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Five amphiphilic naphthalimide derivatives were synthesized and applied as colorimetric and fluoromet-
ric probes for the detection of anionic surfactants. Because of electrostatic and hydrophobic interactions,
the probe and anionic surfactant can form complex in water. The formation of the probe-anionic sur-
factant complex induces distinctive changes on color and optical properties. Therefore, these derivatives
can be used as sensors for anionic surfactants. Besides the advantage of visual detection, the detection

of anionic surfactant can be realized by both absorption and fluorescence methods with high selectivity
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1. Introduction

Because of their highly potent detergency and low cost of man-
ufacture, anionic surfactants are used in greater volume than any
other surfactants in the detergent industry [1-3]. Hence anionic
surfactants are becoming one of the major components of envi-
ronmental pollutants. Apart from the efforts in studying methods
to reduce their environmental impact, another important aspect
is the development of new and improved detecting methods in
environment.

Although many well-known techniques in surfactant analy-
sis, including methylene blue method [4], ion-selective electrodes
capillary electrophoresis method [5], and so forth [6], have
been developed, there exist still some limitations in their appli-
cability, such as tedious procedures, large amount of toxic
solvents, irreproducibility, signal instability, temperature and pH
sensitivity [7-10]. Therefore, it is still attractive to find new
simple and sensitive approaches for in site anionic surfactant
detection.

An and co-workers developed an anionic surfactant detection
method based on the disassembly of the complex between a
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cationic conjugated polyelectrolyte (CPE), poly(3-(4-methyl-3'-
thienyloxy)propyltrimethylammonium (PMTPA) and an anionic
dye, 8-hydroxy-1,3,6-pyrenetrisulfonic acid risodium salt (HPTS)
[11]. Coll and co-workers used hybrid systems for colorimet-
ric signaling of anionic surfactants in water [12,13]. Chen and
co-workers developed an imidazolium-based conjugated poly-
diacetylene sensor for colorimetric and fluorescent detection of
anionic surfactants [14]. These methods mentioned above are
all based on supramolecular interactions of anionic surfactants
with conjugated polymers. The difficulty on the synthesis and
quality control of the polymers is the main drawback for these
methods. Qian and co-workers reported a series of relatively
simple molecular “on-off-on” fluorescent sensors for detecting
anionic surfactants based on the electrostatic and hydrophobic
interactions between sensors and anionic surfactants [15]. How-
ever, the solubility of these molecular sensors in water is small,
therefore, polar non-protonic solvents, such as DMF, must be
employed in the sensing process. For the purpose of simplifying
the sensing process and avoiding the use of expensive and poison
solvents, water soluble fluorescent probes are most desired.
Herein, five naphthalimide-based cationic dyes (1a, 1b, 1c, 2b
and 3b shown in Chart 1) were designed and synthesized for
the purpose of applying as probes for the detection of anionic
surfactants with both absorbance and fluorescence changes. The
cationic hydrophilic headgroups endow the sensors with a strong
electrostatic interaction with anionic surfactant. Meanwhile, the n-
alkyl hydrophobic chains endow these dyes with a comparatively
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Chart 1. Molecular structures of the probes.

strong hydrophobic interaction with anionic surfactants. A stable
complexes of dye-anionic surfactant based on static attraction is
expected. Accordingly, the spectroscopic properties of the probes
will change significantly in the presence of anionic surfactants and
thus successfully achieve the sensing of anionic surfactants.

2. Experimental
2.1. Reagents

Sodium dodecylsulfate (SDS, 99%) was obtained from Alfa Aesar,
while sodium dodecylsulfonate (SDSO, 99%) was bought from
J&K. Sodium dodecylbenzenesulfonate (SDBS, 95%), sodium dode-
canoate (SD, 98%) and hexadecyltrimethylammonium bromide
(CTAB, 99%) were purchased from Aladdin. Triton X-100 (TX-
100 AR) was bought from Sinopharm Chemical Reagent Co., Ltd.
Pluronic P123 (AR) was a product of Sigma. Triply distilled water
was used as solvent throughout the experiments. All other chem-
icals are of analytical grade and were purchased from commercial
source and used as received without further purification.

