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Two fluorescent molecular sensors CS1 and CS2 were designed and synthesized to probe the aggregate
behavior of anionic surfactant SDS. CS1 was based on the photo-induced electron transfer (PET) mecha-
nism, while CS2 was founded on the intramolecular charge transfer (ICT) mechanism. The photophysical
properties of CS1-2 in anionic surfactant sodium dodecyl sulfate (SDS) solution were studied by fluo-
rescence and UV-vis methods. The experimental results show that significant absorption and emission
spectral responses of CS1 were observed with the addition of SDS: the absorbance and fluorescence inten-

Keywords: sity decreased first and then increased. The plot of fluorescence intensity of CS1 versus SDS concentration
Fluorescent sensor . . . . .. . .

Micelle showed two break points, which might be ascribed to the critical micellar concentration (cmc) and the
Premicelle formation of premicelle (cac) aggregate, respectively. But the solution’s color of CS2 changed from yellow

SDS to red with increasing SDS concentrations. The large red-shift in both absorption (50 nm) and emission
(55 nm) spectra of CS2 was resulted from the protonation of the electron accepting moiety (N=C nitrogen),
which enhanced the “push-pull” interaction of the ICT fluorophore. This was facilitated by the increase of
local H* concentration around SDS premicelle and micelle. As a consequence, pK, values of CS1 and CS2
were elevated in SDS micelle.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Developing fluorescent chemosensors used for detecting the
variations in environment or physiological phenomena has been
extensively pursued because these sensors can provide real-time,
in situ and non-invasive monitoring information with fast response
[1-5]. Many fluorescent sensors utilizing the following two dis-
tinct design principles: internal charge transfer (ICT) [6-10] and
photoinduced electron transfer (PET) [11-13]. These two design
principles have different characteristics: the attractiveness of the
ICT sensors lies on their two-channel output signals (color change
and fluorescence variation), which are convenient and sensi-
tive for the practical utilization; whereas “off-on” or “on-off”
fluorescence would occur when a PET sensor binds the guest
(Scheme 1).

In the present study, we used a PET sensor CS1 and an ICT
sensor CS2 to study the aggregation behavior of anionic surfac-
tant SDS. For CS1, a tertiary amine group (pK, ~8.0) [14,15] is
appended, which should be protonated in neutral aqueous solu-
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tion, thus making CS1 more like a cationic amphiphilic molecule
and facilitating electrostatic attraction with anionic SDS [16-23].
4-aminonaphthalimide fluorophore is expected to produce an opti-
cal signal upon changing its microenvironmental properties when
interactions between CS1 and SDS assemblies occur. Much atten-
tion should be paid to the structural modification on the electron
deficient “imide” moiety of CS2, where the O=C oxygen is displaced
by a cyclized imine. This modification is expected to elevate the
pK, of the “imine” moiety, which (N=C nitrogen) will be proto-
nated in the slightly acidic microenvironment around anionic SDS
micelle (proton is attracted and concentrated there due to elec-
trostatic interaction [21,22]). Consequently, when CS2 is located in
SDS micelle, the protonation at the imine nitrogen will enhance the
ICT process and results in a spectral shift to the longer wavelength
both in the absorption and emission spectra. The plot of fluores-
cence intensity of CS1 versus SDS concentration presents two break
points corresponding to the cmc and critical aggregate concentra-
tion (cac) of SDS, respectively. The plot of fluorescence intensity of
CS2 shows a break point corresponding to cmc, but distinct wave-
length shifts (~50 nm) in both absorption and emission spectra of
CS2 are observed with the addition of SDS. pK; values of CS1 and
CS2 are elevated in SDS micelle due to its “proton-sponge” effect
[21,22].
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Scheme 1. Molecular structures of CS1, CS2 and SDS.

2. Experimental
2.1. Reagents

All the solvents and reagents were of analytic grade and used
as received, Sodium dodecylsulfate (SDS, Sigma, 99%). Water used
was twice distilled.

