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Spectral properties and structure of fluorescein and its alkyl
derivatives in micelles
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Abstract

The absorption and fluorescence spectra, the fluorescence quantum yields and lifetimes of fluorescein and three
series of alkylated fluorescein, namely, esters, ethers and ester�ethers of fluorescein in SDS, CTAB and TX-100
micelles, were investigated. The interactions between the dyes and micelles, and the existing structure forms of the
dyes in micelles were also studied. All alkylated fluorescein could bind to the three micelles because of the
hydrophobic interaction between their alkyl(s) and the hydrophobic region of the micelles, while the aqueous soluble
fluorescein could not bind to SDS and TX-100 micelles. However, fluorescein could bind to the cationic CTAB
micelles and existed mainly as dianion forms due to the electrostatic attraction. As a supplement to the hydrophobic
interaction between the dyes and micelles, the electrostatic attraction enhanced the binding of esters and ethers of
fluorescein to CTAB micelles and stabilized their anion forms. In SDS and TX-100 micelles, the esters of fluorescein
existed mainly as neutral quinoid forms, while the ethers as neutral lactonic forms. As the alkylation of both the
carboxyl and the hydroxyl, the ester�ethers of fluorescein could only exist as quinoid forms in all micelles. In each
series, the hexadecylated fluorescein bound to micelles stronger than the butylated. © 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The self-assembly of amphiphilic species in wa-
ter giving rise to the formation of molecular clus-

ters called micelles is one of the central research
topics in colloid science. Because of the basic
structural similarity of membranes and micelles,
micelles have been one of the most exploited
membrane mimetic agents [1–6]. The study of
spectral properties of probe molecules has been
widely used to examine physicochemical proper-
ties of micelles. An ideal approach to the study on
micellar characteristics and the environmental ef-
fects is to search an appropriate fluorescent probe
[6–8].
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Fluorescein is an important xanthene dye with
a large variety of technical applications. Due to its
large absorption in visible range, high quantum
yield of fluorescence, and the availability of a
variety of chemistries that can be used to conju-
gate it to functional biomolecules, fluorescein is
widely used as fluorophore in the biosciences [9–
15]. Its more lipophilic alkyl derivatives, ester,
ether and ester�ether derivatives, are also used in
biological systems as fluorescent probes [16–19].
The photophysical properties of fluorescein and
its alkyl derivatives depend strongly on its envi-
ronment. In different media, fluorescein and its
alkyl derivatives exist in different structure forms
and/or give varied absorption spectra, fluores-
cence spectra, quantum yields and lifetimes, re-
sponding to the various pH [20–26],
hydrogen-bonding power [15,27–29] and polarity
[25,30,31] of the environment. Thus, fluorescein
and its alkyl derivatives could be used as probes
in micelles.

Nikokavouras and Hadjianestis [32] have re-
ported the absorption and fluorescence spectra of
fluorescein in cetyltrimethylammonium chloride
(CTAC) micelles. They found that fluorescein was
solubilized at the inner border of the Stern region
where the polarity is known to be similar to that
of ethanol. Kibblewhite et al. [33] have investi-
gated micellar effects on the absorption and
fluorescence spectra and acid–base dissociation
constants of the lipoidal fluorescein derivative 5-
(N-octadecanoyl)aminofluorescein (OAF). The in-
trinsic interfacial pKa values and the apparent pKa

(pKa
obs) values of OAF in C12E8, DTAC, DTAB

and SDS micelles were reported in their paper. In
the present work, we have studied the relationship
between the spectral properties and the structure
forms of fluorescein and its alkyl derivatives

(Scheme 1) in anionic sodium dodecyl sulfate
(SDS), cationic cetyltrimethylammonium bromide
(CTAB) and nonionic Triton X-100 (TX-100) mi-
celles. The purposes of our studies are to develop
the application of fluorescein and its alkyl deriva-
tives as fluorescent probes in micelles, and to
understand their behaviors in biological systems.

