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Abstract A novel fluorescent probe labeled with cation, N-n-
alkyl-4-(1-methylpiperazine)-1,8-naphthalimide iodide
([Cgndi]l), has been applied as a colorimetric and fluorometric
probe for detecting the micellization of anionic surfactants.
The critical micellization concentration (cmc) of anionic sur-
factants can be conveniently determined by the change on
absorption and fluorescence spectra of [Cgndi]l. The probe
displays highly sensitive and selective spectroscopic re-
sponses accompanied with distinctive color change (from
colorless to light green). These methods are proved to be
reliable as the results are in accordance with those of the
standard methods. Besides the advantage of visual detection,
the multiple spectroscopic methods (absorption and fluores-
cence) by using [Cgndi]l as probe are also simple and conve-
nient. One can choose any spectroscopic parameter, such as
position or intensity of the absorption and emission peaks, to
monitor the micelle formation process of anionic surfactants.

Keywords Critical micellization concentration - Anionic
surfactant - Probe - Naphthalimide - Absorption spectrum -
Fluorescence spectrum

Introduction

Surfactants are water-soluble surface-active agents which are
widely employed in traditional industry, biomedical systems,
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synthesis of nanomaterials, and so on [1-3]. Applications of
surfactants are basically owing to their self-assemble behav-
iors in water. It is well-known that above a particular concen-
tration, called critical micelle concentration (cmc), surfactants
form thermodynamically stable micelles and show significant
property changes accordingly. There are many well-known
techniques for determining the cmc of a surfactant, including
surface tension method, electrical conductivity method, light
scattering technique, nuclear magnetic resonance method and
fluorescence spectrum method, etc. But they still show some
limitations, such as relatively time-consuming and tedious
procedures, no in situ response, and relatively low sensitivity.
Therefore, it is always attractive to find a simple and sensitive
method for in situ cmc determination.

Spectrophotometric and spectrofluorometric methods, with
their many inherent merits, including high sensitivity, high
specificity, and real-time in situ response, have been exten-
sively used in scientific research, quality control for industrial
production, and environment or physiological detection
[4-12]. Kriwanek and coworkers used a zwitterionic indicator,
pyridinium N-phenoxide betaine, to determine the micellar
aggregation behavior of homologous N-alkyl betaines [13].
Novaki and coworkers reported on the use of solvatochromic
probes to determine the microscopic polarity of water at their
solubilization sites in cationic micelles [14, 15]. Gao and
coworkers designed and synthesized a probe, sodium 12-(N-
dansyls)amino-dodecanate, for detecting the shape transitions
between micelles and vesicles and micellar growth [16, 17].
Qian and coworkers used “on-off-on” fluorescent sensors to
detect anionic surfactant SDS with high sensitivity and selec-
tivity [18]. Inspired by these reports, we designed a relatively
sensitive and universal probe for detecting the micellization of
anionic surfactants with spectroscopic methods.

Naphthalimide (NDI), a prototype intramolecular charge
transfer (ICT) fluorophore, has been extensively used as
strongly absorbing and colorful dye because of its desirable
photophysical properties, such as high photostability, large
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Stokes’ shift, high fluorescence quantum yields, strong ab-
sorption and emission in the visible region, and insensitivity to
pH [19-24]. The ICT electronic structure endows the absorp-
tion and fluorescence spectra of NDIs with a high sensitivity
towards solvent polarity [25, 26]. It is well-known that the
self-assemble process of surfactant is always accompanied by
the changes of the microenvironments. This can be sensitively
detected by the fluorescence probe, since the fluorescence
emission is very sensitive to the local environment [27, 28].

In the present work, a cationic surfactant dye, N-n-alkyl-
4-(1-methylpiperazine)-1,8-naphthalimide iodide ([Cgndi]l),
was specifically designed to detect the micellization of anionic
surfactants. It presents dramatic color change as well as sig-
nificant spectroscopic change upon the micelle formation of
anionic surfactants in aqueous solution. By comparing with
the traditional methods, the absorption and fluorescence
methods based on [Cgndi]l were demonstrated to be reliable
and accurate. [Cgndi]l is a promising new fluorescence probe
for measuring the cmc of anionic surfactants.