2.2. Synthesis

1a, 1b, 1c were synthesized according to the procedure reported
in our previous work [16]. The synthetic procedures of 2b and 3b
are presented in Supporting Information. All the products were
characterized by "H NMR and mass spectrometry (MS).

1a TH NMR (CDCl3): 8 8.24 (m, 3H, Hyapp), 7.63 (t, J=10.0Hz,
1H, Hpapn), 7.28 (d, J=10.0Hz, 1H, Hyapn), 3.88 (t, J=8.1Hz, 2H,
C3CH;N),3.75(t,J=6.6 Hz, 4H, NaphNCH,CH3 ), 3.57 (t,J= 5.2 Hz, 4H
(CNCH3CN);), 3.28 (s, 6H, CH3NCH3), 1.52 (m, 2H, C,CH, C), 1.30 (m,
2H, CCH,(C,), 0.86 (t, J=8.0Hz, 3H, CH3C3). ESI-MS (Q-TOF): calcd.
for CopHygN305: 366.2176; found: 366.2122 (M*).

1b "H NMR (CDCl3): & 8.55 (d, J=8.2Hz, 1H, Hyapp), 8.50 (d,
J=9.0Hz 1H, Hyapp), 8.45 (d, J=9.1Hz, 1H, Hygpp ), 7.77 (£, J=9.1 Hz,

1H, Hpapn) 7.41 (d, J=8.1Hz, 1H, Hpgpp), 4.16 (m, 2H, C;CH,N),
411 (s, 4H, NaphNCH,CH,), 3.76 (s, 6H, CH3NCH3), 3.62 (s, 4H
(CNCH,CN);), 1.70 (m, 2H, CgCH,C), 1.38 (m, 10H, (CH3)s), 0.86
(t, J=8.0Hz, 3H, CH3C7). ESI-MS (Q-TOF): calcd. for CogH3gN305:
422.2808; found: 422.2769 (M*).

1c 'H NMR (CDCl3): 8 8.55 (d, J=8.2Hz, 1H, Hpapp), 8.50
(d, J=8.2Hz, 1H, Hpapp), 845 (d, J=9.0Hz,1H, Hpapp), 7.76 (t,
J=9.1Hz,1H, Hpapp), 7.40 (d, J=9.0 Hz, 1H, Hyapp ), 415 (t, J=7.9 Hz,
2H, C11CH,N), 4.11 (s, 4H, NaphNCH,CH>), 3.73 (s, 6H, CH3NCH3),
3.60 (s, 4H, (CNCH;CN),), 1.70 (m, 2H, C;9CH,C), 1.25 (m, 18H,
(CH3)9), 0.87 (t,J=7.6 Hz, 3H, CH3Cy1). ESI-MS (Q-TOF): calcd. for
C30H44N30,: 478.3434; found: 478.3450 (M*).

2b 'H NMR (CDCl3): § 8.58 (d, J=7.5Hz, 1H, Hyapp), 8.46
(m, 2H, Hpapn), 7.68 (t, J=8.0Hz, 1H, Hppn), 7.14 (d, J=9.2Hz,
1H, Hpapn), 4.66 (t, J=7.3Hz, 2H, NCH,CNCO), 3.90 (t, J=7.1Hz,
2H, NCCH;NCO), 3.60 (s, 9H, (CH3)3N), 3.38 (t, J=8.0Hz, 2H,
CNCH,C7), 3.11 (s, 3H, CH3NGCg), 1.74 (m, 2H, CCH;Cg), 1.29 (m,
10H, (CH;)s), 0.87 (t,J=7.8 Hz, 3H, CH3C7). ESI-MS (Q-TOF): calcd.
for C;6H3gN30,: 424.2958; found: 424.3062 (M*).

3b 'H NMR (CDCl3): § 8.74 (d, J=10.1Hz, 1H, Hyapp), 8.44 (d,
J=8.1Hz, 1H, Hpappn ), 8.28 (d,J=10.2Hz 1H, Hpypp ), 7.57 (£, /=9.2 Hz
TH, Hpaph)» 6.58 (d, J=9.2Hz 1H, Hpapn), 4.17 (s, 4H, NCH,CHN),
4,07 (t, J=7.1Hz, 3H, C;CHy;), 3.55 (s, 9H, (CH3)3N), 1.65 (m, 2H,
CgCH,C), 1.28 (m, 10H, (CH;)s), 0.86 (t, J=7.2Hz 3H, CH3C7).
ESI-MS (Q-TOF): calcd. for CogH33N30,:410.2802; found: 410.2811
(M").

