
OCTADECYLRHODAMINE B AS A SPECIFIC MICELLE-BINDING
FLUORESCENT TAG FOR FLUORESCENCE CORRELATION
SPECTROSCOPY STUDIES OF AMPHIPHILIC WATER-SOLUBLE
BLOCK COPOLYMER MICELLES. SPECTROSCOPIC BEHAVIOR
IN AQUEOUS MEDIA+

Jana HUMPOLÍČKOVÁa1, Karel PROCHÁZKAa2,* and Martin HOFb
a Department of Physical and Macromolecular Chemistry and Laboratory of Specialty Polymers,
Faculty of Science, Charles University, Albertov 6, 128 43 Prague 2, Czech Republic;
e-mail: 1 humpolic@natur.cuni.cz, 2 prochaz@vivien.natur.cuni.cz

b J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic and
Center for Complex Molecular Systems and Biomacromolecules, Dolejškova 3, 182 23 Prague 8,
Czech Republic; e-mail: hof@jh-inst.cas.cz

Received April 10, 2003
Accepted June 13, 2003

Fluorescence behavior of octadecylrhodamine B (ORB) and the association-dependent
changes in UV-VIS absorption and fluorescence spectra in aqueous solutions were studied by
UV-VIS absorption spectroscopy and steady-state and time-resolved fluorometry. Spectral
changes are interpreted in terms of the hydrophobically driven formation of H- and J-dimers
and higher aggregates. The knowledge gained serves as a basis for the interpretation of re-
sults of the fluorescence correlation spectroscopy study of polymeric micelles labeled with
ORB.
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Rhodamine-based compounds rank among to the most popular dyes, which
find a broad range of applications. They have very high fluorescence quan-
tum yields and are used, e.g., as the circulation media in dye lasers1.
Octadecylrhodamine B (ORB) is a relatively new dye which has been intro-
duced by Molecular Probes Co., Inc., U.S.A., a couple years ago as a fluores-
cent dye for specific labeling of biological structures. It is fairly popular in
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biochemisty and molecular biology2, but so far it has found only a limited
use for studying polymers, colloids and nanoparticles3,4. In this and in the
accompanying paper5, we test ORB in labeling and studying of polymeric
nanoparticles by fluorescence techniques, mainly by fluorescence correla-
tion spectroscopy.

Fluorescence correlation spectroscopy (FCS) is a relatively new spectro-
scopic technique that monitors behavior of fluorescent molecules, fluores-
cent-tagged macromolecules and nanoparticles at the molecular level in
time periods ranging from 10–6 to 10–2 s. This technique was described first
by Magde et al.6 in 1972. In the seventies and eighties, its use was limited
mostly by the lack of reliable apparatuses. Since the mid-seventies, theoreti-
cal principles of FCS and fields of its applications have been developed7–19.
The most important advances of FCS were reviewed, e.g., by Thompson20 in
1991. With the advent of commercially available apparatuses produced by
Carl Zeiss, Jena, the use of FCS spread all over the world in last ten years.

In a FCS experiment, one monitors fluorescence intensity fluctuations
from a very small, irradiated volume of 10–18 m3 containing a dilute solu-
tion of fluorescent particles. The fluctuations can be caused by different
processes, most often by the Brownian motion, but chemical reactions,
such as photobleaching, may also be a source of fluorescence fluctuations.
Since the intensity of the focused laser beam is very high, the photo-
bleaching due to the transition to the excited triplet state is a process of im-
portance because it hinders measurement and complicates the analysis.
Therefore probes with a low probability of the intersystem crossing have to
be used in FCS, e.g., rhodamine-based dyes. In a small irradiated volume,
there are typically less than ten fluorescent particles and each time the
fluorophore enters or leaves the volume, a fluctuation is registered. By
monitoring the fluctuations and fitting their autocorrelation function, it is
possible to evaluate the diffusion coefficient of fluorescent particles. The
advantages of this technique are: (i) negligible consumption of the sample,
(ii) possibility of measuring diffusion coefficients of small molecules that
do not scatter light and (iii) possibility of determining diffusion coefficients
of tagged molecules in mixtures and in complex systems with excess of
nonfluorescent molecules. The method, however, is limited either to fluo-
rescent or fluorescent-tagged particles with extremely low intersystem
crossing rates (even fluorescein, which is described in new textbooks as a
suitable probe20 undergoes almost total photobleaching at high light inten-
sities used in modern apparatuses).