Experimental section
General methods

Electronic absorption spectra were recorded on a UV-2450
spectrophotometer (SHIMADZU, Japan). The steady-state
fluorescence measurements were carried out on a FLS920
fluorescence spectrometer (Edinburgh Instruments). The ex-
citation wavelength is 350 nm. Electrical conductivity mea-
surements were employed on a low-frequency conductivity
analyzer (Model DDSJ-308A, Shanghai Precision & Science
Instrument Co., Ltd. of China). Each conductivity was record-
ed when its stability was better than 1 % within 3 min. The
temperature was controlled by thermostatic bath (Karlsruhe,
Germany, accuracy+0.1 °C). Surface tension measurements
were carried out on a model JYW-200B tensiometer (Chengde
Dahua Instrument CO., Ltd., accuracy+0.1 mN/m) using the
ring method. All measurements were repeated until the values
were reproducible. ESI-MS were measured on Q-TOF LC/
MS 6510 (Agilent). '"H NMR spectra were recorded on a
Bruker 300 MHz NMR spectrometer with the solvent peak
as internal standard (in CDCl5).

Materials

N-n-octyl-4-(1-methylpiperazine)-1,8-naphthalimide iodide
([Cgndi]l) was prepared following the procedures reported in
our previous work [29]. The compound was characterized by 'H
NMR and ESI-MS mass spectra (see “Electronic supplementary
material”). Sodium dodecylsulfate (SDS, 99 %) was obtained
from Alfa Aesar, while sodium dodecylbenzenesulfonate
(SDBS, 95 %) and sodium dodecanoate (SD, 98 %) were
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purchased from Aladdin. Sodium dodecylsulfonate (SDSO,
99 %) was bought from J&K. Triply distilled water was used
as solvent throughout the experiments. Methanol and ethyl
acetate were of analytical grade and were purified by the stan-
dard methods before use. All other chemicals were purchased
from commercial source and used as received without further
purification.

Results and discussion

Absorption and fluorescence spectra of [Cgndi]l in different
polar solvents

The molecular structure of [Cgndi]l is shown in Chart 1. As an
ICT compound, the spectroscopic properties of NDI are very
sensitive to the polarity of its surroundings. Based on this
consideration, the absorption and fluorescence spectra of
[Cgndi]l in various solvents with different polarities were
measured. The results are summarized in Table 1, and the
spectra of [Cgndi]l in three different solvents are shown in
Fig. S1 in the supplementary materials. As expected, the
maximal absorption and emission bands of [Cgndi]l redshifted
obviously along with the increase of solvent polarity. For
example, the maximal absorption and emission bands red-
shifted for 13 and 37 nm, respectively, when the solvent
changed from CH;COOC,H;5 to H,O. This is because the first
excited state of naphthalimide is an ICT state; a polar envi-
ronment provides a larger stabilization to the ICT state than the
nonpolar environment does. Therefore, the energy gap be-
tween the first excited state and ground state in polar environ-
ment is smaller than that in nonpolar solvent.

The molar extinction coefficient () and the fluorescence
quantum yield of [Cgndi]l are also solvent dependent
(Table 1). The molar extinction coefficients and fluorescence
quantum yields decrease following the order of CH;OH>
H,0>CH;COOC,Hs. This is because the absorption and
fluorescence spectra are affected not only by the polarity of
the solvents but also by the aggregation of [Cgndi]l. The well-
known Lambert-Beer law works only for a diluted solution
[30-32] where the self-aggregation of solute can be avoided
completely. The self-aggregation of [Cgndi]l causes a signif-
icant local concentration increase, which will lead to a de-
crease on molar extinction coefficient. The solubility of
[Cgndi]l in methanol is better than that in water and ethyl
acetate; therefore, the molar extinction coefficient of [Cgndi]l

SO0
I/N+

_/ N g N N
Pt

Chart 1 Molecular structure of [Cgndi]l
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Table 1 Photophysical properties of [Cgndi]l in solvents with different
polarities