2.3. Apparatus

Electronic absorption spectra were recorded on a UV-2450
spectrophotometer (SHIMADZU, Japan). The steady-state fluores-
cence measurements were carried out on a FLS920 fluorescence
spectrometer (Edinburgh Instruments). 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 inter-
nal standard (in CDCl3).

3. Results and discussion
3.1. Optical properties of the dyes

The photophysical properties of 1,8-naphthalimide compounds
are governed by the nature of the substituent [17]. Connection
of electron donating groups at C-4 position of the naphthalic
ring gives a “push-pull” electronic configuration and generate an
internal charge transfer (ICT) excited state [18,19]. The five dyes
investigated in this article are all quaternary ammonium salt and
the presence of positive charge center (N*) could influence the
dipolemoment and then affect their optical properties, such as the
wavelength of the maximal absorption and emission bands (Amax)
and the fluorescence quantum yield. This has been successfully
demonstrated by the comparison of the absorption and emission
spectra of 1b with that of 5b, a compound without quaternary
ammonium headgroup, as shown in Fig. 1. The spectra revealed
that the presence of N* leads to a remarkable blue-shift on ICT
absorption and emission band. Simultaneously, the fluorescence
quantum yield of 1b is much greater than that of 5b. These can be
attributed to the strong electron withdrawing ability of N*, which
induces a “pull-push-pull” electronic configuration [20-23], But
in 5b, due to the absence of N*, the photoinduced electron transfer
from the amino group to the naphthalic ring gets efficient and the
fluorescence is quenched significantly.

The fluorescence properties of these five dyes in H,O and CH,Cl,
at the concentration of 1 x 10~> M are summarized in Table 1. The
fluorescence quantum yields of these five dyes are also measured
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Fig.1. Normalized absorption (solid)and fluorescence (hollow) spectra of 1b (circle)
and 5b (square) in CH,Cl,. Inset shows the molecular structures of 1b and 5b.

with rhodamine 6G in ethanol (95%) as reference [24-26]. It is
obvious that the difference on the length of hydrophobic chains
does not obviously influence Amax of the absorption and emis-
sion spectra of 1a, 1b, and 1c. However, along with the increase
on the length of hydrophobic chains, the fluorescence quantum
yields decrease obviously, following the order of 1a>1b>1cin H,0,
but 1c>1b>1ain CH,Cl,. The difference on the hydrophobic chain
length causes different solubility in solvent, therefore, the changes
of fluorescence quantum yields can be attributed to the different
solubility of these three dyes in HO and CH,Cl,. Relatively poor
solubility induces more aggregation in solution, which causes more
fluorescence quenching, and consequently reduce the fluorescence
quantum yield.

Comparing with compound 1b, compound 3b presents red-
shifted Amax in absorption and emission spectra as well as a smaller
Stoke’s shift. These can be attributed to the flexible linkage between
the ammonium cation (N*) and the N at C-4 position in 3b, which
leads to a relative larger distance between N* and N, and then a
weaker effect of N* on the “pull-push-pull” electronic configura-
tion of NDI. The ICT characteristic of the excited state is enforced
a little, therefore, the maximum absorption and emission wave-
length are red-shifted.

As for compound 2b, the N* is connected at the opposite position
of the electron donating part, which provides a “push-pull-pull”
electronic configuration for the molecules of this compound, there-
fore, the ICT characteristic of the excited states of this compound is
further enforced in comparison with that of 3b. So the Apax of the
absorption and emission spectra of compound 2b are the most red-
shifted and the fluorescence quantum yield is the smallest among
these five compounds.

The steady state absorption and fluorescence spectra of these
five compounds as discussed above suggest that the absorption
and emission Amax and the fluorescence quantum yields of these
compounds can be tuned efficiently in a large range by changing
the position of the electron-withdrawing N* on the NDI ring. This

provides us an opportunity to design and synthesis of new NDI
dyes to meet the needs of different applications.