The aim of the paper is the following. We would like to demonstrate that
octadecylrhodamine B is an excellent fluorescent probe for labeling
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amphiphilic core/shell structures for FCS purposes. However, its spectral be-
havior is very complex and, as mentioned above, it has never been studied
in a broader range of conditions necessary for an unambiguous FCS re-
search in spite of the fact that ORB is a fairly popular probe in biochemistry
and biology. Therefore, we present a detailed report on its solution behav-
ior to share the acquired knowledge with researchers that might intend to
use ORB for fluorescent labeling and FCS studies on biological structures or
nanoparticles in aqueous media.

EXPERIMENTAL

Materials

Octadecylrhodamine B was purchased from Molecular Probes, Inc, U.S.A.
Solvents. 1,4-Dioxane and methanol were purchased from Aldrich International and used

without other purification. Deionized water was used in the study.

Techniques

UV-VIS absorption. Spectra were measured in 1-cm quartz cuvettes using a diode array
UV-VIS spectrometer Hewlett–Packard, HPUV 8452A

Steady-state fluorescence spectra (i.e., corrected excitation and emission spectra and
steady-state anisotropy) were recorded with a SPEX Fluorolog 3 fluorometer, U.S.A., in a
1-cm quartz cuvette closed with a Teflon stopper. Oxygen was removed by 5-min bubbling
with nitrogen before the measurement.

Time-resolved fluorometry. The time-correlated single photon counting technique was used
for measurements of fluorescence lifetimes. The time-resolved fluorescence decays were re-
corded on 5000U time-resolved fluorometer (IBH, Great Britain), equipped with an IBH
NanoLED-01 (490 nm peak wavelength, 1–1.5 ns in full width in the half maximum of the
pulse, 1 MHz repetition rate) and cooled MCP-PMT (Hamamatsu, Japan). A deconvolution
procedure was used to get the true fluorescence decays that were further fitted to
multiexponential functions using the Marquardt–Levenberg non-linear least squares method
using the ED software. Low values of the χ2 (close to 1.0), and random distribution of resid-
uals were used as criteria of the fit.

RESULTS AND DISCUSSION

Behavior of Octadecylrhodamine B in Polar Solvents

Spectroscopic behavior of common rhodamine dyes, such as rhodamine B
(RB), rhodamine 6G (R6G) and rhodamine 110 (R100) in solutions and
their behavior at surfaces has been the subject of numerous studies and at
present their spectra are fairly well-understood21–35. The aforementioned
dyes are soluble in polar organic solvents and little soluble in water, but
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they have a strong tendency to form dimers and multiple aggregates at
higher concentrations (ca 10–3 mol l–1 for RB 35). Rhodamine B forms pre-
dominantly H-dimers in water and J-dimers in lower aliphatic alcohols. Ac-
cording to the exciton theory, the excited state of a dimer splits into two
energy levels, but only one spectroscopic transition is allowed according to
the structure of the dimer30–32. H-dimers are usually coplanar (i.e., sand-
wich-type) nonfluorescent dimers with a blue-shifted absorption band
(with respect to the monomer absorption). The non-zero electric transition
moment (corresponding to the allowed electronic transition) is perpendicu-
lar to the line connecting the centers of gravity of the two aromatic ring
systems. J-Dimers are fluorescent dimers with red-shifted emission. De-
pending on the dye and on conditions, they are either eclipsed coplanar
(i.e., oblique) dimers or V-shape dimers (in the limit case, they have either
head-to-head or head-to-tail arrangement). The transition dipole moment
of the J-dimer is parallel to the line that connects the centers of gravity of
the rings. In the case of rhodamine dyes, the aromatic xanthene ring sys-
tems are not symmetrical. As a consequence, different dimers may be
formed and the optical selection rules are relaxed. Both transitions (to the
higher as well as to the lower excited state) are observed in the absorption
spectrum, but the blue-shifted band is more intense in H-dimers, while the
red-shifted one prevails in J-dimers. Possible structures of both types of
dimers are depicted in Scheme 1.
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SCHEME 1
Energy levels of the ground and excited states of the fluorescent rhodamine B J-dimer (left), RB
monomer (middle) and non-fluorescent RB H-dimer (right)
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Since octadecylrhodamine B (Chart 1) is derived from rhodamine B, we
compare our experimental results with the literature data for RB, mainly
with results of Fujii et al. who studied RB in ethanol–water mixtures and
were able to decompose experimental spectra into subspectra of monomer
RB, H-dimer RB and J-dimer RB 35. They reported a monomer absorption
maximum at λM = 555 nm (below 10–4 M concentration) and the blue- and
red-shifted absorption maxima of H-dimer ((λB)H = 525 nm, (λR)H = 553 nm)
and (λB)J = 531 nm, (λR)J = 569 nm for J-dimer. We performed similar mea-
surements with RB in methanol–water mixtures and we found essentially
the same values.