2. Experimental

Fluorescein (1) was purchased from Aldrich
and recrystallized from ethanol. The syntheses of
butyl derivatives (butyl ester (2), butyl ether (3)
and dibutyl ester�ether (4)) and the hexadecyl
derivatives (hexadecyl ester (5), hexadecyl ether
(6) and dihexadecyl ester�ether (7)) of fluorescein
were previously described elsewhere [34,35]. All
synthesized compounds gave satisfactory spectral
data (UV-Vis, IR, 1H-NMR and MS(FAB)).

SDS was purchased from Biorad and recrystal-
lized from methanol. An aggregation number of
62 was used [35]. CTAB was purchased from
Sigma and recrystallized from methanol. An ag-
gregation number of 61 was used [36]. TX-100
was purchased from Sigma and used as received.
An aggregation number of 140 was used [37].
Analytical reagent-grade NaH2PO4, Na2HPO4

and NaOH were used as received. Water was
doubly distilled. Organic solvents for all spectro-
scopic experiments were dried and redistilled be-
fore used.

All measurements were carried out at 20°C and
in neutral (physiological) solutions of pH 6.86
(0.01 mol l−1 NaH2PO4+0.01 mol l−1

Na2HPO4) to avoid the effect of pH. UV-Vis
absorption spectra were recorded on a Shimadzu
UV-160A spectrophotometer. Fluorescence spec-
tra were obtained on a Hitatch MPF 4F spec-
trofluorimeter. The dyes were excited at 470 nm
for fluorescein and esters of fluorescein in CTAB
micelles and at 460 nm for other samples. The
fluorescein quantum yields were determined based
on the quantum yield of a fluorescence aqueous
solution in the presence of 0.01 mol l−1 NaOH
which is equal to 0.92 [38]. Fluorescence lifetimes
were determined using an HORIBA NAES-1100
single-photon counting apparatus. The concentra-

Scheme 1. Structural formula of fluorescein and its alkyl
derivatives.
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Fig. 1. Absorption (a) and fluorescence (b) spectra of fluorescein in different media (1) water; (2) SDS micelles; (3) TX-100 micelles;
(4) CTAB micelles.

tions of surfacants were 1.0×10−2, 1.0×10−2,
2.3×10−2 mol l−1 for SDS, CTAB, TX-100,
respectively, to get approximately same concen-
trations of micelles. The concentrations of all dyes
were 5.0×10−6 mol l−1 to minimize micelle mul-
tiple occupancy and self-quenching. We failed to
prepare the aqueous solutions of hexadecyl
derivatives of fluorescein (5, 6, 7), because they
have little aqueous solubility owing to the
strongly hydrophobic hexadecyl(s).

3. Results and discussion

In the molecule of fluorescein, the carboxyl
phenyl is almost perpendicular to the xanthene
ring [39], and therefore is not conjugated to the
xanthene group. Thus, the ionization and alkyl-
ization of the carboxyl is not expected to influence
the absorption spectrum in the visible area.

The structural characteristic of fluorescein
make it maybe exist as the protonated cation (I),
the neutral quinoid molecule (III), the neutral
lactonic molecule (IV), the monoanion (V) or the
dianion (VI), depending upon pH. There is also
the possibility of a transitory existence of the
ampho-ion (II) of fluorescein (Scheme 2) [40].
Nevertheless, due to the alkylation of carboxyl
or/and hydroxyl, the ester, ether and ester�ether
derivatives of fluorescein can only exist in three

states for esters, i.e. the cation (VII), the neutral
quinoid (VIII) and the anion (IX); in four states
for ethers, i.e. the cation (X), the neutral quinoid
(XII), the neutral lactone (XIII) and the anion
(XI); and in two states for ester�ethers, i.e. the
cation (XIV) and the neutral quinoid (XV)
(Scheme 2). After protonation or alkylation of the
hydroxyl, the quinoid fluorescein gives much
weaker fluorescence and shows shorter fluores-
cence lifetime [20–24].

