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a b s t r a c t

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-
sity decreased first and then increased. The plot of fluorescence intensity of CS1 versus SDS concentration
icelle
remicelle
DS

showed two break points, which might be ascribed to the critical micellar concentration (cmc) and the
formation of premicelle (cac) aggregate, respectively. But the solution’s color of CS2 changed from yellow
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, pKa values of CS1 and CS2
were elevated in SDS micelle.
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. Introduction

Developing fluorescent chemosensors used for detecting the
ariations in environment or physiological phenomena has been
xtensively pursued because these sensors can provide real-time,
n situ and non-invasive monitoring information with fast response
1–5]. Many fluorescent sensors utilizing the following two dis-
inct design principles: internal charge transfer (ICT) [6–10] and
hotoinduced electron transfer (PET) [11–13]. These two design
rinciples have different characteristics: the attractiveness of the

CT sensors lies on their two-channel output signals (color change
nd fluorescence variation), which are convenient and sensi-
ive for the practical utilization; whereas “off-on” or “on-off”
uorescence would occur when a PET sensor binds the guest
Scheme 1).
In the present study, we used a PET sensor CS1 and an ICT
ensor CS2 to study the aggregation behavior of anionic surfac-
ant SDS. For CS1, a tertiary amine group (pKa ∼8.0) [14,15] is
ppended, which should be protonated in neutral aqueous solu-

∗ Corresponding author. Tel.: +86 514 87875805.
E-mail address: xhqian@ecust.edu.cn (X. Qian).
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ion, thus making CS1 more like a cationic amphiphilic molecule
nd facilitating electrostatic attraction with anionic SDS [16–23].
-aminonaphthalimide fluorophore is expected to produce an opti-
al signal upon changing its microenvironmental properties when
nteractions between CS1 and SDS assemblies occur. Much atten-
ion should be paid to the structural modification on the electron
eficient “imide” moiety of CS2, where the O C oxygen is displaced
y a cyclized imine. This modification is expected to elevate the
Ka of the “imine” moiety, which (N C nitrogen) will be proto-
ated in the slightly acidic microenvironment around anionic SDS
icelle (proton is attracted and concentrated there due to elec-

rostatic interaction [21,22]). Consequently, when CS2 is located in
DS micelle, the protonation at the imine nitrogen will enhance the
CT process and results in a spectral shift to the longer wavelength
oth in the absorption and emission spectra. The plot of fluores-
ence intensity of CS1 versus SDS concentration presents two break
oints corresponding to the cmc and critical aggregate concentra-
ion (cac) of SDS, respectively. The plot of fluorescence intensity of

S2 shows a break point corresponding to cmc, but distinct wave-

ength shifts (∼50 nm) in both absorption and emission spectra of
S2 are observed with the addition of SDS. pKa values of CS1 and
S2 are elevated in SDS micelle due to its “proton-sponge” effect
21,22].

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:xhqian@ecust.edu.cn
dx.doi.org/10.1016/j.jphotochem.2008.09.002
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Scheme 1. Molecular structures of CS1, CS2 and SDS.

. Experimental

.1. Reagents

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

.2. Absorbance and fluorescence titration

Dye and SDS aqueous solution were prepared with water. Appro-
riate aliquots of 0.606 M SDS aqueous solution were added to the
ye solution followed by stirring and stabilization period before

pectral measurements. The pH values were adjusted with 5 M
aOH and HCl aqueous solution and recorded after stable for
min. The pH was determined with a pH meter (Shanghai Rex

nstrument Factory, China; model PHS-3C), which was standardized
ith Aldrich buffers. Absorption measurements were performed

(

o
(
v

cheme 2. Preparation of CS1–2. Reagents: (a) 33% methyl amine aqueous solution, (b) N
mine, EtOH; (d) ethanolamine, ethylene glycol monomethyl ether.
biology A: Chemistry 200 (2008) 402–409 403

ith a Varian Cary 500 spectrophotometer (1 cm quartz cell) and
uorescence spectra were recorded on a Varian Cary Eclipse fluo-
escence spectrophotometer (1 cm quartz cell). Mass spectra (MS)
ere recorded on a MA1212 instrument using standard conditions

ESI, 70 eV). All the experiments were performed at 25.0 ± 0.1 ◦C.

.3. Synthesis

The synthesis of CS1–2 from commercially available starting
aterials is illustrated in Scheme 2.