As systematic data on the associative and spectroscopic behavior of ORB
in mixed aqueous media have not been published so far, we performed a
study of ORB in water–methanol solutions before attempting to investigate
its binding to polymeric micelles in aqueous media. The dye is well soluble
and highly fluorescent in methanol. Its monomer absorption spectrum is
identical with that of RB (see Fig. 1a) and obeys the Lambert–Beer law at
concentrations below 3 × 10–4 M (insert in Fig. 1a). The excitation and emis-
sion spectra are shown in Fig. 1b and the fluorescence decay in the insert
in Fig. 1b. The experimental absorption coefficient, εmax = 92 200 ± 700
mol–1 dm3 cm–1 and the fluorescence decay time, τF = 1.7 ns.

The behavior of ORB in water and water-rich media differs significantly
from that of RB. This dye behaves as a typical surfactant. We study the be-
havior of ORB well below the critical micelle concentration and the forma-
tion of micelles does not have to be taken into account. However, it is a
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well-known fact that surfactants with more than 12 CH2 units form dimers
(and higher associates) at concentrations considerably lower than c.m.c.36

In ORB aggregates, individual xanthene rings come relatively close to each
other and the formation of H- and J-dimers occurs therefore at very low
concentrations as compared with RB. Since the aliphatic tails are reasonably
flexible and assume various instantaneous conformations, we deduce that
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FIG. 1
a UV-VIS absorption spectra of octadecylrhodamine B solutions in methanol. cF (mol l–1): 1
1.69 × 10–7, 2 3.38 × 10–7, 3 6.76 × 10–7, 4 1.01 × 10–6, 5 1.33 × 10–6, 6 1.69 × 10–6. Insert: The
Lambert–Beer plot (the ratio of absorbances A/A0 vs ORB concentration, where A0 are for cF =
1.69 × 10–7 mol l–1) for 522 (■ ), 566 (● ) and 572 (▲) nm. b Normalized excitation (dotted
curve 1) and emission spectra (solid curve 2) of ORB in methanol. Insert: Fluorescence decay at
585 nm (solid curve 1′); excitation profile at 550 nm (dotted curve 2′)
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the microenvironments around individual fluorescent groups differ. The
closely located rhodamine pairs exposed to water molecules form H-dimers,
while those, which are more surrounded by aliphatic tails, tend to form
J-dimers, as does RB in ethanol because the polarity of their micro-
environment is lower. The above described scheme assumes that the hydro-
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FIG. 2
a UV-VIS absorption spectra of ORB in aqueous solutions for the same concentrations as in Fig. 1.
Insert: A plot A/A0 vs ORB concentration in water, showing deviations from the Lambert–Beer
law at 532 (● ), 564 (■ ) and 580 (▲) nm. b The decomposition of experimental absorption
spectrum of 1.69 × 10–6 mol l–1 ORB solution in water (curve 1) in subspectra of individual
components. The absorption spectrum of ORB in water consists of 58% of monomer (curve 2),
17% of H-aggregates (curve 3), 11% of J-aggregates (curve 4) and 14% of higher aggregates
spectra (curve 5)
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phobic aggregation of ORB hydrocarbon tails is the primary process and the
formation of H- and J-dimers or higher aggregates of fluorescent xanthene
rings is the secondary process, which takes place in the pre-organized aggre-
gates. It will be demonstrated in the next part that the real behavior obeys
the outlined scheme, but is far more complex.

