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Abstract
 A terthiophene-functionalized mesoporous SBA-15 silica, i.e., TTU-SBA-15, was successfully developed and used as a 
highly selective and ultrasensitive fluorescence sensor for methyl orange (MO) detection. When the concentration of MO was 
increased, the fluorescence emission intensity of TTU-SBA-15 suspensions at 452 nm gradually decreased at an excitation 
wavelength of 368 nm, and the color of the suspension solutions changed obviously from blue to dark under 365 nm UV 
light. The fluorescence intensity at 452 nm was linearly proportional to the concentration of MO in the range 0.20 − 2.0 μM, 
with a detection limit of 0.092 μM. Competitive pollutants, variations in pH, and sample recycling had subtle or negligible 
effects on the detection of MO. TTU-SBA-15 was applied to the determination of MO in tap water, and recoveries from 
spiked samples were in the range 98.3 − 103.0%. This study provides a convenient and effective strategy to realize highly 
sensitive and selective sensors that could target dyes via the functional modification of mesoporous materials.
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Introduction

The inadvertent discharge of organic dyes into aquatic sys-
tems causes serious water pollution, which is a great threat 
to both environmental safety and human health [1–6]. Recent 
years have witnessed great success in the dye removal tech-
nology [7–10], but little attention has been paid to the identi-
fication of the dye type and concentration prior to treatment. 
Therefore, developing simple, fast, and efficient methods for 
the selective detection of organic dye pollutants, such as 
methyl orange (MO), even at trace levels in water resources 
is of great significance.

Currently, several technologies for detecting organic 
dyes, including capillary surface-enhanced Raman 
spectroscopy (SERS) [11, 12], high-performance liquid 

chromatography (HPLC) [13], and liquid chromatogra-
phy coupled to mass spectrometry (LC–MS) [14], have 
been developed. Although they are very helpful, HPLC 
and LC–MS could not be used for rapid detection [15], 
and SERS is extremely expensive and requires substantial 
operational skills. Given these issues, fluorescence sens-
ing methods stand out among other approaches because 
of their simplicity, low cost, high sensitivity, and rapid 
responses [16–18]. Organic–inorganic hybrid materials 
show more attractive properties than the organic-based 
fluorescence sensing systems, particularly in terms of sta-
bility and reusability, because these hybrid systems com-
bine the merits of organic and inorganic functional groups. 
Organic–inorganic hybrid fluorescence materials have 
been applied for the quantitative detection of organic dyes, 
such as carbon dots [19], are-earth doped upconversion 
nanoparticles (UCNPs) [20], nanomicelles [21], etc. while 
most of the reported fluorescence sensors didn’t possess 
high selectivity and anti-interference ability [15, 22]. For 
example, Agarwal et al. reported the fluorescence detec-
tion of MO, bromophenol, rhodamine 6G, and methylene 
blue by using N-doped oxidized carbon dots as an optical 
sensing probe; however, discrimination of these four dyes 
through the fluorescence response mode was challenging 
[22]. As such, more effort should be devoted to develop 
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organic–inorganic hybrid material-based fluorescence sen-
sors that could enable the highly selective and sensitive 
detection of a target dye, such as MO, in aqueous media.

Organic–inorganic hybrid materials are generally fab-
ricated by immobilizing organic functional units onto an 
inorganic solid support matrix. Mesoporous silica (e.g., 
SBA-15 [23]) has attracted considerable attention as an 
inorganic material on account of its high porosity, large 
specific surface area, ordered pore channels, and good 
stability [24–26]. The excellent detection performance of 
mesoporous silica as an optical sensor would be displayed 
after the organic functionalization [27–29]; the ideal sen-
sor would consist of the silica material as a solid sup-
port and an organic optical receptor or indicator [30, 31]. 
Reports on functionalized mesoporous silica materials for 
the detection of various analytes, such as metal ions and 
anions, bearing various fluorescent reactive receptors are 
widely available [32–35]. By contrast, studies on fluores-
cence sensors for organic dyes based on mesoporous silica 
materials are scarce.

