurements at 30 �C.

The molecular weights of RF–(ACA)n–RF oligomeric

aggregates determined by SLS and GPC measurements

were 75,100 and 2,630, respectively. This indicates that

fluorinated oligomeric aggregate formed by RF–(ACA)n–

RF in methanol solutions are considered to consist of

around 28 fluorinated oligomeric molecules. On the other

hand, RF–(CEA)n–RF oligomers are not likely to form the

self-assembled molecular aggregates, because the same

values for the molecular weights of RF–(CEA)n–RF oligo-

mer were obtained in the cases of SLS (MW = 7,300) and

GPC (Mn = 7,300) measurements. Thus, RF–(CEA)n–RF

oligomers should not afford an intense narrow absorption

band around 440 nm related to fluorescein.

In this way, it was verified that fluoroalkyl end-capped

DOBAA, DMAA and ACA oligomers were able to afford

sharp intense absorptions related to fluorescein and naph-

thofluorescein around 440 and 520 nm, respectively;

however, the corresponding nonfluorinated DOBAA,

DMAA, ACA oligomers, and RF–(CEA)n–RF oligomers

could not interact with fluorescein and naphthofluorescein

at all under similar conditions.

Hitherto, cyanine-type organic dyes such 5,50,6,60-tet-

rachloro-1,10-diethyl-3,30-bis(4-sulfobutyl)-benzimidazolo-

carbo-cyanine sodium salt are well known to exhibit the

J-aggregation band [8]. This band gives an intense narrow

absorption band related to the interaction of ‘‘edge to

edge’’. H-aggregates give a broad absorption band related

to the interaction of ‘‘face to face’’ [9]. The J aggregate

band is red-shifted compared to that of the parent mono-

mer, and this band gives an intense narrow absorption band

related to the interaction of ‘‘edge to edge’’. In contrast,

H-aggregate band is blue-shifted, and gives a broad

absorption band related to the interaction of ‘‘face to face’’.

However, our present result is quite different from the

J-aggregate and H-aggregates. Because, fluorinated

DMAA, DOBAA, and ACA oligomers can afford a blue-

shifted narrow sharp absorption. Herz and Tanaka, indi-

vidually, reported on the aggregation numbers (n) of

cyanine-type organic dye, and the aggregation numbers are

n = 4 and n = 8, respectively [10]. Our present result in the

extraordinarily enhanced narrow blue-shifted band com-

pared to the parent fluorescein seems to be quite different

from the previously reported J band. Thus, we were

interested in measuring the association number (n) of

fluorescein according to the method reported by Herz and

Tanaka et al. as shown in Fig. 7.

We have measured the UV–vis spectra of fluorescein by

the use of fluoroalkyl end-capped acrylic acid oligomers
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Fig. 6 Surface tension of aqueous methanol solutions [H2O/MeOH =

1/1 (volume)] of fluoroalkyl end-capped CEA and ACA oligomers at

30 �C. (e) –(ACA)n– [Mn = 6,520], (�) RF–(ACA)n–RF; RF = CF

(CF3)OC3F7 [Mn = 5,220], (4) RF–(ACA)n–RF; RF = CF(CF3)OCF2

CF(CF3)OC3F7 [Mn = 4,250], (u) –(CEA)n–, (d) RF–(CEA)n–RF;

RF = CF(CF3)OC3F7 [Mn = 4,620], (m) RF–(CEA)n–RF; RF = CF

(CF3)OCF2CF(CF3)OC3F7 [Mn = 7,300]
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(concentration of oligomer: 1.5 g/dm3) at 30 �C, and the

results were shown in Fig. 8.

As shown in Fig. 8, the narrow sharp absorption band

around 440 nm could increase with the increase of the

concentration of fluorescein. A similar result was obtained

in the case of the concentrations of RF–(ACA)n–RF oligo-

mer: 0.9, 0.6, and 0.3 g/dm3 (data not shown). We can

obtain the association number (n) of fluorescein (0.05–

0.20 mmol) in a variety of concentrations (0.3–1.5 g/dm3)

of RF–(ACA)n–RF oligomer by the use of the equations in

Fig. 7. The association number of fluorescein is around 1.0

in each case as shown in Table 4. This finding suggests that

fluoresceins in fluorinated molecular aggregates are unable

to fall into the well-known J aggregates.

Recently, An et al. reported that biphenyl ethylene

derivatives in mixture of water/tetrahydrofuran was able to

aggregate into nanosize controlled particles with a mean

diameter of about 30–40 nm through the reprecipitation

method [11]. In order to clarify this unique behavior of

fluoresceins in fluorinated oligomeric aggregates, we have

measured SEM (scanning electron microscopy) photo-

graphs of methanol solution of fluorescein in the presence

of RF–(DOBAA)n–RF oligomer, and the results were

shown in Fig. 9.