The absorption spectra of ORB solutions in water were measured for con-
centrations from 10–7 to 10–4 M, but only the spectra for concentrations
from 10–7 to 10–6 M are shown in Fig. 2a, to provide a clear picture. The
main absorption band around 560 nm is slightly red-shifted as compared
with ORB spectra in methanol and also with RB spectra in ethanol–water
(50 vol.%) mixture published by Fujii et al.35 The shift is partly due to the
bulk polarity change, but also to the J-dimer formation. The spectra are sig-
nificantly broadened in the red region. The red band is appreciably non-
symmetric with a shoulder at higher concentrations and its shape may be
characterized as a double peak with a shallow minimum around 570 nm at
low concentrations. Very pronounced deviations occur also in the blue re-
gion 520–540 nm. The ratio of absorbances, A530/A560, is appreciably higher
as compared with RB as a result of the presence of H-dimers. The changes in
populations of individual species with increasing concentration and devia-
tions from the linear Lambert–Beer plot for three selected wavelengths are
apparent even at the lowest concentrations used (see insert in Fig. 2a).

The measured spectra may be reconstructed fairly well using the pub-
lished spectra of the monomer and both types of dimers, except the red
part close to 600 nm since none of the published spectra show significant
absorption in this region. The spectral decomposition is shown in Fig. 2b.
The shape of the red part of the experimental spectrum suggests that the
broad non-symmetrical absorption between 540 and 600 nm is composed
of two bands with maxima at 564 and 580 nm. In analogy with other au-
thors, we assume that the latter band corresponds to higher J-aggregates27.
The spectral reconstruction leads to the finding that both types of aggre-
gates exist in aqueous and water-rich solutions. What is slightly surprising
is the content of the individual components. The fraction of H-dimer,
which is the main form of RB under the given conditions, is relatively low
in all studied mixtures. The predominant forms are J-dimers and higher J-
aggregates, but the fraction of ORB monomers seems to be also fairly high.

The normalized steady-state excitation (emission at the maximum of the
fluorescence band, i.e., at 585 nm) and emission spectra of ORB (excited at
556 nm) in pure water are shown in Figs 3a, 3b for solutions in the concen-
tration region 10–7–10–5 M. The ratio of excitation intensities I522/I556 is
shown in the insert (Fig. 3a), as a function of ORB concentration. The shift
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in the position of the emission maximum with concentration is depicted in
the insert in Fig. 3b. Excitation spectra show an increasing content of
H-aggregates with increasing concentration. As concerns the analysis of the
excitation bands, some precaution is needed. At 556 nm we collect mainly
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FIG. 3
a Normalized excitation ORB spectra (chosen ones) in aqueous solutions. cF (mol l–1): 1 4.48 × 10–7,
2 8.64 × 10–6, 3 1.34 × 10–5, 4 1.79 × 10–5, 5 2.24 × 10–5. The emission wavelength was 580 nm.
Insert: The ratio of fluorescence intensities excited at 522 and 556 nm, I522/I556 vs ORB con-
centration showing the most important changes in the shape of fluorescence spectra. b Nor-
malized emission ORB spectra in aqueous solutions. cF (mol l–1): 1 2.24 × 10–7, 2 4.48 × 10–6, 3
8.96 × 10–6, 4 2.24 × 10–5. Excitation wavelength was 556 nm. Insert: The shift in the maxi-
mum emission wavelength λmax with ORB concentration
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the monomer emission. The H-dimers are non-fluorescent, but since their
absorption is blue-shifted as compared with the monomer, some excited
dimers (in the higher state) may transfer the excitation energy by NRET
dipole–dipole interaction mechanism instead of the vibrational relaxation
to the lower excitation state. Therefore we observe a NRET-sensitized in-
crease in the excitation band of H-dimers. When monitoring the monomer
emission, we observe almost no NRET contribution from the red shifted
J-dimers, but there is a direct contribution resulting from the overlap of
bands. Other complication consists in the fact that H-dimers (in the lower
state) are efficient excitation energy traps and quench the monomer emis-
sion37. However, the quenching is evenly efficient for both the sensitized
and direct excitation. It means that it does not weaken only the emission at
maximum, but in the whole band region.