In the present study, we designed an organic–inorganic 
hybrid mesoporous material-based fluorescence sensor, i.e., 
TTU-SBA-15, by coupling a terthiophene-based derivative, 
i.e., TT, and urea-functionalized mesoporous SBA-15 silica. 
TTU-SBA-15 showed excellent performance for the selec-
tive and sensitive detection of trace MO in aqueous media. 
Specifically, the fluorescence of TTU-SBA-15 was remark-
ably quenched by addition of MO. A control material, i.e., 
TT-SBA-15, was also prepared by coupling TT and amine-
functionalized mesoporous SBA-15 silica. Compared with 
this material, TTU-SBA-15 exhibited distinct advantages for 
MO determination, such as improved selectivity, better anti-
interference ability, and higher sensitivity.

Experimental section

Materials

SBA-15 was obtained from Nanjing XFNANO Materials 
Tech Co., Ltd. (China) and used as received. 2,2′:5′,2″-Ter-
thiophene-5-carbaldehyde (TT), 1-[3-(trimethoxysilyl) pro-
pyl]urea (Tpu), 3-(aminopropyl)triethoxysilane (APTES), 
methyl orange (MO), methyl blue (MB), malachite green 
(MG), methylene blue (MLB), litmus, 3-amino-7-dimethyl-
aminophenothiazin-5-ium chloride (Azure A), and 3-(dime-
thyl- amino)-7-(methylamino)phenothiazin-5-ium chloride 
(Azure B) were purchased from Sigma-Aldrich. Other chem-
icals and reagents were obtained from commercial suppliers 
and used without further purification.

Instruments

The small angle X-ray powder diffraction (SXRD) pattern 
was measured using smartlab9K diffractometer with Cu Kα 
radiation. Transmission electron microscopy (TEM) images 
were acquired by using JEOL JEM-2100 F microscope oper-
ated at 300 kV. The thermo-gravimetric analysis (TGA) was 
conducted on a Netzsch STA449-F5 TAQ600 instrument at 
a heating rate of 10 °C/min. The Fourier transform infrared 
(FT-IR) spectra were carried out using Varian 660-IR (ATR) 
FT-IR spectrophotometer. The nitrogen adsorption–desorp-
tion isotherms were obtained using a Micrometrics ASAP 
2460 instrument. Fluorescence spectra were collected on 
a 960 MC spectroscopy, with an excitation wavelength of 
368 nm, and the slit widths for emission and excitation were 
5 and 10 nm, respectively. The fluorescence lifetimes were 
recorded using Edinburgh FLS1000. The UV–vis spectra 
were recorded using a UV 1901 spectroscopy. The pH of 
solution was measured using a Mettler Toledo S20K pH 
meter.

Synthesis of TTU‑SBA‑15 and TT‑SBA‑15

The detailed procedures for the synthesis and the structural 
characterization of Tpu-SBA-15 [36] and APTES-SBA-15 
[32] have been reported in our previous work. The prepara-
tion details of TTU-SBA-15 are shown in Scheme S1 as 
follows: briefly, Tpu-SBA-15 (0.5 g) and TT (0.2764 g, 
1 mmol) were dispersed in 30 mL anhydrous ethyl alco-
hol (EtOH); the reaction mixture was stirred at 80 °C for 
24 h. After cooling to ambient temperature, TTU-SBA-15 
was separated by centrifugation, washed with chloroform 
to remove unreacted TT, and then dried at 80 °C for 12 h. 
According to the TGA data (Fig. S1a), the amount of func-
tional group in SBA-15 was approximately 0.54 mmol  g−1.

The synthetic procedure of TT-SBA-15 was similar to 
that of TTU-SBA-15, while Tpu-SBA-15 was changed to 
APTES-SBA-15 (Scheme S1). The TGA curves of TT-
SBA-15 indicated an obvious weight loss (Fig. S1b); the 
amount of functional group in SBA-15 was approximately 
0.80 mmol  g−1.