Surprisingly, this photography shows that fluorescein

nanoparticles are formed in the self-assembled fluorinated

oligomeric aggregates. Fluorescein nanoparticles are very

fine particles with a mean diameter of 46 nm. The insides

of fluorinated molecular aggregate cores could provide the

solvophobic environment, and in addition, the host moie-

ties in these cores could recognize selectively fluoresceins

as guest molecules. Thus, under such specific conditions,

fluoresceins could form nanoparticles with only enol-form,

especially carboxy-type tautomer in the host cores; because

these nanoparticles containing –OH and –C(=O)OH groups

could interact strongly with the fluorinated aggregates

cores through the intermolecular hydrogen bonding.

Hence, the molecular motions of the nanoparticles

would be remarkably restricted, and an extraordinarily

enhanced light absorption would be observed in the car-

boxy-type fluorescein nanoparticles. Under such specific

conditions, fluoresceins with only enol-form, especially

carboxy-type tautomer possessing –OH and –C(=O)OH

groups (see Fig. 10) could interact strongly with fluori-

nated aggregates cores through the intermolecular

hydrogen bonding to afford fluorinated nanocomposites. In

M
K

CM
(CM)n

K

CM

Fluorescein
CM: the concentration of monomer

CJ : the concentration of the aggregate  (CT: 0.05 ~ 0.20 mmol/dm3)

CJ =
CJ

+ nCJCT =

[CT : the total dye concentration]

= nCJ = nK(CM)nCT  -

log nCJ = log nK +  CM

nC

: monomer in Fluorinated Molecular
Aggregates

n log

Fig. 7 Association number (n) of fluorescein in the presence of

oligomer at 30 �C
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Fig. 8 Change of absorption spectra of fluorescein in the presence of

RF–(ACA)n–RF; RF = CF(CF3)OC3F7 (Mn = 5,220) in methanol at

30 �C concentration of RF–(ACA)n–RF: 1.5 g/dm3. In the absence of

oligomer: (A) 0.20 mmol/dm3 fluorescein, (B) 0.15 mmol/dm3 fluo-

rescein, (C) 0.10 mmol/dm3 fluorescein and (D) 0.05 mmol/dm3

fluorescein

Table 4 Association Number

(n) of Fluorescein in the

Presence of

RF–(ACA)n–RF

[RF = CF(CF3)OC3F7]

at 30 �C

Concentration of oligomer

(g/dm3)

n

1.5 0.8

0.9 0.7

0.6 0.8

0.3 0.9

Fig. 9 SEM (scanning electron microscopy) images of methanol

solution of RF–(DOBAA)n–RF [RF = CF(CF3)OC3F7; 2 g/dm3] and

fluorescein (0.1 mmol/dm3)

J Mater Sci (2008) 43:1366–1375 1373

123



fact, the ZINDO molecular orbital theoretical studies

(programs: Gaussian 03W) [12] suggested that the car-

boxy-type tautomer in Fig. 10 could absorb the light

effectively through the HOMO-LUMO (p–p* transition)

interaction to exhibit the absorption at kmax: 412 nm (the-

oretical) [experimental kmax: 437 nm (see Ref. [13]) owing

to the higher flatness of this tautomer]. The molecular

motions of fluoresceins in the nanocomposites would be

remarkably restricted, and an extraordinarily enhanced

light absorption would be observed in the carboxy-type

fluorescein nanocomposites. A similar light absorption

behavior was observed in the case of naphthofluorescein,

indicating that since this compound possesses the same

functional groups such as carboxyl, hydroxyl and carbonyl

(quinone unit) groups as with fluorescein carboxy-type

tautomer, naphthofluorescein should interact tightly with

fluorinated aggregate cores through the intermolecular

hydrogen bonding to afford fluorinated oligomer/naphtho-

fluorescein nanocomposites.

Conclusion

Self-assembled oligomeric aggregates formed by fluoroal-

kyl end-capped DOBAA, DMAA, and ACA oligomers

could provide suitable host moieties to interact with fluo-

resceins and naphthofluoresceins as guest molecules. These

fluorinated oligomers/fluoresceins and naphthofluorescein

nanocomposites thus obtained afforded an extremely

enhanced light absorption around 440 and 520 nm,

respectively; however, the corresponding non-fluorinated

oligomers cannot afford such absorption bands at all under

similar conditions. The enhanced narrow absorption band

around 440 nm was not observed in the presence of fluo-

roalkyl end-capped 2-carboxyethy acrylate oligomers,

although fluoroalkyl end-capped acrylic acid oligomers

could afford this enhanced absorption. This finding sug-

gests that the formation of the self-assembled fluorinated

oligomeric aggregate cores are essential for the observation

of these enhanced narrow absorptions. Especially, it was

demonstrated that carboxyl and hydroxyl groups in fluo-

rescein carboxy-type tautomer and naphthofluorescein

should interact tightly with fluorinated aggregate cores

through the intermolecular hydrogen bonding to afford

fluorinated nanocomposites with an enhanced light

absorption ability. Thus, these fluorinated fluorescein and

naphthofluorescein nanocomposites have high potential to

apply into a variety of fields including the recording

materials.
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