A representative fluorescence decay of ORB in water (excited at 556 nm
and monitored at the maximum of the emission band, c = 3.6 × 10–6 mol l–1)
is shown in Fig. 4 (together with the excitation profile). In the concentra-
tion range 10–7–10–5 M, the experimental fluorescence decays can be reason-
ably fitted by a double-exponential function, IF(t) = B1 exp (–t/τ1) + B2 exp (–t/τ2).
The changes of short and long lifetimes, τ1 and τ2, with concentration are
shown in the insert (curves 1′ and 2′, respectively), together with the ratio
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FIG. 4
A representative ORB fluorescence decay in aqueous media (solid curve 1, c = 3.6 × 10–6

mol l–1, excited at 556 nm and measured at 585 nm), excitation profile (dotted curve 2). Insert:
The short and long fluorescence lifetimes, τ1 and τ2, (curves 1′ and 2′, respectively) and the ra-
tio of pre-exponential factors, Bslow/Bfast (curve 3′) obtained by double-exponential fits as func-
tions of ORB concentration
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Bslow/Bfast (curve 3′, for the discussion of the curve – see further). Rhod-
amine dyes (e.g., RB) are known for their high fluorescence quantum yields,
both in polar organic solvents and water20. The fluorescence emission spec-
trum of ORB and its polarity shift correspond roughly to those of RB. The
most remarkable difference between RB and ORB in methanol–water mix-
tures is the tremendous decrease in the fluorescence intensity of ORB with
increasing water content (Fig. 5) due to the formation of H-dimers. As men-
tioned above, these dimers are not only non-fluorescent, but they are very
efficient excitation energy traps and quench both the monomer and
J-dimer emissions37. Their presence manifests itself by non-exponential
emission decays (see Fig. 4) and by changes in mean fluorescence lifetimes,
〈τ F〉 , with dye concentrations. The overall changes in fluorescence decays
are complex and their unambiguous interpretation is not easy. We assume
that the fluorescence lifetime of ORB is shorter in water than in methanol
due to polarity change and that it is quenched by energy transfer to
H-dimers. On the other hand, the monomer and J-dimer emission bands
evidently overlap. Hence we observe a contribution of the J-dimer and
J-aggregates decay when measuring the decay of the monomer. Since the
short lifetime is almost constant, while the contribution of the longer life-
time increases with ORB concentration, we believe that the longer time cor-
responds roughly to J-aggregates. This is shown in the insert of Fig. 4 by the
increase of the Bslow/Bfast ratio. It varies with ORB concentration since it is
quenched by NRET to H-dimers. In any case, it is necessary to keep in mind
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FIG. 5
Changes in fluorescence intensity (curve 1) and the maximum fluorescence wavelength
(curve 2) with composition of the methanol–water solvent
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that the double exponential function is not sufficient to describe quenched
decays from a mixture of two species well. In such cases, the fitting parame-
ters represent only some effective values and their rigorous physical inter-
pretation is impossible.
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FIG. 6
a Changes in ORB absorption spectra (chosen ones) with ionic strength in NaCl solutions (cF = 4.0 ×
10–6 mol l–1, pH 3). Ionic strength I: 1 0.001, 2 0.07, 3 0.03, 4 0.1, 5 0.15, 6 0.3. Insert: Ratio of
absorbances A566/A538 (curve 1′) and A566/A580 (curve 2′) vs ionic strength, I, showing the most
important changes in the shape of absorption spectra. b Changes in ORB emission spectra
(chosen ones) with ionic strength in NaCl solutions (cF = 4.0 × 10–6 mol l–1, pH 3). Ionic
strength I: 1 0.001, 2 0.007, 3 0.01, 4 0.05, 5 0.05, 6 0.2. Excitation wavelength was 556 nm.
Insert: The plot of the fluorescence intensity at the maximum of the emission band, Imax vs
ionic strength I
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The maximum fluorescence intensity (curve 1) together with correspond-
ing wavelength (curve 2) are depicted in Fig. 5 as functions of the solvent
composition. The shape of curve 1, i.e. decrease in fluorescence intensity
with water content corresponds to the above discussed association and
spectroscopic behavior amphiphilic dyes with long aliphatic tails, such as
5-N-octadecanoyl-aminofluorescein, etc.38 The red shift of the maximum
position with increasing water content corresponds to the polarity shift of
similar dyes, although it was not reported by Fujii for rhodamine B in simi-
lar mixtures35.