Fluorescence measurements

In a typical detection experiment, 10 mg of TTU-SBA-15 
(or TT-SBA-15) was sonicated in 20 mL of HEPES buffer 
(20 mM, pH = 7) for about 15 min, and a stable suspension 
solution of TTU-SBA-15 or TT-SBA-15 (0.5 g  L−1) was 
obtained. Then, the 4.5 mL of each analyte with required 
concentration was added into 0.5 mL TTU-SBA-15 (or 
TT-SBA-15) suspension solution, such as MB, MLB, MG, 
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litmus, Azure A, Azure B,  Na+,  K+,  Mg2+,  Ca2+,  Ba2+,  Ni2+, 
 Cu2+,  Zn2+,  Cd2+,  Hg2+,  Al3+, and  Co2+. All the mixed 
suspensions stood at room temperature for 12 h before 
fluorescence measurements. For the concentration studies, 
TTU-SBA-15 (0.5 g  L−1) was diluted to the required con-
centrations in the range of 0.025–0.50 g  L−1. For the time 
and temperature studies, the fluorescence spectra of TTU-
SBA-15 (0.05 g  L−1) was tested over 6–72 h at 30–80 °C. 
Unless stated, all of the experiments were carried out in 
in aqueous solution (20 mM HEPES buffer, pH = 7.0). All 
fluorescence measurements were repeated three times, and 
the results were reproducible.

For the competition studies, 0.5 mL of TTU-SBA-15 
(0.5 g  L−1) and 2.5 mL MO (2.0 ×  10−4 M) along with 
2.0 mL other interfering dyes (7.5 ×  10−4 M) were mixed. 
All fluorescence measurements were repeated three times, 
and then the relative intensity I/I0 was calculated, where  I0 
was the fluorescence intensity of TTU-SBA-15 and I was the 
fluorescence intensity of TTU-SBA-15 in the presence of the 
dyes. For real samples test, the deionized water was changed 
to tap water. For pH studies, hydrochloric acid and sodium 
hydroxide were employed to adjust pH values.

Adsorption experiments

About 20 mg of TTU-SBA-15 was mixed with 20 mL MO 
solutions of different concentrations (i.e., 5, 10, 15, 20, and 
30 mg  L−1). The suspensions were then stirred for 12 h at 
room temperature to achieve equilibrium. After centrifuga-
tion, the UV absorption of the supernatant was measured, 
and the MO concentration remaining in the solution after 
adsorption was calculated according to the standard curve of 
MO (Fig. S2). The equilibrium adsorption capacity is then 
evaluated according to the equation:qe =

(

C
0
− Ce

)

V∕m , 
where qe is the equilibrium adsorption capacity (mg/g), C0 
and Ce are the initial and final concentration of MO in an 
aqueous solution (mg/L), V is the volume of the solution (L), 
and m is the weight of the material (g). The data are fitted 
with the Langmuir model ( Ce∕qe = Ce∕qmax + qmax ∙ kL ), 
where qe (mg/g) and qmax (mg/g) are the equilibrium adsorp-
tion capacity and the maximum adsorption capacity, respec-
tively, Ce (mg  L−1) is the equilibrium MO concentrations, 
and KL (L/mg) is the Langmuir adsorption constant.

Reproducibility study

About 40 mg of TTU-SBA-15 was treated with 40 mL of 
water and MO (1.0 ×  10−5 M) solution, respectively. After 
stirring for 1 h at room temperature, the fluorescent spectra 
were measured. The used TTU-SBA-15 was centrifuged, 
cleaned several times with 50 °C deionized water, dried at 
100 °C for 8 h, and then used again for the determination of 
MO. These processes were repeated three times.

Limit of detection (LOD) and quenching constant 
 (KSV) calculations

The LOD is calculated according to the equation 
LOD = 3σ/k, where σ is standard deviation of blank solu-
tions of TTU-SBA-15 measured by ten times and k is the 
slope of fluorescence intensity at 452 nm versus [MO]. An 
exponential quenching equation F

0
∕F = KSV [m] + 1 is used 

to fit the Stern–Volmer curve and calculate the quenching 
constant  (KSV) of TTU-SBA-15 toward MO. In this equa-
tion, F0 and F are the fluorescence intensity of the TTU-
SBA-15 at 452 nm, in the absence and presence of MO, and 
[m] is the concentration of MO.