3.2. Detection of SDS by 1b

Because the presence of N* and long hydrophobic chain in these
1,8-naphthalimide-based molecules, the optical properties of these
compounds become sensitive to the surrounding environment. This
provides us the opportunity to use these molecules as probes to
detect anionic surfactants in solution.

As shown in Fig. 2, upon addition of SDS into the aqueous solu-
tionof 1b(1 x 10~ M), the maximal absorption and emission bands
were blue-shifted from 387 to 370 nm and 525 to 496 nm, respec-
tively, indicating the presence of strong interactions between SDS
and 1b. The addition of SDS in 1b aqueous solution leads to a regular
decrease in the absorption intensity and fluorescence quench-
ing first. The intensity of the absorption and fluorescence band
reaches a minimum value at a SDS concentration of ~0.01 mM,
suggesting a 1:1 stoichiometry for the complex SDS-1b. When
SDS concentration is higher than 0.01 mM, both the absorption
and fluorescence intensities were recovered and finally exceeded
their initial values. Therefore, 1b is an “on-off-on” fluorescence
probe for anionic surfactant SDS. The dynamic detection window
of SDS was 1x 1077 M-1 x 10~> M and the detection limit of SDS
was 1 x 107 M (28.7 ppb) with 1b as probe.

The strong electrostatic and hydrophobic interactions between
1b and SDS are believed to be responsible for the formation of
SDS-1b complexes [27]. The phase behavior of the cationic-anionic
surfactant system can be transformed along with the change of
cationic/anionic surfactant molar ratio [28]. Generally, when the
ratio between the cationic and the anionic surfactants is exactly
1:1, a precipitate could be formed [29]. But, due to the very small
concentrations of both 1b and SDS (smaller than 1 x 10~> M), the
formed SDS-1b cannot precipitate from solution, but formed large
aggregates instead, therefore, we cannot observe any precipitate
in the solution. Owing to the formation of large aggregates, the
absorbance and fluorescence intensity decreased progressively.
Moreover, the photoinduced electron transfer from the negatively
charged head group of SDS to the fluorophore might be another
reason for the quenching of the fluorescence of the dye [15]. When
the concentration of SDS is higher than 0.01 mM, along with the
increase of SDS concentrations, the value of SDS/1b will be much
larger than 1, therefore, SDS-1b precipitates will be dissociated
gradually [15],leading to the decrease on the number and size of the
aggregates. Thus, the absorbance and fluorescence were recovered.

The shifts on the wavelength of the maximal absorption and
emission bands are related to the different composition of SDS-
1b complex. Along with the increase of the SDS molecules around
1b, the maximal absorption and emission bands blue-shifts grad-
ually because of the smaller polar condition provided by the SDS
molecules with respect to water molecules. To further prove this
point, temperature dependent absorption and fluorescence spectra
of 1b in SDS solution were measured (Fig. S1) because intermolec-
ular aggregation is sensitive to temperature [30] and the SDS-1b

Table 1
Fluorescence properties of the dyes.
Compound H,0 CH,Cl,
Xaps (NM) Aem (NM) D (%)? Stokes shift Aaps (NM) Lem (NM) Dy (%)* Stokes shift
1a 387 525 32.78 138 365 456 24.63 91
1b 387 525 23.81 138 365 456 25.37 91
1c 387 525 16.77 138 365 456 31.86 91
2b 457 533 0.62 76 443 527 17.45 84
3b 429 526 18.01 97 412 475 19.58 63

2 With rhodamine 6G in ethanol (®¢=95%) as standard.
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Fig. 2. (a) Effects of the concentration of SDS on the absorption spectra of 1b in aqueous solution at 25 °C. (b) Effects of the concentration of SDS on the fluorescence spectra

of 1b in aqueous solution at 25°C.

complex might be broken at elevated temperatures. The results are
shown in Fig. S1 in Supporting Information. It revealed clearly that
along with the increase of temperature, the maximal absorption
and emission bands were red-shifted gradually and the intensity
decreased firstand then recovered to or excess its original intensity,
signifying the SDS-1b complexes were being dissociated gradually.
As shown in Scheme 1, the dissociation is a two-step process. Step
1 is the escape of SDS molecules and the reformation of SDS-1b
aggregates, therefore, the optical intensities decrease first. Step 2
is the dissociation of SDS-1b aggregates.

