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Photoluminescent properties of Rhodamine 6G in the nanoaggregates of
poly(ethylene oxide)-b-polymethacrylate in aqueous solutions
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Abstract

Absorption and fluorescence spectra of Rhodamine 6G (R6G), as well as degree of polarization (P) and lifetime of fluorescence, have
been measured in order to investigate the usefulness of R6G as a photoluminescent probe for the micelle-like nanoaggregates formed from
poly(ethylene oxide)-b-polymethacrylate (PEO-b-PMA) and counter ions. The counter ions used are cetyltrimethylammonium chloride
(CTAC), dibucaine (DC), tetracaine (TC), poly-l-lysine (PLS), and alkaline earth metal ions (Ba2+ or Ca2+). The change in the spectrum or
P value in CTAC/PEO-b-PMA and DC/PEO-b-PMA systems indicates that R6G is useful for detecting and characterizing the aggregates.
However, the fluorescence parameters do not significantly change when TC, PLS, Ba2+, and Ca2+ are used as a counter ion. The difference
is discussed based on the hydrophobicity of the counter ions and the structures of the aggregates.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Photoluminescent properties of dyes in colloidal systems
such as surfactant micelles[1–4], amphiphilic block copoly-
mer micelles[5–9], and latex dispersions[10–12] have
received much attention for examining the formation and
properties of the microheterogeneous structures[13,14]. The
use of photoluminescent probe is based on the fact that these
microheterogeneous environments provide the probe with
the local concentration, distribution, orientation and mobil-
ity, which are quite different from those in homogeneous
solutions. In the previous works, we have investigated the
usefulness of fluorescent dyes for characterizing the poly-
mer micelles and latex particles[7–12]. For example, we
found that a remarkable change in the fluorescence param-
eters (e.g. intensity, degree of polarization, and lifetime) of
octadecyl Rhodamine B occurs in the solutions of Pluronic
F68 solutions when the polymeric micelles are formed
[9].

Recently, we have succeeded in obtaining the micelle-like
nanoaggregates of “double-hydrophilic” block copolymer,
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poly(ethylene oxide)-b-polymethacrylate (PEO-b-PMA),
by insolubilizing PMA block with counter ions, such as al-
kaline earth metal ions (Ba2+ or Ca2+) [15], cetyltrimethy-
lammonium chloride (CTAC)[16], cationic anesthetics
dibucaine (DC) and tetracaine (TC)[17], and poly-l-lysine
(PLS) [18], etc. Schematic illustration of the aggregate
formation is presented inFig. 1. This kind of aggregate
is quite new and seems to be interesting as one of the
microheterogeneous systems for photoreactions. In this
study, we investigated photoluminescent properties of Rho-
damine 6G (R6G) to know the usefulness of this probe for
characterizing the micelle-like nanoaggregate of PEO-b-
PMA.

2. Experimental details

Water was purified with a Milli-Q purification system.
R6G (laser grade) was purchased from Aldrich and used as
supplied. The concentration of R6G was constant at 2�M.
As the preparation procedure of the nanoaggregate was
previously reported in detail[15–18], a brief description
about it is given here. Known amounts of PEO-b-PMA
solutions containing R6G were electrically neutralized by
titration with solutions of cations. To show the ratio of
added cations to the total amount of carboxylate ion, we
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Fig. 1. Structure of PEO-b-PMA copolymer and pictorial representation
of nanoaggregate formation.

define an “apparent degree of neutralization (DN)” by

DN (%) = amount of added cations(mol)

amount of COO− groups(mol)
× 100 (1)

where the cation is CTAC, DC, TC, PLS, Ba2+, or Ca2+. All
the experiments were carried out under pH= 6–8, where
almost all carboxylic groups of PMA block have an anionic
form. The size of the nanoaggregates ranges from 50 to
200 nm and was unchanged for several weeks[15–18].