Theoretical calculations

Theoretical calculations of quantum chemical optimization 
on the energy levels of MO and organic functions of TTU-
SBA-15 were performed, based on the density functional 
theory (DFT) method at the B3LYP/6-31G(d) level using a 
Gaussian 09 program.

Results and discussion

TT-SBA-15 and TTU-SBA-15 were prepared by graft-
ing TT to the amine- and urea-functionalized mesoporous 
SBA-15 silica, respectively. The preparation protocols of 
the materials TT-SBA-15 and TTU-SBA-15 are shown in 
Scheme S1, and the detailed procedures are provided in the 
“Experimental” section. The chemical structures and their 
corresponding solid-state images of TT, TT-SBA-15, and 
TTU-SBA-15 are shown in Fig. 1. In the solid state, TT, 
TT-SBA-15, and TTU-SBA-15 showed orange yellow, yel-
low, and light yellow color under daylight and bright yellow, 
yellow, and green color when exposed to 365 nm UV light, 
respectively (Fig. 1).

Characterization of TTU‑SBA‑15 and TT‑SBA‑15

The successful grafting of organic functional groups and 
preservation of the mesoporous structure of the sensor 
materials were investigated via SXRD, TEM, TGA, FT-IR, 
and  N2 adsorption–desorption experiments. The SXRD pat-
terns of TTU-SBA-15 and TT-SBA-15 are shown in Fig. 2a 
and S3a, respectively. The three well-resolved broad Bragg 
reflections observed in these patterns could be assigned to 
the (100), (110), and (200) planes, which was similar to 
the hexagonal structure of SBA-15 [26]. The TEM images 
displayed the ordered parallel channels of TTU-SBA-15 
(Fig. 2b) and TT-SBA-15 (Fig. S3b). These findings indi-
cated that the functionalized mesoporous materials retain the 
uniform pore structure of SBA-15.
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Figure 2c showed the  N2 adsorption–desorption iso-
therms of the mesoporous silica materials. TTU-SBA-15 
and TT-SBA-15 displayed the same type IV isotherms as 
SBA-15, with obvious H1-type hysteresis loops, thus reflect-
ing the capillary condensation of  N2 in a large uniform cylin-
drical mesoporous material [37]. Compared with those of 
SBA-15, the BET surface areas, pore diameters and pore 
volumes of TTU-SBA-15 and TT-SBA-15 were smaller 
(Table S1), which indicated the successful introduction of 
organic groups to the interior of the SBA-15 channels [38].

The FT-IR spectra of pure SBA-15, Tpu-SBA-15, 
and TTU-SBA-15 were displayed in Fig. 2d. All of the 
obtained spectra showed the broad O − H stretching 
band of Si − OH groups at approximately 3442   cm−1 
and the characteristic bands of Si − O − Si bands at 462, 
802, and 1081   cm−1, thus confirming the existence of 
the SBA-15 silica framework. Two new peaks at 2922 
and 2850   cm−1 could be observed in the FT-IR spec-
trum of TTU-SBA-15, and these bands were attributed 
to the stretching vibration of C − H. New peaks at 1650 
and 1558  cm−1 corresponded to the stretching vibrations 
of C = O and N − H [39], respectively, and the peaks at 
1456 and 1343  cm−1 could be attributed to the stretch-
ing vibrations of C = C in the thiophene ring. Another 
peak appearing at 694  cm−1 could be attributed to the 
stretching vibrations of C − S in the thiophene ring. Fig-
ure S4 showed the FT-IR spectra of SBA-15, APTES-
SBA-15, and TT-SBA-15. Similar to the previous sam-
ples, all of the obtained FT-IR spectra showed the broad 
O − H stretching band of Si − OH groups at approximately 
3436  cm−1 and the characteristic bands of Si − O − Si at 
462, 802, and 1081  cm−1. Compared with that of SBA-
15, the FT-IR spectrum of APTES-SBA-15 showed two 
new peaks at 2926 and 2864  cm−1, which corresponded 

to C − H stretching vibrations. New peak at 1550  cm−1 
was attributed to the N − H stretching vibrations. After 
grafting of the terthiophene group, the peak at 1550  cm−1 
disappeared, and two new peaks appeared at 1461 and 
872  cm−1; these peaks were attributed to the stretching 
vibrations of C = C and C − S in the thiophene ring [39]. 
Thus, the FT-IR spectra confirmed the retention of the 
mesoporous material structure of SBA-15 as well as the 
incorporation of TT into the SBA-15 framework.