.3.1. N-methyl-4-bromonaphthalene-1,8-dicarboximide (1)
4-Bromo-1,8-naphthalic anhydride (1.11 g, 4 mmol) was sus-

ended in 33% methyl amine aqueous solution. The mixture was
tirred for 10 h at room temperature. The product was obtained by
lter and crystallized from ethanol, yield 90%. m.p. 150.3–151.2 ◦C;
H NMR (400 MHz, CDCl3): ı8.68–8.65 (d, J = 7.5 Hz, 1H), 8.56 (d,
= 7.9 Hz, 1H), 8.41 (d, J = 7.9 Hz, 1H), 8.04 (d, J = 7.8 Hz, 1H), 7.84 (t,
= 7.9 Hz, 1H), 3.57 (s, 3H); MS: m/z (%) 289 (100%).

.3.2. CS1
0.2 g (0.69 mmol) of 1 and excess N,N-dimethyl ethylenedi-

mine (1 mL) were added to a solution of 5 mL of ethylene
lycol monomethyl ether. The mixture was refluxed for 3 h under
2 atmosphere and then the solvent was evaporated under
acuum. The product was purified by chromatography using
ethanol/dichloromethane (1:10, v/v) as eluant to give 164 mg

80%) of CS1 as yellow solid. 1H NMR (400 MHz, CDCl3): ı8.68 (d,
= 7.6 Hz, 1H), 8.55 (d, J = 8.4 Hz, 1H), 8.34 (d, J = 8.4 Hz, 1H), 7.74 (t,
= 8.0 Hz, 1H), 6.75 (d, J = 8.4 Hz, 1H), 6.55 (s, 1H), 3.63 (s, 3H), 3.54
t, J = 4.8 Hz, 2H), 2.92 (t, J = 4.4 Hz, 2H), 2.52 (s, 6H). HR-MS (ES+)
alcd. for ([M+H])+, 298.1556; Found, 298.1555.

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

2)

Ethylenediamine (2.0 g, 33.3 mmol) was added to a suspension
f 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-
ent was evaporated under vacuum. The product was crystallized

,N-dimethyl ethylenediamine, ethylene glycol monomethyl ether; (c) ethylenedi-
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Fig. 1. pH effect on the emission spectra of CS1 (a) and the plot of fluo

rom ethanol and obtained as slight yellow solid, yield 85%. 1H NMR
500 MHz, CDCl3): ı8.65 (dd, 1H), 8.56 (dd, 1H), 8.41 (d, J = 7.9 Hz,
H), 8.04 (d, J = 7.8 Hz, 1H), 7.85 (dd, 1H), 4.27 (t, J = 6.6 Hz, 2H), 3.07
t, J = 6.6 Hz, 2H), 1.04 (s, 2H); MS: m/z (%) 318 (1%).

.3.4. CS2
0.2 g (0.63 mmol) of 2 and excess ethanol amine (1 mL) were

dded to a solution of 5 mL of ethylene glycol monomethyl ether.
he mixture was refluxed for 5 h under N2 atmosphere and then
he solvent was evaporated under vacuum. The product was puri-
ed by chromatography using methanol/dichloromethane (1:10,

/v) as eluant to give 40 mg (20%) of CS2 as yellow solid. 1H NMR
400 MHz, CD3OD): ı8.35 (d, J = 7.3 Hz, 1H), 8.30 (d, J = 7.2 Hz, 1H),
.16 (d, J = 7.5 Hz, 1H), 7.55 (t, J = 7.8 Hz, H), 6.74 (d, J = 7.9 Hz, 1H),
.18–4.05 (m, J = 6.3 Hz, 4 H), 3.87 (t, J = 6.3 Hz, 2 H), 3.56 (t, J = 6.1 Hz,
H). HR-MS (ES+) Calcd. for ([M+H])+, 282.1243; Found, 282.1249.
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Fig. 2. pH effect on the absorption (a), emission (c and d) spectra of CS2 and the plot o
nce intensity vs. solution’s pH (b) ([CS1] = 2.8 × 10−6 M, �ex = 465 nm).