Solvent Amac ™ Amax € (mol 'L em™')  @¢(%)° Dielectric
(nm) (nm)* constant
(Fm™)
CH;COOC,Hs 374 486 220x10 15.48 6.0
CH;0H 375 506 3.20x10* 4143 330
H,0 387 523 291x10* 2381 785

# The excitation wavelength was 350 nm
® With rhodamine 6G in ethanol (P=95 %) as standard

in methanol is larger than that in water and ethyl acetate.
Fluorescence quantum yield is much more sensitive to the
aggregation than the molar extinction coefficient does.
Aggregation leads to significant decrease on the fluorescence
quantum yields [33]. As methanol is a good solvent for
[Cgndi]l, no aggregation happens in methanol. Thus, the
fluorescence quantum yield of [Cgndi]l in methanol is larger
than that in water and ethyl acetate.

Effect of [Cgndi]l on self-assembly of anionic surfactants

Our objective is to use [Cgndi]l as a fluorogenic sensor to
detect the cmc of anionic surfactants. In the present work, four
common anionic surfactants, sodium dodecylsulfate (SDS),
sodium dodecylbenzenesulfonate (SDBS), sodium
dodecylsulfonate (SDSO), and sodium dodecanoate (SD),
were selected as model compounds. Since [Cgndi]l may take
part in the formation of micelle of anionic surfactants, the
effects of [Cgndi]l on the cmc values of anionic surfactants in
water should be clarified first. Base on these considerations,
surface tension and electrical conductivity of anionic surfac-
tants in water with the presence of [Cgndi]l were examined.
Figure la compares the plots of surface tension (v) versus
concentration of SDS at 25 °C with or without [Cgndi]l. The
surface tension of SDS aqueous solution decreases progres-
sively along with the increase of SDS concentration to a
certain value, indicating the formation of micelles. The cmc
value of SDS determined by this method is ~5.0 mM which is
a little bit lower than the reported value ~8 mM [34]. It is clear
that the micellization process of SDS is not affected by the
presence of [Cgndi]l (lower than 0.05 mM). Figure 1b shows
the plots of electrical conductivity () as a function of con-
centration of SDS with or without [Cgndi]l. The result is
consistent with that of surface tension experiments. The de-
tected cmc, ~5.7 mM, is also lower than the reported value.
This error is acceptable in this study. Electrical conductivity
experiments for SDBS, SDSO, and SD are shown in Fig. S2 in
the supplementary materials. The results demonstrate success-
fully that the presence of [Cgndi]l (lower than 0.05 mM) does
not affect the cmc values of anionic surfactants, and [Cgndi]l
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Fig.1 Effects of [Cgndi]l on the aggregation behavior of SDS in aqueous
solution at 25 °C determined by surface tension (a) and electrical con-
ductivity (b). Square without [Cgndi]l, circle 0.01 mM [Cgndi]l, triangle
0.05 mM [Cgndi]l

may be used as a fluorogenic sensor to detect the cmc of
anionic surfactants.

Probing the cmc values of anionic surfactants

The absorption spectra of [Cgndi]l (0.01 mM) upon the addi-
tion of different amounts of SDS (as an example of anionic
surfactants) is illustrated in Fig. 2. It can be clearly seen that
along with the increase of the concentration of SDS, the
maximal absorption bands redshift from 370 to 377 nm ac-
companied with obvious intensity change. Simultaneously, a
dramatic color change, from colorless to light-green, was
clearly recognized by naked eyes for the solution (Fig. 2 inset).

As shown in Fig. 2, when the concentration of SDS is
smaller than cmc, ion pairs between positive charge [Cgndi]”
and negative charge SD are expected to form due to the
electrostatic interactions. Therefore, the absorption at this
stage is mainly from the contribution of [Cgndi]I-SDS com-
plexes, whose maximal absorption band is at 370 nm. When
SDS concentrations were larger than cme, [Cgndi]I-SDS com-
plexes dissociated and SDS molecules rearranged to form
micelles with all the [Cgndi]l molecules incorporated into
the SDS micelles. The reported dielectric constant at the
SDS micelle interface is about 36.6 F m ' [35], slightly larger
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CH;O0H (375 nm). In our previous work [29], the maximum
absorption band of [Cgndi]l micelle is measured to be at
376 nm, which is similar to the maximal absorption band in
SDS micelles (377 nm); therefore, it is expected that the
[Cgndi]l molecules are included into SDS micelles. Based
on the redshift of the maximal absorption bands of [Cgndi]l
probe, the cmc values of anion surfactants can be detected.