Optimization of detection conditions

The normalization fluorescence emission and excitation 
spectra of TTU-SBA-15 in an aqueous solution (Fig. S5) 
displayed an emission band centered at 452 nm at the 
optimum excitation of 368 nm.

In order to apply TTU-SBA-15 as a fluorescence sen-
sor, the suitable detection conditions, such as concentra-
tion, time, temperature, and pH, were investigated firstly. 
Upon increasing the concentrations (0.025–0.50 g  L-1) of 
TTU-SBA-15, the fluorescence intensity of TTU-SBA-15 
at 452 nm increased gradually (Fig. S6a). Then, the con-
centration of 0.05 g  L-1, which is within the linear range 
(Fig. S6b), was selected for studying on other conditions. 
The fluorescence or the fluorescence intensity of TTU-
SBA-15 at 452 nm was stable over the time of 12–72 h 
(Fig. S7), the temperature of 30–80 °C (Fig. S7), and the 
pH range of 6.0–12.0 (Fig. S8). Unless otherwise stated, 
the detection conditions of TTU-SBA-15 were selected 
as concentration of 0.05 g  L−1, time of 12 h, temperature 
of 30 °C, and pH of 7.0 in the subsequent experiments.

Fig. 1  Chemical structures (a) 
and solid-state photographs of 
TT, TT-SBA-15, and TTU-
SBA-15 under day light (b) and 
365 nm UV light irradiation (c)
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Sensitivity of TTU‑SBA‑15 toward MO

The fluorescence response of TTU-SBA-15 to MO is 
illustrated in Fig.  3. TTU-SBA-15 had a “switch-off” 
response to MO at 452 nm, and the fluorescence inten-
sity of the TTU-SBA-15 gradually decreased with 
increasing MO concentration (0 − 0.1  mM) (Fig.  S9). 
The color of the solution clearly changed from blue to 
black under 365 nm excitation (inset Fig. 3). Good linear-
ity between the detected fluorescence intensity and MO 
concentration could be observed at the low concentration 
range of 0.20 − 2.0 μM with a high squared correlation 
coefficient of 0.99 (Fig. 4a). According to the equation 
LOD = 3σ∕k , the theoretical detection limit of TTU-
SBA-15 could be evaluated from the fluorescence titra-
tion curve to be 0.092 μM. As shown in the Stern–Volmer 
curve (Fig. 4b), the fluorescence response of TTU-SBA-15 
at 452 nm under the presence of different MO concen-
trations solutions was linear in the low concentration 
range of 0.20 − 2.0 μM. At higher MO concentrations, 
the curve deviated from linearity, and the slope increased 
gradually. This phenomenon was likely because of self-
adsorption process [40] (discussed later). The quenching 
constant  (KSV) of TTU-SBA-15 for MO is calculated to be 
8.50 ×  104  M−1 (Fig. 4b). By comparison, the fluorescence 
emission of TT-SBA-15 at 454 nm was gradually quenched 
in the presence of MO (Fig. S10 and S11), and the  KSV of 

TT-SBA-15 for MO was calculated to be 4.80 ×  104  M−1 
(Fig. S12). Compared with TT-SBA-15, TTU-SBA-15 had 
a higher quenching constant, which indicates that it had 
better sensing performance for MO.