. Results

.1. pH effect on the absorption and emission spectra of CS1

When pH was changed from 2.62 to 11.47, the absorbance
f CS1 had no obvious change, but its absorption maximum
hifted slightly to longer wavelength (+11 nm) at basic pH
ange (data are not shown). The fluorescence intensity of CS1
ecreased steadily without noticeable wavelength shift. Fig. 1b
hows that when pH changes from 6 to 9, the fluorescence
ntensity decreases sharply. The deprotonation of appended qua-

ernary amine salt initiates the PET process from the free tertiary
mine to the excited fluorophore. As a result, the fluorescence
ntensity decreases rapidly. The pKa value of CS1 obtained from
ig. 1b is 8.52. In the acidic region (pH < 4), the fluorescence
ntensity of CS1 has no evident change, which may suggest

f fluorescence intensity vs. solution’s pH (b) ([CS2] = 3.2 × 10−6 M, �ex = 465 nm).
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Fig. 3. SDS effects on the absorpti

hat the appended tertiary amine is totally protonated in this
egion.

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

The absorption and emission spectra of CS2 in neutral aqueous
olution display a maximum at 446 and 528 nm, respectively, which
re assigned to the ICT process from the electron donor moiety (the
mine nitrogen atom) to the electron deficient moiety (imine in
ihydroimidazole heterocycle). Addition of hydrochloric acid to CS2

n aqueous solution shows a color change which is perceptible to
he naked eye, from yellow to red. The dependence of absorbance on
H are found to show a significant decrease in 446 nm and increase

n a new longer absorption band (496 nm, Fig. 2a), the protona-
ion of imine (C N) nitrogen enhanced the “push–pull” character of
he ICT transition, which caused a considerable hyperchromic shift
+50 nm) in absorbance spectra, and an isosbestic point at 465 nm
s clearly seen.

The fluorescence intensity of CS2 in aqueous solution was signif-
cantly quenched in 528 nm upon addition of aqueous hydrochloric
cid (from pH 7.7 to 2.1, Fig. 2c), and a very weak red-shift emission
�max = 583 nm) was observed. This spectra change was caused by
he protonation process of the imine (C N) nitrogen which opened
p the non-radiative deexcitation pathway3a such as solvent effect

f water. The addition of NaOH (from pH 7.7 to 13.4, Fig. 2d) to the
eutral aqueous solution, initiated another fluorescence quenching
athway, e.g. the decyclization of naphthalene-1,8-dicarboximide
ycle induced the molecular vibration. As a whole, a bell-shaped
H titration curve reflecting the “off-on-off” fluorescence response

3

f
u

Fig. 4. SDS effects on the emission spectra of C
ctra of CS1 ([CS1] = 2.8 × 10−6 M).

as achieved. The pKa value of CS2 (6.08) obtained from Fig. 2b
lucidates that the imine (C N) nitrogen may be protonated in a
H range close to physiologically relevant range.

.3. SDS effects on the UV–vis and fluorescence spectra of CS1

SDS titration induced dramatic spectral changes in both the
bsorption and fluorescence spectra of CS1 (Figs. 3 and 4). When
DS was increased from 0 to 3.72 mM (well below the cmc of
DS), the absorbance at 432 nm was decreased monotonously from
= 1.67 × 104 to 1.02 × 104 M−1 cm−1 without notable wavelength
hift. Above this, it was increased steadily (ε = 2.48 × 104 M−1 cm−1

t SDS = 7.82 × 10−3 M) with a slight blue-shift (∼5 nm). Simi-
ar trends in the emission spectra were also observed (Fig. 4).
luorescence quantum yields � in the presence of 0, 4.52,
nd 7.82 mM SDS were 0.181, 0.120, and 0.322, respectively
24].

Two break points are clearly observed in the titration curve of
S1 (absorption, Fig. 5a): the one at 6.9 × 10−3 M is corresponding
o the cmc of SDS [25,37], the other at 3.7 mM is attributed to the
ormation of SDS premicelle [37]. Similar titration curve is observed
n the emission spectra (Fig. 5b), where the two break points are
ound at 6.9 and 4.3 mM, respectively.
.4. SDS effects on the UV–vis and fluorescence spectra of CS2

As for sensor CS2, SDS titration induced spectral responses dif-
erent from that of CS1. No distinct spectral changes were observed
ntil SDS was added up to 4.85 mM (Figs. 6 and 7). Beyond this, a

S1 ([CS1] = 2.8 × 10−6 M, �ex = 465 nm).
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Fig. 5. Plots of absorbance at 432 nm (a) and quantum yield � (b) of CS1 vs. CSDS ([CS1] = 2.8 × 10−6 M, �ex = 465 nm).
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Fig. 6. SDS effects on the absorpti

ew absorption band centered at 496 nm was formed and devel-
ped at the expense of the original band centered at 446 nm,
ielding an isosbestic point at 465 nm (Fig. 6b). When SDS was
ncreased from 4.85 to 7.88 mM, a new emission band at longer
avelength (583 nm) was produced, which coexisted with the orig-

nal one (528 nm) but possessing decreased intensity. This spectral
hange was consistent with the red-shift observed in the absorption
pectra. Further addition of SDS did not produce dramatic spectral
hanges.