The polarity of solvents has significant effect on
the existing forms of fluorescein and its alkyl
derivatives [25]. In neutral solutions, fluorescein
exists mainly as the dianion (VI) in polar solvents,
such as water and methanol, and as the lactonic
form (IV) in apolar solvents, such as toluene and
cyclohexane. The proportion of lactonic form in-
creases with the decreasing polarity of solvents.
The ether derivatives may also exist mainly as the
lactonic form (XIII) in apolar solvents. However,
for ester derivatives, they occur mainly as the
anion (IX) in polar solvents and as the neutral
quinoid (VIII) in apolar solvents, due to the alky-
lation of the carboxyl preventing the formation of
the lactonic form.

The absorption and fluorescence spectra of the
dyes are shown in Figs. 1–4. Their fluorescence
quantum yields and lifetimes are listed in Table 1.
According to previous works and the values of
pKa [20,24,25], in a neutral aqueous solution of
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Scheme 2. Possible existing forms of fluorescein (a) and its derivatives: esters (b), ethers (c), ester�ethers (d).
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pH 6.86, the predominate forms of fluorescein,
esters of fluorescein, ethers of fluorescein and
ester�ethers of fluorescein should be the dianion
(VI), the anion (IX), the anion (XI) and the neutral
quinoid (XV) molecule, respectively. However,
when the probes bound to the micelles, some of
their structures were changed. Because of the
similarity between the detergents and dyes used by
Kibblewhite et al. [33] and by us, the pKa values
reported in their paper could be used to interpret
our experimental data.

3.1. Fluorescein (1)

Fig. 1 shows the absorption and fluorescence
spectra of fluorescein in different media. No bind-
ing to SDS or TX-100 was detected by changes in
spectral properties or fluorescence lifetime (Table
1). This is due to the good aqueous solubility of
fluorescein and the electrostatic repulsion between
the anionic probe and the anionic SDS micelles as
expected.

The observation of red shifts in both absorption
and fluorescence spectra of fluorescein in cationic
CTAB micelles is consistent with that reported by
Nikokavouras and Hadjianestis [32]. It is not
surprising that anionic probe (fluorescein) binds to
cationic micelles, and the spectra red shifts imply
that the excited state of probe (fluorescein) is more
stabilized by the binding to CTAB micelles than

the ground state of it [41]. In other words, the
binding is strengthened by the excitation, which
agrees well with the fact that hydroxyxanthenes
are stronger acids in the excited state than in the
ground state [42,43]. Furthermore, we observed a
prolonged fluorescence lifetime and an increased
fluorescence quantum yield (Table 1). It may be
explained that the electrostatic interaction between
the cationic surfactant and the anionic probe stabi-
lizes the excited state of anion fluorescein, and
therefore is disadvantageous to the radiationless
transitions, resulting in the enhanced fluorescence
and the prolonged fluorescence lifetime.

The shape of absorption and fluorescence spec-
tra of fluorescein in CTAB micelles is very close to
that in aqueous solution, suggesting that fluores-
cein exists mainly as the dianion (VI) in CTAB
micelles. From Fig. 1, one can see that the absorp-
tion maximum of fluorescein in CTAB micelles is
higher than that in aqueous solution, indicating
the increase in the dianion (VI) in CTAB micelles.
This means that the pKa

obs (dianion/monoanion) of
fluorescein in cationic CTAB micelles is lower than
that in water, which is well concordant with that
reported by Kibblewhite et al. [33].

3.2. Esters of fluorescein (2) and (3)

The absorption and fluorescence spectra of
butyl ester of fluorescein (2) in different media are

Fig. 2. Absorption (a) and fluorescence (b) spectra of butyl ester of fluorescein in different media (1) water; (2) SDS micelles; (3)
TX-100 micelles; (4) CTAB micelles; and those of hexadecyl ester of fluorescein in SDS micelles (5).
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Fig. 3. Absorption (a) and fluorescence (b) spectra of butyl ether of fluorescein in different media (1) water; (2) SDS micelles; (3)
TX-100 micelles; (4) CTAB micelles; and those of hexadecyl ether of fluorescein in CTAB micelles (5).

shown in Fig. 2. Because of the extremely low
solubility of hexadecyl ester of fluorescein (3) in
water, it can only be dissolved in micelles. The
absorption and fluorescence spectra of com-
pound 3 in TX-100 micelles and CTAB micelles
are very similar to those in SDS micelles and
those of compound 2, respectively, therefore,
only its spectra in SDS micelles is given as
shown in Fig. 2.