Fig. 2  a SXRD pattern and b 
TEM image of TTU-SBA-15. 
c  N2 adsorption–desorption 
isotherms of SBA-15, TTU-
SBA-15 and TT-SBA-15 and d 
FT-IR spectra of SBA-15, Tpu-
SBA-15, and TTU-SBA-15

Fig. 3  The fluorescence spectra of TTU-SBA-15 (0.05  g  L−1) in 
the presence of different concentrations of MO in aqueous solution 
(20  mM HEPES buffer, pH = 7.0) (inset: the photographs under a 
365 nm UV lamp) (λex = 368 nm, λem = 452 nm)
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Selectivity of TTU‑SBA‑15 toward MO

Considering that MO is an anionic dye, seven organic dyes 
with different charges, namely, negatively charged MO and 
MB, positively charged MG, MLB, Azure A and Azure B, 
and litmus, were selected to evaluate the ability of TTU-
SBA-15 to detect MO selectively. As shown in Fig. 5 and 
S13, the peak at 452 nm was dramatically quenched after 
addition of MO to the suspension of TTU-SBA-15. Moreo-
ver, the fluorescence of TTU-SBA-15 showed minimal 
variations upon addition of all other dyes, which means 
that electrostatic interaction was not the main force driving 
fluorescence quenching. Furthermore, TTU-SBA-15 could 
effectively detect MO among the mixture of MO and other 
dyes (Fig. 5), demonstrating the excellent selectivity and 
anti-interference capability of TTU-SBA-15 towards MO. 
By comparison, the fluorescence of TT-SBA-15 revealed 

obvious quenching after addition of both MO and MB 
(Fig. S14), thus demonstrating that TTU-SBA-15 had bet-
ter selectivity for MO than TT-SBA-15.

Actual water samples may contain various metal ions. To 
investigate the effect of metal ions on the detection of MO, 
we conducted an experiment including different metal ions 
and found that the presence of metal ions has no influence 
on the fluorescence of TTU-SBA-15 (Fig. S15). However, 
TT-SBA-15 responded to some metal ions (Fig. S16), which 
means that these ions could interfere with the detection of 
MO in real samples when TT-SBA-15 was used. These 
results demonstrated that the functional groups in the opti-
cal receptor could affect metal-ion selectivity of the sen-
sor. According to the above analysis, TTU-SBA-15 could 
selectively recognize MO in the presence of various dyes 
and metal ions.

The reusability of nanomaterials is an important factor 
for its economic efficiency. Thus, the recovery experiments 
were performed to evaluate the reproducibility character-
istic of TTU-SBA-15. As shown in Fig. S17, by compar-
ing the fluorescence spectra of fresh TTU-SBA-15 and the 
regenerated TTU-SBA-15 after using for MO detection, it 
can be found that the fluorescence intensity of TTU-SBA-15 
at 452 nm maintained 95.5%, 92.4%, and 87.4%, respec-
tively, after the first, second, and third cycle of detecting 
MO. Therefore, TTU-SBA-15 showed good recoverability, 
thus highlighting the potential use of the proposed sensor in 
practical applications.

The performance of TTU-SBA-15 toward MO had been 
compared with those nanomaterials based on different detec-
tion methods. As was evident from Table S3, compared to 
most of the reported materials, TTU-SBA-15 displayed sev-
eral promising properties: (1) fluorescence detection didn’t 
require expensive equipments, which is simple to operate 
and responds quickly; (2) compared with other fluorescence 
sensors, TTU-SBA-15 had excellent selectivity and anti-
interference ability for MO detection; and (3) TTU-SBA-15 
and other fluorescence sensors had comparable detection 
limits.

Fig. 4  a Fluorescence intensity 
of TTU-SBA-15 (0.05 g  L−1) at 
452 nm versus the concentration 
of MO. b The Stern–Volmer 
plot for MO. Inset: Linear range 
of the Stern–Volmer plot (the 
error bars represent the standard 
deviation of three measure-
ments)

Fig. 5  The relative intensity (I/I0) of TTU-SBA-15 (0.05  g  L−1) in 
the presence of dyes in aqueous solution (20  mM HEPES buffer, 
pH = 7.0). Blue bars: each dye (1.0 ×  10−4 M) was added. Red bars: 
MO (1.0 ×  10−4  M) and each of the other dyes (3.0 ×  10−4  M) were 
added (the error bars represent the standard deviation of three meas-
urements)
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Possible sensing mechanism