2.2. Absorbance and fluorescence titration

Dye and SDS aqueous solution were prepared with water. Appro-
priate aliquots of 0.606 M SDS aqueous solution were added to the
dye solution followed by stirring and stabilization period before
spectral measurements. The pH values were adjusted with 5M
NaOH and HCIl aqueous solution and recorded after stable for
1min. The pH was determined with a pH meter (Shanghai Rex
Instrument Factory, China; model PHS-3C), which was standardized
with Aldrich buffers. Absorption measurements were performed

o N

R = NHCH,CH,N(CH3),

HoNT

O« _O. _O Oy -N._.0
c = d
O —— 0
—_—
Br Br

R = NHCHQCHon

with a Varian Cary 500 spectrophotometer (1 cm quartz cell) and
fluorescence spectra were recorded on a Varian Cary Eclipse fluo-
rescence spectrophotometer (1 cm quartz cell). Mass spectra (MS)
were recorded on a MA1212 instrument using standard conditions
(ESI, 70 eV). All the experiments were performed at 25.0 + 0.1 °C.

2.3. Synthesis

The synthesis of CS1-2 from commercially available starting
materials is illustrated in Scheme 2.

2.3.1. N-methyl-4-bromonaphthalene-1,8-dicarboximide (1)

4-Bromo-1,8-naphthalic anhydride (1.11g, 4 mmol) was sus-
pended in 33% methyl amine aqueous solution. The mixture was
stirred for 10 h at room temperature. The product was obtained by
filter and crystallized from ethanol, yield 90%. m.p. 150.3-151.2°C;
1H NMR (400 MHz, CDCl3): 68.68-8.65 (d, J=7.5Hz, 1H), 8.56 (d,
J=79Hz, 1H), 8.41 (d,J=7.9Hz, 1H), 8.04 (d, J=7.8 Hz, 1H), 7.84 (t,
J=7.9Hz, 1H), 3.57 (s, 3H); MS: m/z (%) 289 (100%).

2.3.2. CS1

0.2g (0.69mmol) of 1 and excess N,N-dimethyl ethylenedi-
amine (1mL) were added to a solution of 5mL of ethylene
glycol monomethyl ether. The mixture was refluxed for 3 h under
N, atmosphere and then the solvent was evaporated under
vacuum. The product was purified by chromatography using
methanol/dichloromethane (1:10, v/v) as eluant to give 164 mg
(80%) of CS1 as yellow solid. 1TH NMR (400 MHz, CDCl3): §8.68 (d,
J=7.6Hz, 1H), 8.55 (d,J=8.4Hz, 1H), 8.34 (d, J=8.4Hz, 1H), 7.74 (t,
J=8.0Hz, 1H), 6.75 (d, J=8.4Hz, 1H), 6.55 (s, 1H), 3.63 (s, 3H), 3.54
(t, J=4.8Hz, 2H), 2.92 (t, J=4.4Hz, 2H), 2.52 (s, 6H). HR-MS (ES")
Calcd. for ((M+H])*, 298.1556; Found, 298.1555.

2.3.3. N-(aminoethyl)-4-bromonaphthalene-1,8-dicarboximide
(2)

Ethylenediamine (2.0 g, 33.3 mmol) was added to a suspension
of 4-bromo-1,8-naphthalic anhydride (5.54 g, 20 mmol) in ethanol
(50 mL). The mixture was then refluxed for 4 h, after which the sol-
vent was evaporated under vacuum. The product was crystallized
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Scheme 2. Preparation of CS1-2. Reagents: (a) 33% methyl amine aqueous solution, (b) N,N-dimethyl ethylenediamine, ethylene glycol monomethyl ether; (c) ethylenedi-

amine, EtOH; (d) ethanolamine, ethylene glycol monomethyl ether.
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Fig. 1. pH effect on the emission spectra of CS1 (a) and the plot of fluorescence intensity vs. solution’s pH (b) ([CS1]=2.8 x 1076 M, Aex =465 nm).

from ethanol and obtained as slight yellow solid, yield 85%. 1TH NMR
(500 MHz, CDCl3): §8.65 (dd, 1H), 8.56 (dd, 1H), 8.41 (d, J=7.9Hz,
1H), 8.04 (d, J= 7.8 Hz, 1H), 7.85 (dd, 1H), 4.27 (t, [ = 6.6 Hz, 2H), 3.07
(t,J=6.6 Hz, 2H), 1.04 (s, 2H); MS: m/z (%) 318 (1%).