The butylation of the carboxyl makes butyl
ester of fluorescein (2) more hydrophobic than
fluorescein. As a result, compound 2, completely
different from fluorescein, can bind to all the
three micelles. The interfacial pKa

obs of fluores-
cein’s hydroxyl in anionic SDS, nonionic
C12E8, cationic DTAC micelles are 8.84, 8.04,
5.78, respectively [33]. Thus, it is reasonable to
assume that compounds 2 and 3 should occur in
neutral quinoid form in SDS and TX-100 mi-
celles, whereas in the anion form in CTAB mi-
celles.

In SDS and TX-100 micelles, compound 2
shows the absorption and fluorescence spectra
attributed to the neutral quinoid (VIII) (Fig. 2)
[25], and exhibits lower fluorescence quantum
yields and shorter fluorescence lifetimes (Table
1) than in aqueous solution. This indicates that
compound 2 exists mainly as the neutral quinoid
(VIII) in SDS and TX-100 micelles, which en-

hances the hydrophobic interaction between the
dye and the micelles.

The absorption and fluorescence spectra of
compound 2 in CTAB micelles indicate that
compound 2 exists mainly as the anion (IX) in
CTAB micelles (Fig. 2). The interaction between
compound 2 and CTAB micelles is similar to
that between fluorescein and the micelles. In
comparison with those in aqueous solution, red
shifts in both absorption and fluorescence spec-
tra, a prolonged fluorescence lifetime and an in-
creased fluorescence quantum yield were
observed. These results are expected. In com-
pound 2, the butylation of the carboxyl does
not change the structure of xanthene ring, so
the electrostatic interaction between the cationic
surfactant and the anionic probe can also stabi-
lize the excited state of compound 2, as in the
case of fluorescein.

While both are esters, all the spectral proper-
ties of compound 3 in the micelles are similar to
that of compound 2. Since the hydrophobicity
of the hexadecyl in compound 3 is much
stronger than that of the butyl in compound 2,
it is reasonable to assume that compound 3
binds to micelles more tightly than compound 2.
The difference between their spectral shape
confirms our assumption (Fig. 2, referring to the
later discussion about compounds 6 and 7).
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3.3. Ethers of fluorescein (4) and (5)

The absorption and fluorescence spectra of
butyl ether of fluorescein (4) in different media are
shown in Fig. 3. Hexadecyl ether of fluorescein (5)
is sparingly soluble in water but soluble in mi-
celles. However, compound 5 has neither visible
absorption nor fluorescence in SDS and TX-100
micelles, and only its spectra in CTAB are ob-
served and shown in Fig. 3.

In a neutral aqueous solution, compound 4
exists mainly as the anion (XI). Since the butyla-
tion of the hydroxyl, the butyloxyxanthene group
can not be dissociated, and the ionization of the
carboxyl has no influence on the spectral proper-
ties of compound 4.

In SDS and TX-100 micelles, compound 4 ex-
hibits special and interesting spectral properties.
In the aqueous solution, compound 4 has large
absorption between 420 and 500 nm (Fig. 3a) and
appears beautiful bright yellow. However, in SDS
and TX-100 micelles, compound 4 is almost color-
less. The shape and position of absorption and
fluorescence spectra of compound 4 in SDS and
TX-100 micelles are not changed, but its absorp-
tion and fluorescence intensity is nearly a quarter
of that in aqueous solution (Fig. 3), while its
fluorescence quantum yield and lifetime are not
changed (Table 1). This means that compound 4

binds to SDS and TX-100 micelles and exists
mainly as the neutral lactone (XIII) in the mi-
celles. This result is beneficial to develop the
possible application of compound 4 as a new and
excellent fluorescent probe in biological systems.
In biological systems, compound 4 can exist as the
anion (XI) or the quinoid (XII) in aqueous envi-
ronments or the environments where is an abun-
dance of water, for instance, in cell fluids and
body fluids, and therefore, has large absorption in
visible range and exhibits strong fluorescence. On
the other hand, compound 4 can exist mainly as
the lactone (XIII) in membranes or the environ-
ments where is lack of water, and has neither
visible absorption nor fluorescence.