.5. Effect of SDS on the pKa values of CS1 and CS2

Fig. 8a shows the change of fluorescence intensities with pH in
1 mM SDS micelle, from which we can obtain the pKa values of CS1
nd CS2 in SDS micelle are 10.10 and 8.17, respectively. But those in

ater are 8.52 and 6.08, respectively. The higher pKa values in SDS
icelle reveal that CS1 and CS2 are located in SDS micelles. This

esult also proves the “proton sponge effect” of SDS on the other
and. From the pKa value vs. SDS concentration plots (Fig. 8b), we
an know that the pKa values of both CS1 and CS2 increase with

b
t

r
v

Fig. 7. SDS effects on the emission spectra of C
ctra of CS2 ([CS2] = 3.2 × 10−6 M).

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

. Discussions

The optical responses of CS1–2 upon SDS addition are summa-
ized in Table 1. For CS1, the absorbance and fluorescence intensity
ere decreased remarkably without any wavelength shift in the
resence of 4.24 mM SDS. Upon SDS addition up to 7.88 mM, they
ere recovered and larger than the initial values with slightly blue

hift in both absorption and emission spectra. For CS2, the absorp-
ion and fluorescence spectra remained unaffected until SDS was
dded up to 4.8 mM. The absorbance was increased while fluores-
ence quantum yield was decreased with significantly red shift in

oth absorption and emission spectra in SDS micelle, which led to
he color’s change (Table 1).

The two channel optical responses of CS1 upon SDS addition are
elated to the structure character of CS1 as well as the microen-
ironmental factors, such as the polarity and “H+ sponge effect”

S2 ([CS2] = 3.2 × 10−6 M, �ex = 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 pKa plots (b) of CS1 and CS2 vs. SDS concentrations.

Table 1
Spectral data for CS1–2 at different SDS concentrations.

CSDS (mM) CS1 CS2

�abs (nm) ε (104 M−1 cm−1) �fl (nm) � �abs (nm) ε (104 M−1 cm−1) �fl (nm) �

0 0.18
4 0.12
7 0.32
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432 1.67 530
.24 432 1.12 530
.88 428 2.49 515

f anionic SDS premicelle and micelle [21,22]. CS1, equipped with
tertiary amine, which has a pKa of 8.52 (Scheme 3), was proto-
ated in the present experimental conditions (pH 6.40 ± 0.10). With
he addition of SDS, the positively charged CS1 will undergo the
ollowing three processes due to the electrostatic attraction: form-
ng aggregates (CS2)m(SDS)n with SDS, dissolving in SDS premicelle
nd penetrating into SDS micelle. In the presence of small amount
f SDS (less than the 1 mM), CS1 can form soluble aggregates with
DS, which decreases the absorbance at 432 nm. The fluorophores,
uried in the soluble aggregates, are largely quenched because
f their proximity which facilitates electron and energy transfer.
herefore, the emission intensity is quenched significantly. With
urther addition of SDS, the aggregates become larger, some aggre-
ates are insoluble in water due to the decreased overall charge
ensity, which results in the decrease of the absorbance and fluo-
escence intensity [16–23]. The insoluble aggregates couldn’t make
he fluorescence quantum yield � be changed evidently. But the �
alue of CS1 was decreased gradually when SDS concentration was
ess than 4.24 mM (Fig. 5b), which suggested that there coexisted

oluble aggregates at cSDS in the range of 1–4.24 mM [37].