Absorption spectra were recorded on a Jasco Ubest-50
spectrophotometer. Fluorescence spectra were recorded on a
Hitachi F-4000 spectrofluorometer. The fluorescence spec-
tra were corrected by the use of a standard tungsten lamp
with a known color temperature. Degree of polarization (P)
was observed with Hitachi F-4000 spectrofluorometer em-
ploying a set of film polarizers in the L-format. Fluores-
cence lifetime measurements were performed with a Horiba
NAES 1100 time-resolved spectrofluorometer which uses a
time-correlated single photon counting technique.
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Fig. 2. Dependence of fluorescence intensity of R6G (2 �M) on
PEO-b-PMA concentration. The samples were excited at 470 nm. The
fluorescence intensity is shown by a peak height around 551 nm.

3. Results and discussion

3.1. Effect of PEO-b-PMA on dimer formation of R6G

It is well known that R6G forms a non-fluorescent dimer
(or multimer) in solution. Usually the dimer formation
is negligible if the concentration of R6G is lower than
10−2 M [19]. In the presence of the polymers, however,
dimer formation will be enhanced if R6G is bound to the
polymers. Fig. 2 shows the dependence of the fluorescence
intensity of R6G on PEO-b-PMA concentration. At low
polymer concentration, most of R6G molecules exist in the
aqueous bulk phase, so that fluorescence intensity is nearly
equal to that in the aqueous solution. With the increase of
the PEO-b-PMA concentration, the amount of bound R6G
molecules becomes increased. Since R6G and PMA have
positive and negative charges, respectively, R6G seems to
be preferentially adsorbed on PMA block by electrostatic
interaction. On the polymer chains, the R6G undergoes
extensive dimer formation due to their higher local concen-
tration. Thus, fluorescence intensity of R6G is decreased,
eventually passing through a minimum value at the poly-
mer concentration of 0.01 g/l. If we continue to increase the
polymer concentration, the fluorescence intensity is recov-
ered. This suggests that R6G molecules are re-distributed
on the polymer chains, resulting in the dissociation of the
dimers into the monomers. Concomitantly, the absorption
band of R6G monomers increased with decrease in that of
the dimers. This also gives us the evidence for the dissoci-
ation of dimers into the monomers.

3.2. Photoluminescent properties of R6G in the
CTAC/PEO-b-PMA nanoaggregates

Fig. 3 shows absorption spectra of R6G in CTAC/PEO-b-
PMA aggregates. The absorption due to dimers (490–510 nm)
[20] is dominant in the absence of CTAC. When CTAC
concentration is increased in the solutions, the monomer ab-
sorption (520–540 nm) becomes significant. This suggests
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Fig. 3. Absorption spectra of R6G (2 �M) in the solutions of PEO-b-PMA
at different DN. Counter ion: CTAC. [PEO-b-PMA] = 0.01 g/l.

that the dimers are dissociated into monomers on addition
of CTAC.

We observed fluorescence spectra of R6G in CTAC/PEO-
b-PMA aggregates (Fig. 4). It should be noted here that the
polymer concentration is constant at 0.01 g/l, which gives
minimum fluorescence intensity in Fig. 2. As shown in
Fig. 4, the fluorescence intensity increased with increase of
DN. When CTAC is added at 30% DN level, the intensity of
R6G fluorescence in the nanoaggregates is comparable with
that in water, suggesting that R6G dimers are effectively
dissociated to the monomers with nanoaggregate formation.
However, the intensity is still increased if DN is increased
above 30%. We attribute these changes to the increase in the
quantum yield of R6G fluorescence due to the increase in
viscosity around the probe, which suppresses the deactiva-
tion processes such as internal rotation of amino fragments.
The increase in the fluorescence intensity above 30% DN is
evidence for the fact that the probe molecules are incorpo-
rated in the nanoaggregates.

Degree of polarization, P, gives information about the
micro-viscosity around the probe molecule [21]. It is defined
by

P = Iv − Ih

Iv + Ih
(2)
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Fig. 4. Fluorescence spectra of R6G (2 �M) in the solutions of PEO-b-
PMA at different DN with CTAC. [PEO-b-PMA] = 0.01 g/l. λex =
470 nm. Inset: dependence of fluorescence intensity of R6G (�) on DN in
the solutions of PEO-b-PMA. [PEO-b-PMA] = 0.01 g/l. λex=470 nm. The
fluorescence intensity of R6G in water (�) is also shown for comparation.

where Iv and Ih are the intensities of the vertically and hor-
izontally polarized emission, respectively, when the sample
is excited with vertically polarized light. For a rotating probe
molecule in a solution, P is related to the viscosity (η) of
the environment of the probe as follows:

1

P
= 1

P0
+

(
1

P0
− 1

3

) (
kTτ

ηV

)
(3)

where P0 is the degree of polarization in rigid media, k the
Boltzmann constant, T the absolute temperature, τ fluores-
cence life time, and V is the effective volume of the probe
[21]. According to Eq. (2), P increases with increase in the
viscosity around the probe molecule. P also increases with
decrease in the fluorescence lifetime of the probe molecule.
For the measurements of P in the CTAC/PEO-b-PMA
nanoaggregates, R6G seems to be a suitable probe for two
reasons: (1) R6G molecules have been effectively incorpo-
rated into the aggregates, and (2) the lifetime of R6G fluo-
rescence is relatively short (ca. 4 ns in water [22]) compared
with the rotational diffusion time, resulting in high P value.
In Fig. 5, we show the dependence of P on DN. There is no
significant change of P, suggesting that CTAC/PEO-b-PMA
aggregate is loosely packed, so that R6G can rotate as freely
as in aqueous bulk phase (P = 0.02, in water).

3.3. Photoluminescent properties of R6G in the
DC/PEO-b-PMA nanoaggregates

Fluorescence spectra of R6G in DC/PEO-b-PMA aggre-
gates are shown in Fig. 6. On adding DC to polymer, the
fluorescence intensity is decreased. Above 20% DN, inten-
sity is recovered to some extent. However, it is still lower
than that in the absence of DC. This seems to be due to that
R6G is quenched by DC. We also note the significant red
shift compare with that in CTAC/PEO-b-PMA system. This
will be discussed later.

To obtain an insight into the quenching of R6G fluores-
cence by DC, we observed the fluorescence decay curves
of R6G in DC/PEO-b-PMA systems. The decay curves of
R6G in PEO-b-PMA solutions show double-exponential
functions irrespective of the presence of DC. Such
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Fig. 5. Degree of polarization of R6G (2 �M) as a function of DN
in the solutions of PEO-b-PMA and CTAC. [PEO-b-PMA] = 0.01 g/l.
λex = 470 nm, λem = 553 nm.
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Fig. 6. Fluorescence spectra of R6G (2 �M) in the solutions of
PEO-b-PMA at different DN with DC. [PEO-b-PMA] = 0.05 g/l.
λex = 470 nm.

multi-exponential decay is often observed in polymer sys-
tems because the probe molecules are distributed among
several different sites in the polymers. Therefore, we calcu-
late a mean lifetime of R6G in the aggregates by

〈τ〉 =
∑

Aiτ
2
i∑

Aiτi

(i = 1, 2) (4)

where Ai and τi, respectively, denote the pre-exponential
factor and the lifetime of ith component. We plot 〈τ〉 against
DN in Fig. 7. The mean lifetime has no significant change
with increase of DN. Therefore, the quenching of the R6G
seems to be operated by a static mechanism. This suggests
formation of a non-fluorescent complex between R6G and
DC.

Fig. 8 shows the dependence of P on DN for DC/PEO-b-
PMA systems. There is a marked increase in P when DN is
increased from 0 to 60%. As the lifetime of R6G does not
much change with increasing DN (see Fig. 7), the increase of
P can be attributed to the increase of micro-viscosity around
R6G molecules. Therefore, the increase in P indicates that
R6G is transferred into the polymer aggregates from aqueous
bulk phase.
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Fig. 7. Fluorescence lifetime of R6G (2 �M) as a function of DN in the
solutions of PEO-b-PMA and DC. [PEO-b-PMA] = 0.05 g/l. The samples
were excited at 470 nm. The emission was collected through Y51 cut off
filter.
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Fig. 8. Degree of polarization of R6G (2 �M) as a function of DN in the so-
lutions of PEO-b-PMA and DC. [PEO-b-PMA] = 0.05 g/l. λex = 470 nm,
λem = 553 nm.