2.34. CS2

0.2 g (0.63 mmol) of 2 and excess ethanol amine (1 mL) were
added to a solution of 5mL of ethylene glycol monomethyl ether.
The mixture was refluxed for 5h under N, atmosphere and then
the solvent was evaporated under vacuum. The product was puri-
fied by chromatography using methanol/dichloromethane (1:10,
v/v) as eluant to give 40 mg (20%) of CS2 as yellow solid. TH NMR
(400 MHz, CD30D): 68.35 (d, J=7.3 Hz, 1H), 8.30 (d, J=7.2Hz, 1H),
8.16 (d, J=7.5Hz, 1H), 7.55 (t, J=7.8 Hz, H), 6.74 (d, J=7.9Hz, 1H),
4.18-4.05(m,J=6.3Hz,4H),3.87(t,J=6.3Hz,2H),3.56(t,J=6.1 Hz,
2H). HR-MS (ES+) Calcd. for ([M+H])*, 282.1243; Found, 282.1249.
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3. Results
3.1. pH effect on the absorption and emission spectra of CS1

When pH was changed from 2.62 to 11.47, the absorbance
of CS1 had no obvious change, but its absorption maximum
shifted slightly to longer wavelength (+11nm) at basic pH
range (data are not shown). The fluorescence intensity of CS1
decreased steadily without noticeable wavelength shift. Fig. 1b
shows that when pH changes from 6 to 9, the fluorescence
intensity decreases sharply. The deprotonation of appended qua-
ternary amine salt initiates the PET process from the free tertiary
amine to the excited fluorophore. As a result, the fluorescence
intensity decreases rapidly. The pK, value of CS1 obtained from
Fig. 1b is 8.52. In the acidic region (pH<4), the fluorescence
intensity of CS1 has no evident change, which may suggest
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Fig. 2. pH effect on the absorption (a), emission (c and d) spectra of CS2 and the plot of fluorescence intensity vs. solution’s pH (b) ([CS2] =3.2 x 106 M, Aex =465 nm).
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Fig. 3. SDS effects on the absorption spectra of CS1 ([CS1]=2.8 x 10-6 M).

that the appended tertiary amine is totally protonated in this
region.

3.2. pH effect on the absorption and emission spectra of CS2

The absorption and emission spectra of CS2 in neutral aqueous
solution display a maximum at 446 and 528 nm, respectively, which
are assigned to the ICT process from the electron donor moiety (the
amine nitrogen atom) to the electron deficient moiety (imine in
dihydroimidazole heterocycle). Addition of hydrochloric acid to CS2
in aqueous solution shows a color change which is perceptible to
the naked eye, from yellow to red. The dependence of absorbance on
pH are found to show a significant decrease in 446 nm and increase
in a new longer absorption band (496 nm, Fig. 2a), the protona-
tion of imine (C=N) nitrogen enhanced the “push-pull” character of
the ICT transition, which caused a considerable hyperchromic shift
(+50 nm) in absorbance spectra, and an isosbestic point at 465 nm
is clearly seen.