The shift on the maximal absorption band (AA=Xy—A,
where ) refers to the wavelength of the absorption band of
[Cgndi]l in pure water (387 nm) and A refers to the wavelength
of the absorption maximum of [Cgndi]l in SDS solutions)
along with the concentration increase of SDS is shown in
Fig. 3a. The values of A\ decrease sharply to a certain value,
indicating a sudden change on the microenvironment of
[Cgndi]l, which is owing to the formation of micelle. The
cme value of SDS determined by A\ is 5 mM, which is
consistent with those measured by surface tension and con-
ductivity methods.

As shown in Fig. 2, along with the increase of the concen-
tration of SDS, the apparent absorbance increases gradually to
a constant value. The change on the absorption intensity is
closely related to the aggregation of [Cgndi]l in water. Along
with the increase on the concentration of SDS, the aggregates
of [Cgndi]l are gradually changed into monomeric [Cgndi]l-
SDS complexes, which consequently leads to the increase on
the absorption intensity. When the concentration of SDS is
larger than the cmc, the SDS molecules rearrange to form
micelles with all the [Cgndi]l molecules incorporated into
micelle in monomeric form [18], and the absorbance of
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Fig. 3 a Variation of maximal absorption band with increasing concen-
tration of SDS. The wavelength of maximal absorption band of [C8ndi]l
in pure water is set as standard. b The plots of /y// against the concentra-
tion for SDS

[Cgndi]l reaches a constant value. Therefore, the cmc values
of anion surfactants can also be detected by the changes on the
absorbance of probe [Cgndi]l.

The absorbance of [Cgndi]l in the most diluted SDS aque-
ous solution is set as standard (), by comparing /, with the
absorbance at more concentrated SDS solutions (/), the
quantitive effects of SDS concentration on the absorbance of
[Cgndi]l were obtained. Figure 3b shows the plots of [y//
against the concentrations for SDS. Along with the increase
on the concentration of SDS, the magnitudes of /y/I decrease
gradually to a certain value, indicating the formation of mi-
celle. The breakpoint of the plot corresponds to the cmc
(5 mM), which is also consistent with the results deduced
from other methods.

Figure 4 shows the emission spectra of 0.01 mM [Cgndi]l
in water with different concentrations of SDS. It was expect-
ed that the maximal emission band should shift similarly to
the red as that observed for the maximal absorption band.
However, large redshift on maximum emission band has not
been found. On the contrary, small blueshift is found when
the SDS concentration is lower than cmc. When 0.05 mM
SDS was added into the [Cgndi]l aqueous solution, the max-
imal emission band of [Cgndi]l blueshifted sharply by 20 nm
(from 523 to 503 nm). The emission band at 523 nm is
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Fig. 4 Variation on the emission spectra of 0.01 mM [Cgndi]l in water

with increasing concentration of SDS. The arrow indicates the spectral
change direction with increasing concentration of SDS

assigned to [Cgndi]l in water, while the emission band at
503 nm is attributed to [Cgndi]I-SDS complex. Because the
hydrophobic alkyl chains of SDS nearby [Cgndi] in [Cgndi]I-
SDS complex provide a relative nonpolar environment for the
probe molecule [Cgndi], the fluorescence of [Cgndi] blue-
shifts significantly. With further increase on the concentration
of SDS from ~0.05 to 3.00 mM (below cmc), the nonpolar
environment of [Cgndi] provided by hydrophobic alkyl
chains of SDS is gradually enforced further; therefore, the
maximal emission band gradually blueshifts from 503 to
496 nm. But when SDS concentration increases from 3.00
to 5.00 mM, the maximal emission band redshifts back to
about 503 nm, which is owing to the formation of SDS
micelles. The emission band at 503 nm is ascribed to
[Cgndi]l in micelles. So, the redshift of maximal emission
band is attributed to the change of fluorescence species from
[Cgndi]I-SDS complex to [Cgndi]l. When SDS concentra-
tions are higher than cmc, all [Cgndi]l molecules insert into
SDS micelles as monomers, and the microenvironment for
[Cgndi]l keeps unchanged; therefore, the maximal emission
bands are fixed at about 503 nm.