Notably, there exists a good linear relationship between fluo-
rescence quantum yield of 1b and the concentration of SDS. Fig. 3a
shows the relationship between the fluorescence quantum yield
of 1b and the concentration of SDS from 1 x 10~ M to 6 x 10~ M
(R=0.9790), which shows a “turn-off” response. A better linear
relationship between the fluorescence quantum yield and the con-
centration of SDS from 5 x 10> t0 1.9 x 103 mM (R=0.9993) with
good reproducibility is shown in Fig. 3b. This implies that 1b
is potentially useful for the quantitative determination of SDS
concentrations, especially for SDS concentrations in the range of
5x107°-1.9 x 10~3 mM. Because 1b shows a “turn-on” response
in this concentration range, which is very sensitive due to the
extremely low background noise and high quantum yield of 1b[11].
The changes of 1b absorbance could also be used to quantitatively
detect the concentration of SDS, however, the detection range is
relatively narrow (Fig. S2).

In addition to the quantitative determination by fluorescence
quantum yield, qualitative determination of SDS could be achieved
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by measuring the shifts of the maximal absorption and emission
bands with respect to that of 1b in pure water (A X s = Agabs — Aabs»
where A, refers to the wavelength of the absorption band of 1bin
pure water and X, refers to the wavelength of the absorption band
of 1b in SDS solutions, AAem = Agem — Aem, Where Ager refers to the
wavelength of the emission band of 1b in pure water and A, refers
to the wavelength of the emission band of 1b in SDS solutions)
along with the concentration increase of SDS. As shown in Fig. 4a,
when SDS concentrations are lower than 3 x 1076 M, A\, keeps
constant. Beyond this concentration (3 x 10~ M), A, increases
progressively to another constant, 17 nm. The change of AAep, is
similar with that of AA,,s. According to A, and Alen, the
detection limit of SDS is 3 x 10~ M (0.86 ppm). Simultaneously, a
dramatic color change from light-yellow to colorless was observed
along with the increase of SDS concentration, which can be identi-
fied easily by naked eyes, Fig. S4.

3.3. The influence of probe structures

To investigate the effects of the molecular structure of the probe
on the formation of SDS-probe complexes, the photophysical prop-
erties of 1a, 1c, 2b and 3b were investigated in the presence of
different concentration of SDS. Along with the increase of SDS con-
centration, the maximal absorption and fluorescence bands of 1a,
1c, 2b and 3b were all blue shifted, which is similar to those of 1b
(Fig. S3 in the supporting information), indicating the presence of
strong interactions between these molecules and SDS. These blue
shifts may be attributed to the increase of the SDS molecules around
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Fig. 3. (a) The relationship between the fluorescence quantum yield of 1b and the concentration of SDS from 0.0001 to 0.006 mM. R=0.9790. (b) The relationship between
the fluorescence quantum yield of 1b and the concentration of SDS from 0.05 to 1.9 mM. R=0.9993. The fluorescence quantum yields are calculated with rhodamine 6G in

ethanol (P¢=0.95) as standard.
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the probe molecules, which induces the decrease of the microen-
vironment polarity.

Compounds 1a, 1b and 1c¢ have similar structures but different
hydrophobic chain lengths. The changes of absorbance and fluo-
rescence quantum yield of 1a and 1c are similar to those of 1b,
displaying “on-off-on” signal change, but the response concentra-
tion of 1a is much higher, as shown in Fig. 5. As for 1c with a longer
chain, the response concentration is almost the same as 1b, but the
signal intensity is weaker. The increase of the hydrophobic chain
length of probe leads to the decrease of solubility in water which
is harmful for the application of probe. Therefore, for the purpose
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Fig. 5. Changes of absorbance (a) and fluorescence quantum yield (b) with increas-
ing concentration of SDS. 1a (W), 1b (@), 1c (¢), 2b (a) and 3b (v).

of detecting SDS, the length of the hydrophobic chain should be
moderate.