With a strongly hydrophobic hexadecyl, com-
pound 5 binds to micelles more easily and tightly
than compound 4. Compound 5 exists completely
as the neutral lactone (XIII) in the hydrophobic
region of SDS and TX-100 micelles, and there-
fore, no absorption was observed in the visible
region.

The behaviors of compounds 4 and 5 in SDS
and TX-100 micelles are unexpected, because the
interfacial pKa

obs of fluorescein’s carboxyl in SDS,
C12E8 and DTAC micelles are 5.97, 6.34 and 3.71,
respectively [33]. Two alternative reasons may be
given for compounds 4 and 5 in SDS and TX-100
micelles existing mainly in neutral lactonic form.

Fig. 4. Absorption (a) and fluorescence (b) spectra of dibutyl ester�ether of fluorescein in different media (1) water; (2) ethanol; (3)
chloroform; (4) toluene; (5) SDS micelles; and those of dihexadecyl ester�ether of fluorescein in SDS micelles (6).
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Table 1
Fluorescence quantum yields and lifetimes of dyes in different mediaa

FSDS FTX-100 FCTABCompound tAQ (ns)FAQ tSDS (ns) tTX-100 (ns) tCTAB (ns)

0.74 0.76 0.951 4.280.76 4.25 4.27 4.87
0.39 0.41 0.91 4.31 3.94 3.96 4.992 0.80
0.42 0.38 0.90 —— 3.953 3.89 4.94

0.394 0.40 0.42 0.41 3.84 3.88 3.92 3.82
—5 — — 0.40 — — — 3.78

0.39 0.38 0.38 3.800.40 3.916 3.90 3.82
—7 0.28 0.29 0.26 — 3.28 3.35 3.25

a In the table, FAQ, FSDS, FTX-100 and FCTAB are the fluorescence quantum yields of dyes in aqueous solution, SDS, TX-100 and
CTAB micelles, respectively, while tAQ, tSDS, tTX-100 and tCTAB are the fluorescence lifetimes.

Firstly, since the alkyloxyxanthene group is more
lipophilic than the hydroxyxanthene group, the
ethers of fluorescein may reside out from the
surfactant/water interface in the more hydropho-
bic region. Secondly, the formation of lactonic
form introduces complication to the acid–base
equilibrium of ethers of fluorescein. The neutral
lactonic form tends to reside in the inner hydro-
phobic region of micelles in comparison with the
quinoid form resulting from its stronger hydro-
phobicity, and therefore, has significant effect on
the acid–base equilibrium.

The absorption and fluorescence spectra of
compounds 4 and 5 in CTAB micelles indicate
that they exist mainly as the anion (XI) when
binding to CTAB micelles (Fig. 3), resulting from
the electrostatic attraction between the anionic
probes and the cationic surfactant. In comparison
with those in aqueous solution, the fluorescence
quantum yields and lifetimes of compounds 4 and
5 in CTAB micelles have no obvious change
(Table 1), while their absorption and fluorescence
spectra slightly shift to longer wavelengths
(Fig. 3), indicating their binding to CTAB micelles.

The absorption and fluorescence intensity of
compound 5 in CTAB micelles is almost equal to
70% of that of compound 4 (Fig. 3), while their
fluorescence quantum yields and lifetimes are
nearly equivalent (Table 1). This means that a
part of compound 5 (about 30%) is situated in the
hydrophobic region of CTAB micelles and exists
as the neutral lactone (XIII) because of the
strongly lipophilic hexadecyl.