The fluorescence intensity of CS2 in aqueous solution was signif-
icantly quenched in 528 nm upon addition of aqueous hydrochloric
acid (from pH 7.7 to 2.1, Fig. 2¢), and a very weak red-shift emission
(Amax =583 nm) was observed. This spectra change was caused by
the protonation process of the imine (C=N) nitrogen which opened
up the non-radiative deexcitation pathway3? such as solvent effect
of water. The addition of NaOH (from pH 7.7 to 13.4, Fig. 2d) to the
neutral aqueous solution, initiated another fluorescence quenching
pathway, e.g. the decyclization of naphthalene-1,8-dicarboximide
cycle induced the molecular vibration. As a whole, a bell-shaped
pH titration curve reflecting the “off-on-off” fluorescence response
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was achieved. The pK; value of CS2 (6.08) obtained from Fig. 2b
elucidates that the imine (C=N) nitrogen may be protonated in a
pH range close to physiologically relevant range.

3.3. SDS effects on the UV-vis and fluorescence spectra of CS1

SDS titration induced dramatic spectral changes in both the
absorption and fluorescence spectra of CS1 (Figs. 3 and 4). When
SDS was increased from 0 to 3.72mM (well below the cmc of
SDS), the absorbance at 432 nm was decreased monotonously from
£=1.67 x 10 to 1.02 x 10* M~! cm~! without notable wavelength
shift. Above this, it was increased steadily (¢=2.48 x 104 M~!cm~!
at SDS=7.82 x 103 M) with a slight blue-shift (~5nm). Simi-
lar trends in the emission spectra were also observed (Fig. 4).
Fluorescence quantum yields ¢ in the presence of 0, 4.52,
and 7.82mM SDS were 0.181, 0.120, and 0.322, respectively
[24].

Two break points are clearly observed in the titration curve of
CS1 (absorption, Fig. 5a): the one at 6.9 x 10~3 M is corresponding
to the cmc of SDS [25,37], the other at 3.7 mM is attributed to the
formation of SDS premicelle [37]. Similar titration curve is observed
in the emission spectra (Fig. 5b), where the two break points are
found at 6.9 and 4.3 mM, respectively.

3.4. SDS effects on the UV-vis and fluorescence spectra of CS2

As for sensor CS2, SDS titration induced spectral responses dif-
ferent from that of CS1. No distinct spectral changes were observed
until SDS was added up to 4.85 mM (Figs. 6 and 7). Beyond this, a
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Fig. 4. SDS effects on the emission spectra of CS1 ([CS1]=2.8 x 10-5 M, Aex =465 nm).
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Fig. 6. SDS effects on the absorption spectra of CS2 ([CS2]=3.2 x 10-¢ M).

new absorption band centered at 496 nm was formed and devel-
oped at the expense of the original band centered at 446 nm,
yielding an isosbestic point at 465 nm (Fig. 6b). When SDS was
increased from 4.85 to 7.88 mM, a new emission band at longer
wavelength (583 nm)was produced, which coexisted with the orig-
inal one (528 nm) but possessing decreased intensity. This spectral
change was consistent with the red-shift observed in the absorption
spectra. Further addition of SDS did not produce dramatic spectral
changes.

3.5. Effect of SDS on the pK, values of CS1 and CS2

Fig. 8a shows the change of fluorescence intensities with pH in
11 mM SDS micelle, from which we can obtain the pKj, values of CS1
and CS2 in SDS micelle are 10.10 and 8.17, respectively. But those in
water are 8.52 and 6.08, respectively. The higher pK; values in SDS
micelle reveal that CS1 and CS2 are located in SDS micelles. This
result also proves the “proton sponge effect” of SDS on the other
hand. From the pKj, value vs. SDS concentration plots (Fig. 8b), we
can know that the pK, values of both CS1 and CS2 increase with

250

SDS concentration at [SDS] less than 8 mM, above this they hardly
have any change, which may indicate that CS1 and CS2 are almost
completely incorporated into SDS micelles at [SDS] above 8 mM.