It is interesting to compare the red-shifted spectra of
R6G in DC/PEO-b-PMA with that in CTAC/PEO-b-PMA
nanoaggregates. Although solvent effects on the absorption
and fluorescence spectra of Rhodamine dyes are complicated
and the discussion continues to be controversial [23,24],
we may be able to get some information about the loca-
tion of the probe in the nanoaggregates. The peak posi-
tions in the absorption and fluorescence spectra of R6G in
CTAC/PEO-b-PMA are not much different from those in
water, while there is a significant red-shift in the spectra of
R6G in DC/PEO-b-PMA nanoaggregates. To elucidate the
difference, we measured fluorescence and absorption spectra
of R6G in various micelles of low-molecular weight surfac-
tants, drug and block copolymer. Wavelengths of maximal
intensity (λmax) in the absorption and fluorescence of R6G
are summarized in Table 1.

The tendency of the solvent shift in Table 1 is similar
to that reported by Arbeloa et al. about R6G in monoalco-
hols [23]. According to Arbeloa et al., absorption and fluo-
rescence peaks show red-shift with decreasing polarity. As
seen in Table 1, the R6G spectra in the micelles of DC,
SDS, and Triton X-100 show significant red-shift compared
to those in water, implying that R6G is located at the less

Table 1
Wavelengths of maximal intensity in absorption and fluorescence spectra
of R6G (2 �M) in water, micelles or nanoaggregates

Medium Concentration λmax (nm)

ABSa FLa

Water – 525.4 552.0
CTAC (M) 0.003 526.2 553.3
DC (M) 0.1 535.2 561.6
SDS (M) 0.015 532.6 558.9
Triton X-100 (×10−4 M) 5.2 534.0 558.6
Pluronic L64 (g/dl) 18 532.4 559.0
CTAC/PEO-b-PMA (g/dl, 100% DN) 0.01 525.4 551.7
DC/PEO-b-PMA (g/dl, 100% DN) 0.05 534.6 556.9

a The symbols ABS and FL denote absorption and fluorescence spectra,
respectively.
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polar (i.e. central) domain in the micelles. In contrast, the
R6G spectra in the micelles of CTAC show little red-shift.
One of the explanations for the little red-shift might be that
R6G is not incorporated into the CTAC micelles. However,
this is not the case because the fluorescence intensity is sig-
nificantly enhanced in the CTAC micelles compared with
that in aqueous solutions. Therefore, the little red-shift in
the CTAC micelles suggests that R6G molecules are ac-
commodated in the domain close to water/micelle interface.
Concerning to the red-shift of absorption and fluorescence
spectra of R6G, there is correlation between CTAC mi-
celles and CTAC/PEO-b-PMA nanoaggregates or between
DC micelles and DC/PEO-b-PMA nanoaggregates, imply-
ing that, in the surfactant/PEO-b-PMA nanoaggregates R6G
molecules are accommodated in the domains which have en-
vironments similar to those in the micelles of low-molecular
weight surfactants.

We also investigated the properties of R6G in the nanoag-
gregates induced by TC, PLS, Ba2+, or Ca2+. There is
no significant change in the spectral properties of R6G
(peak position, P value, etc.) in TC, PLS, Ba2+, and
Ca2+-neutralized systems. There seem to be two reasons:
(1) R6G is not incorporated into the aggregate because hy-
drophobic interaction between R6G and the nanoaggregate
is also necessary for incorporation of R6G into the aggre-
gate; (2) the core has a loosely packed structure due to
the weak hydrophobic interaction between the PMA block
and counter ions. Considerable amount of water may exist
in the interior of the aggregates, so that the environment
around R6G is similar to that in aqueous bulk phase. R6G
labeled-polymer is needed for clarifying which is the case.
Such experiments will be done in a future work.

4. Conclusions

We have examined the usefulness of R6G for charac-
terizing nanaoaggregates of PEO-b-PMA neutralized with
counter ions. The shift of peak position in the absorption
and fluorescence spectra, the change of fluorescence inten-
sity, and the increase of P value demonstrate that R6G is a
useful probe for detecting and characterizing the aggregates

of CTAC/PEO-b-PMA and DC/PEO-b-PMA systems. How-
ever, in the PEO-b-PMA aggregates which are neutralized
with TC, PLS, Ba2+, or Ca2+, neither the absorption and
fluorescence spectra nor the P value show significant change
even after the aggregates are formed. This seems to be at-
tributed to the weak hydrophobicity of such counter ions.
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