To investigate the effects of the cationic headgroup on the
sensing properties of these molecules, the photophysical proper-
ties of 1b, 2b and 3b in the presence of SDS were investigated.
The results are shown in Fig. 5. In the case of 3b, the addition
of SDS results in a similar change on the absorbance and fluores-
cence quantum yield with those of 1b (on-off-on), but the response
concentration is higher. The higher response concentration can be
attributed to the large distance between N* and the N at C-4 posi-
tionin 3b, and then the bonding of SDS anion at N* leads to arelative
weaker effect on the “push-pull” electronic configuration. In the
case of 2b, the change of absorbance is also similar with that of 1b,
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Fig. 6. Changes of absorbance (a) and fluorescence quantum yield (b) of 1b with
increasing concentration of SDBS (W), SDSO (®) and SD (a).
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however, the change of fluorescence quantum yield is opposite.
Along with the increasing of SDS concentration, the fluorescence
quantum yield of 2b display “off-on-off” signal change and the sig-
nal intensity is pretty weak. This can be attributed to the different
position of N* in 2b and 1b molecules and the contrary effects on
the “push-pull” electronic configuration of these two molecules.
Obviously, the position of N* and the distance between N* and N at
C-4 position in probe molecule can affect the ability of probe.

3.4. Detection of other anionic surfactants by 1b

As revealed by the experiments as mentioned above, 1b is
the best probe for detecting SDS in this group of compounds.
The application of 1b as probe for other anionic surfactants is
also explored. Similar results were obtained with the addition
of sodium dodecylbenzenesulfonate (SDBS), sodium dodecylsul-
fonate (SDSO), and sodium dodecanoate (SD) into the aqueous
solution of 1b (Fig. 6), indicating that 1b is an efficient “on-off-on”
fluorescence sensor for anionic surfactants. It is noted that the
response concentrations of SDSO and SD are higher than those of
SDS and SDBS. It is because sulfonate has a strong affinity for qua-
ternary ammonium group with respect to carboxylate [11,31,32].
We can conclude that the stability of the complex formed between
the molecule of anionic surfactant and probe is not only related
to the structure of probe but also related to the anionic surfactant
structure.

3.5. Selectivity toward anionic surfactants

To address the selectivity of 1b toward anionic surfactants,
absorption and fluorescence spectra of 1b upon addition of
hexadecyltrimethylammonium bromide (CTAB), Triton X-100
(TX-100), pluronic p123 and simple ions including K*, Na*, Mg?2*,
CaZ*, Zn%*, NO3~, HCO3~, CO32-, SO42~, PO42~, were examined
under identical conditions. It was revealed that the maximal
absorption band at 387 nm and the maximal fluorescence band
at 525nm changed distinctively only when anionic surfactants
present. Only very small change on the maximal absorption and
fluorescence bands can be identified in the presence of cationic,
non-ionic surfactants and simple ions, Fig. 7. Moreover, most of
the solutions remained light-yellow except for those containing
anionic surfactants, which gave colorless solutions (Fig. S4). In
the presence of cationic surfactants and nonionic surfactants, the
absorption and emission intensity of 1b solution increase slightly
(Figs. S5 and S6), which are negligible in comparison with that
induced by the anionic surfactants. It can be seen clearly in Fig. 8
that only anionic surfactants induced “on-off-on” changes in
absorption and emission intensity (as shown in Fig. 2). Based on
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Fig. 8. Changes of fluorescence quantum yield of 1b solution in the presence of
various surfactants.

the results as mentioned above, we can conclude that the 1b as a
probe is highly selective toward anionic surfactants.

4. Conclusions

We have developed a series of colorimetric and fluoromet-
ric probes for detection of anionic surfactants in water based on
cationic naphthalimide derivatives. Probe structure was demon-
strated to be important in surfactant detection. Probe 1b with
proper hydrophobic chain length and cationic headgroup was con-
firmed to be the best choice for anionic surfactant detection in this
series of compounds. The quantitative analysis of SDS can be real-
ized in water and the detection low limit is around 1 x 10~7 M,
which is almost equal to the standard methylene blue method [33],
but the interference from the cationic and nonionic surfactants are
avoided. We believe that the results demonstrated here will bring
new inspiration in developing colorimetric sensing to anionic sub-
strates in water.
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