4. Discussions

The optical responses of CS1-2 upon SDS addition are summa-
rized in Table 1. For CS1, the absorbance and fluorescence intensity
were decreased remarkably without any wavelength shift in the
presence of 4.24 mM SDS. Upon SDS addition up to 7.88 mM, they
were recovered and larger than the initial values with slightly blue
shift in both absorption and emission spectra. For CS2, the absorp-
tion and fluorescence spectra remained unaffected until SDS was
added up to 4.8 mM. The absorbance was increased while fluores-
cence quantum yield was decreased with significantly red shift in
both absorption and emission spectra in SDS micelle, which led to
the color’s change (Table 1).

The two channel optical responses of CS1 upon SDS addition are
related to the structure character of CS1 as well as the microen-
vironmental factors, such as the polarity and “H* sponge effect”
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Fig. 7. SDS effects on the emission spectra of CS2 ([CS2]=3.2 x 1076 M, Aex =465 nm).
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Fig. 8. Plots of normalized fluorescence intensities (a) of CS1 and CS2 vs. pH in 11 mM SDS micelle and the pKj, plots (b) of CS1 and CS2 vs. SDS concentrations.

Table 1
Spectral data for CS1-2 at different SDS concentrations.
Csps (mM) Cs1 Cs2

Aabs (M) £(10*M~"'cm™) Aq (nm) Aabs (NM) £(10*M"'cm™) Aq (nm) ¢
0 432 1.67 530 0.181 446 1.58 528 0.060
4.24 432 1.12 530 0.128 446 1.59 528 0.063
7.88 428 2.49 515 0.323 496 1.73 583 0.025

of anionic SDS premicelle and micelle [21,22]. CS1, equipped with
a tertiary amine, which has a pK; of 8.52 (Scheme 3), was proto-
nated in the present experimental conditions (pH 6.40 & 0.10). With
the addition of SDS, the positively charged CS1 will undergo the
following three processes due to the electrostatic attraction: form-
ing aggregates (CS2)m(SDS), with SDS, dissolving in SDS premicelle
and penetrating into SDS micelle. In the presence of small amount
of SDS (less than the 1 mM), CS1 can form soluble aggregates with
SDS, which decreases the absorbance at 432 nm. The fluorophores,
buried in the soluble aggregates, are largely quenched because
of their proximity which facilitates electron and energy transfer.
Therefore, the emission intensity is quenched significantly. With
further addition of SDS, the aggregates become larger, some aggre-
gates are insoluble in water due to the decreased overall charge
density, which results in the decrease of the absorbance and fluo-
rescence intensity [16-23]. The insoluble aggregates couldn’t make
the fluorescence quantum yield ¢ be changed evidently. But the ¢
value of CS1 was decreased gradually when SDS concentration was
less than 4.24 mM (Fig. 5b), which suggested that there coexisted
soluble aggregates at csps in the range of 1-4.24 mM [37].

When SDS concentrations are in the range of cac~cmgc, the
hydrophobic interaction and the electrostatic attraction between
SDS and CS1 make (CS1),(SDS), aggregates reorganize into pre-
micelles with a monomeric CS1 molecule. As a consequence,

O
z
O
O
z
O

HN HN
pKa=8.5 "

/N\ /Nti
pH >8.5 pH< 8.5

the microenvironmental polarity surrounding CS1 molecules is
depressed, and the fluorescence quenching pathways, such as
enhanced hydrogen bond with water molecule in the excited state,
are suppressed. Meanwhile, because Csps > Ccs1, [26,27] it is dif-
ficult for two sensor molecules to locate in the same premicelle.
Thus, collision induced fluorescence quenched is hampered, which
results in an enhanced fluorescence (Fig. 4b). The increase of the
absorbance (Fig. 3b) is resulted from the decomplexation of the
aggregates (CS2)m(SDS)y. With further increase of SDS above its
cmc, the absorbance and fluorescence intensity reaches the lim-
iting value and all dye molecules are incorporated into normal
micelles in monomeric form. In addition, SDS micelle provides a less
polar environment for CS1 molecules, which leads to a blue shift in
absorption (4 nm, Table 1) and emission (15 nm, Table 1) maxima
[28]. The almost twice enhancement in ¢ value of CS1 (from 0.181
in water to 0.323 in SDS micelle, Table 1) is benefited from the less
polar micelle and the higher H* concentration around SDS micelle.
It should be mentioned that carbonyl oxygen in CS1 couldn’t be
protonated in SDS micelle due to its lower pK; (<2.0) [29]. So, its
absorption and emission maxima had no obvious change with the
addition of SDS up to 4.24 mM (Table 1).