The ionic strength of the solution influences strongly the absorption and
fluorescence spectra of aqueous solutions of ORB. Small ions screen electro-
static repulsion between two positively charged rhodamine ring systems.
An increase in their concentration promotes the formation of aggregates
which is manifested by changes in the shape of both absorption (Fig. 6a)
and emission spectra (Fig. 6b) and by a decreased emission intensity due to
self-quenching (insert in Fig. 6b). While the electrostatic screening effect of
small ions results generally in (i) significant broadening of absorption spec-
tra in both the blue and red regions, (ii) blue shift of the fluorescence maxi-
mum and (iii) decrease in the fluorescence intensity, some anions, e.g.,
ClO4

–, induce very specific time-dependent spectral changes. Since the aim
of this work is to study polymer systems, the results concerning the role of
inorganic ions will be published separately.

CONCLUSIONS

1. The UV-VIS spectroscopic behavior of octadecylrhodamine B in very
dilute solutions in aqueous media, which was studied by absorption and
fluorescence techniques, is very complex and shows that the shape and po-
sition of spectral bands is influenced by the hydrophobically driven associ-
ation of amphiphilic ORB molecules.

2. Octadecylrhodamine B is a fluorescent surfactant with 18-carbon
aliphatic chain. We have found that it forms dimers and lower aggregates
at concentrations well below the critical micelle concentration. In this re-
spect its behavior compares well with observations of other authors con-
cerning the surfactants with longer than 12 carbon chains36.

3. Due to the hydrophobically driven aggregation of ORB molecules, the
ionized rhodamine B xanthene rings come close to each other and form
J- and H-dimers or higher aggregates, which affect the spectroscopic proper-
ties. We have found that both J- and H-dimers exist simultaneously in
aqueous media together with a non-negligible fraction of higher J-aggre-
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gates. In this point, the behavior of ORB differs from that of the parent
compound, rhodamine B. The difference can be accounted for by the fact
that the ORB head-groups are localized in domains containing hydrophobic
CH2 groups and the polarity of the microenvironment is significantly lower
than that of the bulk water, while the rhodamine B molecules are directly
solvated by water.

4. The formation of aggregates depends on the probe concentration and
may be strongly influenced by ionic strength of the solution. The presence
of small ions screens the electrostatic repulsion between positively charged
rhodamine B head-groups and promotes aggregation. In addition to the
general trends, we observed specific effects with some ions (e.g., ClO4

–).
5. H-Dimers are not only non-fluorescent, but they act as efficient excita-

tion energy traps and quench strongly the fluorescence of monomer head-
groups. The fluorescence intensity is very weak in aqueous media and, as
will be demonstrated in the accompanying paper, increases strongly after
the binding of ORB to micelles. This fact is very advantageous for FCS ap-
plications since the fluorescence from the water-dissolved ORB aggregates,
which are in equilibrium with the micelle-bond probes, does not contribute
to the monitored fluorescence signal and does not complicate the analysis.

6. In conclusion, the paper shows that ORB is a suitable probe for label-
ing the polymer nanoparticles and studies of their behavior in aqueous me-
dia by FCS.
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