The shift of the maximal emission band of [Cgndi]l in SDS
solution with respect to [Cgndi]l in pure water (AA=Xg— A,
where )\, refers to the wavelength of the emission band of
[Cgndi]l in pure water and A refers to the wavelength of the
emission maximum of [Cgndi]l in SDS solutions) along with
the concentration increase of SDS is shown in Fig. 5a. The A\
increases progressively to a maximum 27 nm and then de-
creases sharply to a certain value. The sharp turning point of
A along with the SDS concentration increase is an indication
of the formation of SDS micelle. The cmc value evaluated by
this method is 5.00 mM, which is also consistent with the
results of other methods as mentioned above.
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Fig. 5 a Shift of maximal emission band with increasing concentration
of SDS. b Variation in the fluorescence quantum yield with increasing
concentration of SDS. Inset images of [Cgndi]l (0.02 mM) upon addition
of SDS below cmc (leff) and above cmce (right) under UV light. The
excitation wavelength was 365 nm

Besides the shift on the wavelength of the maximal emis-
sion band, the emission intensity of [Cgndi]l is also sensitive
to the presence of SDS. Addition of 0.05 mM SDS to [Cgndi]l
aqueous solution results in a significant decrease on the emis-
sion intensity, which can be attributed to the formation of
[Cgndi]I-SDS complexes. The photoinduced electron transfer
from the negatively charged head group of SDS to the
fluorophore might occur within this complex and thus quench
the emission of [Cgndi]I [18]. When all the [Cgndi]l molecules
change into [Cgndi]-SDS complexes, the fluorescence inten-
sity reaches a minimum value. In order to confirm the exis-
tence of SDS-[Cgndi]l complex, the temperature-dependent
absorption and fluorescence spectra of 0.01 mM [Cgndi]l in
0.05 mM SDS aqueous solution are recorded. Intermolecular
aggregation is sensitive to the temperature; thus, the
SDS-[C8ndi]l complex can be broken by an increase in tem-
perature. The results shown in Fig. S3 reveal clearly that along
with the increase of temperature, the maximal absorption and
emission bands were redshifted gradually and the intensity
decreased first and then recovered, signifying the
SDS-[Cgndi]l complexes were being dissociated gradually.
When the concentration of SDS increases further, the polarity
of the microenvironment of [Cgndi] in solution decreases
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gradually due to the increasing number of hydrophobic alkyl
chains nearby and consequently causes the increase on the
fluorescence intensity of [Cgndi]. When the SDS concentra-
tion is greater than 5.00 mM, all [Cgndi]l molecules incorpo-
rate into SDS micelles in the form of monomer. The emission
intensity reaches a constant value. By monitoring the changes
on the emission intensity along with the increase on the
concentration of SDS, the cmc of SDS can be accurately
determined.

Because the fluorescence intensity is a relative value,
which is affected by the experimental conditions, such as the
slit width, the intensity of the excitation light, etc., we use
fluorescence quantum yield instead of the fluorescence inten-
sity during the cmc determination. The change of fluorescence
quantum yield (@) of [Cgndi]l along with the increase of SDS
concentration is shown in Fig. 5b. The fluorescence quantum
yield is measured with rhodamine 6G in ethanol (95 %) as
reference. Along with the increase of SDS concentration, the
& increases progressively to a maximum, indicating the for-
mation of SDS micelle. The cmc of SDS determined by this
method is 5 mM, which is consistent with the results of
surface tension, electrical conductivity, and absorption
methods, indicating that the fluorescence method is reliable.
Figure 5b inset shows the fluorescence images of [Cgndi]l
upon addition of different amounts of SDS. A dramatic solu-
tion color change from colorless to bright green was clearly
recognized by naked eyes, which provide a simple and fast
method to determine the presence of anionic surfactant mi-
celles. This dramatic color change may be attributed to the
enhancement of the fluorescence quantum yield.