3.4. Ester�ethers of fluorescein (6) and (7)

Dihexadecyl ester�ether of fluorescein (7) is the
most hydrophobic dye we used. It is insoluble in
water but easily soluble in micelles. Since alkyla-
tion of both the carboxyl and the hydroxyl, es-
ter�ethers of fluorescein (6) and (7) have no
alternative but to exist as an undissociated
quinoid (XV) in neutral solutions. Fig. 4 shows
the absorption and fluorescence spectra of com-
pound 6 in different media and those of com-
pound 7 in SDS micelles. The spectral properties
of compounds 6 in SDS, CTAB and TX-100
micelles are similar to each other as well as those
of compound 7, and therefore, only the spectra in
SDS micelles are shown. In Fig. 4, all the absorp-
tion spectra of compounds 6 and 7 have a main
peak around 460 nm and two shoulder peaks
around 435 and 485 nm. When the polarity of
solvents is changed, the relative absorption inten-
sity of the shoulder peak around 435 nm is en-
hanced with the decreasing polarity of solvents,
while that of the shoulder peak around 485 nm is
weakened. Correspondingly, all the fluorescence
spectra of compounds 6 and 7 have two emission
peaks, one is around 520 nm, and the other is
around 558 nm. The relative emission intensity of
the peak around 520 nm is decreased with the
decreasing solvent polarity, while that of the peak
around 558 nm is increased.

In comparison with that of compound 6 in
aqueous solution, the relative intensity of absorp-
tion peak around 435 nm of compounds 6 and 7
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in all three micelles is enhanced, while that of
absorption peak around 485 nm is weakened (Fig.
4a). Correspondingly, the relative intensity of emis-
sion peak around 520 nm of compounds 6 and 7
in all three micelles is decreased, while that of
emission peak around 558 nm is strengthened
compared with that in aqueous solution (Fig. 4b).
In addition, the slight red shifts of both absorption
and fluorescence spectra in micelles were also
observed. The shape and range of absorption and
fluorescence spectra of butyl ester�ether of fluores-
cein (6) are quite similar to that in ethanol (Fig. 4),
indicating that in the micelles compound 6 is
located at the inner border of the Stern region
where the polarity is known to be similar to that
of ethanol. Form Fig. 4, one can also see that for
compound 7 in micelles, the relative intensity of the
two shoulder peaks in absorption spectra and the
two emission peaks in fluorescence spectra is more
greatly changed than that for compound 6. More-
over, compound 7 exhibits lower fluorescence
quantum yields and shorter fluorescence lifetimes
in the micelles than those of compound 6 (Table 1).
Previously [30,31], we have found that the fluores-
cence quantum yields of ester�ethers of fluorescein
decrease with the decreasing solvent polarity, and
their fluorescence lifetimes are shortened. These
results denote that compound 7 is located in a
more interior and hydrophobic region of the mi-
celles, where is a less polar microenvironment, than
compound 6.

4. Conclusion

Among the seven dyes we investigated, the easily
aqueous soluble fluorescein could not bind to SDS
and TX-100 micelles, but could bind to the cationic
CTAB micelles and existed mainly as dianion
form resulting from the electrostatic attraction,
while all the alkylated fluorescein could bind to the
three micelles because of the hydrophobic interac-
tion between the dyes and the micelles. As a
supplement to the hydrophobic interaction, the
electrostatic attraction enhanced the binding of
esters and ethers of fluorescein to CTAB micelles
and stabilized their anion forms. In SDS and
TX-100 micelles, the esters of fluorescein existed

mainly as neutral quinoid forms while the ethers as
neutral lactonic forms to strengthen the hydropho-
bic interaction between the dyes and the micelles.
Since the alkylation of both the carboxyl and the
hydroxyl, the ester�ethers of fluorescein could only
exist as quinoid forms in all micelles. In each series,
the hexadecylated fluorescein bound to micelles
stronger than the butylated. Noticeably, the butyl
ether of fluorescein exhibits special and interesting
spectral properties in SDS and TX-100 micelles. It
can exists mainly as the anionic form in aqueous
solution, which has large absorption and strong
fluorescence in visible range, and as the lactonic
form in hydrophobic region of the micelles, which
has neither visible absorption nor fluorescence.
This result shows that the butyl ether of fluorescein
may be applied in biological systems as a new and
excellent fluorescent probe.
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