When SDS concentrations are in the range of cac∼cmc, the
ydrophobic interaction and the electrostatic attraction between
DS and CS1 make (CS1)m(SDS)n aggregates reorganize into pre-
icelles with a monomeric CS1 molecule. As a consequence,

a
a

(
i

Scheme 3. Protonation pro
1 446 1.58 528 0.060
8 446 1.59 528 0.063
3 496 1.73 583 0.025

he microenvironmental polarity surrounding CS1 molecules is
epressed, and the fluorescence quenching pathways, such as
nhanced hydrogen bond with water molecule in the excited state,
re suppressed. Meanwhile, because CSDS � CCS1, [26,27] it is dif-
cult for two sensor molecules to locate in the same premicelle.
hus, collision induced fluorescence quenched is hampered, which
esults in an enhanced fluorescence (Fig. 4b). The increase of the
bsorbance (Fig. 3b) is resulted from the decomplexation of the
ggregates (CS2)m(SDS)n. With further increase of SDS above its
mc, the absorbance and fluorescence intensity reaches the lim-
ting value and all dye molecules are incorporated into normal

icelles in monomeric form. In addition, SDS micelle provides a less
olar environment for CS1 molecules, which leads to a blue shift in
bsorption (4 nm, Table 1) and emission (15 nm, Table 1) maxima
28]. The almost twice enhancement in � value of CS1 (from 0.181
n water to 0.323 in SDS micelle, Table 1) is benefited from the less
olar micelle and the higher H+ concentration around SDS micelle.

t should be mentioned that carbonyl oxygen in CS1 couldn’t be
rotonated in SDS micelle due to its lower pKa (<2.0) [29]. So, its

bsorption and emission maxima had no obvious change with the
ddition 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
s present. When SDS concentrations are lower than its cac, it

cess of CS1 and CS2.
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Fig. 9. Effects of CTAB and Triton X-100 on the UV–vis and fluorescence spec

s dissolved in water as monomer and has no evident effect on
he spectral behavior of CS2. When SDS concentrations are in the
remicellar range (4.85–7.88 mM), CS2 molecules are located in
remicelles ascribed to the hydrophobic interaction between SDS
nd CS2.

The higher H+ concentration adsorbed on SDS micellar surface
akes CS2 be protonated to form monoprotonic species [30,31]

its pKa 8.17 in SDS micelle, Fig. 8), which results in an increase in
bsorbance at 496 nm (Fig. 6b) as well as decreases in the emis-
ion at 528 nm (Fig. 7b) and the � value of CS2 (Table 1). Moreover,
hen SDS concentration is larger than its cmc, the microenvi-

onmental polarity surrounding CS2 is decreased. The ICT process
s depressed to some extent, which results in a slight enhance-

ent in absorbance and fluorescence intensity. The increase in the
ationic emission of CS2 in the micellar environment implies that
he species does not penetrate into the micellar core but rather sites
loser to the micellar surface where it is electrostatically stabilized.

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

CTAB and Triton X-100 hardly affect the spectral properties of
S1, because electrostatic repulsion exists between cationic species
f CS1 and CTAB (or Triton X-100 due to its partly cationic proper-
ies) [32]. The absorption spectrum of CS2 has no visible change
pon the addition of CTAB and Triton X-100, while its fluorescence

ntensity increases slightly with increasing CTAB and Triton X-100
oncentrations (Fig. 9). But no distinct break point is observed
n Fig. 9. These results indicate that the hydrophobic interaction
etween CTAB (or Triton X-100) and CS2 is not strong enough to
ring CS2 into CTAB or Triton X-100 micelles. As a consequence,
TAB and Triton X-100 have little influence on the spectral behav-

or of CS2. The almost unchanged absorption and emission spectra
n CTAB and Triton X-100 micelles suggests that CS2 may locate at
he interface of SDS micelle. It also reveals that the electrostatic
ttraction plays an important role in the detection of surfactant
ggregates.

. Conclusions

Both fluorescent sensors CS1–2 can be used to detect the self-
ssembly aggregation behavior of SDS. CS1 showed dual optical
esponse of premicelle and micelle ascribed to cationic nature
n neutral water solution. For CS2, a 50 nm red-shift in absorp-
ion spectra upon addition of SDS led to the change in solution’s

olor, which made the detection of self-assembly aggregations
ore convenient. The electrostatic attraction plays a main role in

he detection of aggregate behavior, and the change of ICT process
ith microenvironment is important for guest-detecting with color

hange. The pKa values of CS1 and CS2 were elevated in SDS micelle.
[

CS2 (pH 6.40–6.50 for Triton X-100 system, pH 6.30 ± 0.10 for CTAB system).

S1 and CS2 provide a new strategy to probe the structural transfor-
ation of the self-assembly aggregates, which is different from the

ransformation of pyrene between the excimer and the monomer
33–37].
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