When the concentration of [Cgndi]l probe is increased to
0.05 mM, the testing performance is shown in Figs. S4 and
S5. At this condition, the cmc of SDS determined by the
absorption and emission spectra is about 0.06 M, which is a
little bit larger than the values obtained by the tradition
methods. The result obtained at 0.05 mM [Cgndi]l is accept-
able, but low concentration sensor may be better.

We have also studied the response of [Cgndi]l to other
anionic surfactants with different hydrophilic headgroups,
such as sulfonate group (SDBS, SDSO) and carboxylate
group (SD). The absorption and fluorescence spectra of
[Cgndi]l in the aqueous solutions of these anionic surfactant
were measured (results are shown in “Electronic supplementary
material”). The cmc values of these anionic surfactants deter-
mined by the absorption and fluorescence methods using
[Cgndi]l as probe are summarized in Table 2. All the results are
consistent with those obtained by electrical conductivity method.
For anionic surfactants (SDBS and SDSO) with sulfonate group,
the maximal emission bands shift only about 4 nm during
micellization. The small shifts may bring large error during result
calculation; therefore, the shift of maximal emission band
(Adpax™) is not suitable for determining the cmc of anionic
surfactants with sulfonate group. But we can still measure the
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Table 2 Cmc of different anionic surfactants determined by electronic
conductivity, shift of maximal absorption band (A?\ma,f‘bs), absorption
intensity (Ip / I), shift of maximal emission band (AA;,,,°™) and fluores-
cence quantum yield ()

Anionic cmc (mM)
surfactant
Electronic Al I/l Adpas™ @ Literature
conductivity
SDBS 14 - 13 — 1.7 15°
SDSO 10.9 11 10.5 — 118 9.7°
SD 24.8 27.6 274 27 27.3 26.0°
#Reported in ref [34]
®Reported in ref [36]
¢ Reported in ref [37]

cmc values of these anionic surfactants by absorbance (/y//) and
fluorescence quantum yield (@) (Figs. S6 and S7 in the
supplementary materials). The variations of absorption and fluo-
rescence spectra of [Cgndi]l in the solution of anionic surfactants
with carboxylate group (SD) are similar to those in SDS aqueous
solution (Fig. S8 in the supplementary materials). The cmc value
of SD can be determined by all of the four methods mentioned
above.

Conclusions

A new naphthalimide-based cationic fluorescent surfactant,
[Cgndi]l, was developed as a fluorescent probe for the deter-
mination of anionic surfactant cme. The absorption and fluo-
rescence spectra of this probe are sensitive to the microenvi-
ronment polarity and composition of fluorescent molecules.
[Cgndi]l can form a complex with the anionic surfactants
driven by the electrostatic attraction between the cationic
and anionic headgroups [18]. Therefore, it is applicable to
probe the micellization process of anionic surfactants. The
cmcs of various anionic surfactants evaluated by the absorp-
tion and fluorescence spectra of this probe are proved to be
reliable by comparing with that measured by traditional
methods [37-39].

Compared with the most commonly used pyrene probe
[40—42], [Cgndi]l is relatively water soluble, and hence, the
procedures of sample preparation is relatively simple.
Moreover, the reported probes, such as pyrene and Er(30)
[13], can be used to determine cmc by only one spectroscopic
method, either fluorescence or absorption spectrum. But with
[Cgndi]l as probe, the cmcs of anionic surfactants can be
determined by the shifts of maximal absorption and emission
band (Admax™™, Adma™), the changes on absorption inten-
sity (Ip / I), and changes on fluorescence quantum yield (®);
this has actually reduced the requirement for apparatus. In
extreme cases, the micelle process can be monitored easily by
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naked eyes, and no instrument is needed at all. We believe that
the significance of the present work is not just limited to the
development of a fast, simple, and convenient approach for
determining cmc for anionic surfactants. It provides also im-
portant information for the design of fluorescence sensor for
other colloid and micelle systems.
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