CS2 is a nonionic compound in the neutral aqueous solution
(Scheme 3). So, no electrostatic attraction between CS2 and SDS
is present. When SDS concentrations are lower than its cac, it

Nf:‘\N o} +HN/:—\N o]
+Ht
CS2 ‘-T
HN NH
{ pKa =6.1 a
OH OH
pH >6.1 pH< 6.1

Scheme 3. Protonation process of CS1 and CS2.
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is dissolved in water as monomer and has no evident effect on
the spectral behavior of CS2. When SDS concentrations are in the
premicellar range (4.85-7.88 mM), CS2 molecules are located in
premicelles ascribed to the hydrophobic interaction between SDS
and CS2.

The higher H* concentration adsorbed on SDS micellar surface
makes CS2 be protonated to form monoprotonic species [30,31]
(its pK; 8.17 in SDS micelle, Fig. 8), which results in an increase in
absorbance at 496 nm (Fig. 6b) as well as decreases in the emis-
sion at 528 nm (Fig. 7b) and the ¢ value of CS2 (Table 1). Moreover,
when SDS concentration is larger than its cmc, the microenvi-
ronmental polarity surrounding CS2 is decreased. The ICT process
is depressed to some extent, which results in a slight enhance-
ment in absorbance and fluorescence intensity. The increase in the
cationic emission of CS2 in the micellar environment implies that
the species does not penetrate into the micellar core but rather sites
closer to the micellar surface where it is electrostatically stabilized.

In order to verify the importance of the electrostatic attraction
in the detection of surfactant aggregates, we also studied the effects
of cationic surfactant CTAB and nonionic surfactant Triton X-100 on
the UV-vis and fluorescence spectra of CS1 and CS2.

CTAB and Triton X-100 hardly affect the spectral properties of
CS1, because electrostatic repulsion exists between cationic species
of CS1 and CTAB (or Triton X-100 due to its partly cationic proper-
ties) [32]. The absorption spectrum of CS2 has no visible change
upon the addition of CTAB and Triton X-100, while its fluorescence
intensity increases slightly with increasing CTAB and Triton X-100
concentrations (Fig. 9). But no distinct break point is observed
in Fig. 9. These results indicate that the hydrophobic interaction
between CTAB (or Triton X-100) and CS2 is not strong enough to
bring CS2 into CTAB or Triton X-100 micelles. As a consequence,
CTAB and Triton X-100 have little influence on the spectral behav-
ior of CS2. The almost unchanged absorption and emission spectra
in CTAB and Triton X-100 micelles suggests that CS2 may locate at
the interface of SDS micelle. It also reveals that the electrostatic
attraction plays an important role in the detection of surfactant
aggregates.

5. Conclusions

Both fluorescent sensors CS1-2 can be used to detect the self-
assembly aggregation behavior of SDS. CS1 showed dual optical
response of premicelle and micelle ascribed to cationic nature
in neutral water solution. For CS2, a 50 nm red-shift in absorp-
tion spectra upon addition of SDS led to the change in solution’s
color, which made the detection of self-assembly aggregations
more convenient. The electrostatic attraction plays a main role in
the detection of aggregate behavior, and the change of ICT process
with microenvironment is important for guest-detecting with color
change. The pKj, values of CS1 and CS2 were elevated in SDS micelle.

CS1 and CS2 provide a new strategy to probe the structural transfor-
mation of the self-assembly aggregates, which is different from the
transformation of pyrene between the excimer and the monomer
[33-37].
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