The effects of pH on the detection performance of TTU-
SBA-15 toward MO were evaluated (Fig. S8). The fluores-
cence intensity of TTU-SBA-15 at 452 nm showed slight 
variations over the pH range of 3.0 − 14.0, while almost no 
fluorescence intensity changes at 452 nm were observed in 
the presence of MO over the tested pH range. Such a wide 
pH detection range demonstrated the adaptability of TTU-
SBA-15 to different pH environments as well as its suit-
ability for practical applications. Moreover, these findings 
implied that electrostatic and hydrogen bonding interactions 
were not the driving forces for the sensing. Thus, the π-π 
interactions between TTU-SBA-15 and MO may be the main 
factors influencing the fluorescence quenching.

In order to explain the fluorescence quenching of TTU-
SBA-15 by MO, the energy levels of the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) of MO and the organic units of 
TTU-SBA-15 were investigated. As shown in Fig. 6, the 
LUMO energy level of the organic functions is lower than 
that of MO, indicating that the electron transfer process 
did not involve in the fluorescent response [16]. Next, we 
compared the overlaps between the UV–vis spectra of vari-
ous dyes and the emission spectra of TTU-SBA-15. It was 
obvious that the absorption range of MO (350 − 550 nm) 
significantly overlapped with the emission range of TTU-
SBA-15 (380 − 600 nm), while slight or almost no overlap 
was observed for the other investigated dyes (Fig. S18). 
Thus, the quenching mechanism for detecting MO could be 
the fluorescence resonance energy transfer (FRET) or inner 
filter effect (IFE) [41].

To further explore the quenching mechanism, the 
related fluorescence lifetimes were measured. As shown 
in Table S2, the average fluorescence lifetimes of TTU-
SBA-15 in the absence and presence of MO were 1.72 ns 
and 3.48  ns, respectively. The significant difference 
between the fluorescence lifetimes of TTU-SBA-15 and 
TTU-SBA-15-MO and the upward Stern–Volmer plot 

(Fig. 4b) demonstrates that the fluorescence quenching 
was caused by both static and dynamic pathway [41]. The 
increased fluorescence lifetime may be attributed to the 
MO-induced aggregation of the terthiophene fluorophore 
in the confined mesopores of TTU-SBA-15 [42], which 
involved the adsorption process of MO onto TTU-SBA-15, 
and the appearance of a new shoulder emission peak at 
510 nm also confirmed the aggregates (Fig. 3 and S19).

To confirm the above assumptions, the adsorption 
capacity of TTU-SBA-15 toward MO was examined. 
Langmuir model could better describe the adsorption 
of MO onto TTU-SBA-15 (Fig.  S20), indicating that 
adsorption occurs through monolayer physical adsorp-
tion, i.e., MO is adsorbed on the surface of the material. 
The adsorption process facilitates the diffusion of MO 
into the mesoporous TTU-SBA-15, thereby increasing 
the contact probability between the organic functions of 
TTU-SBA-15 and MO through the π-π interactions [43]. 
The effective interactions shortened the distances of the 
organic functions as well as the distances between the 
organic functions and MO, which induced the aggregation 
and improved the chance of FRET, leading to the increased 
fluorescence lifetime and improved detection sensitivity. 
Therefore, the quenching mechanism was mainly due to 
FRET rather than IFE, and the possible detection mecha-
nism of TTU-SBA-15 for trace MO is shown in Scheme 1.

Detection of MO in real water samples

MO detection was carried out in a tap water sample to 
demonstrate the feasibility of TTU-SBA-15 in practical 
applications. A standard working plot was used to detect 
the MO concentration in the sample, and the results are 
shown in Table 1. The MO concentration determined was 
consistent with the amount added, and the quantitative 
recoveries of MO were between 98.3 and 103.0%. These 
results indicate that the proposed strategy could simply 
and accurately detect trace MO concentrations in real 
water samples.

Fig. 6  Calculated molecular 
orbital energy levels of MO and 
organic functions on TTU-
SBA-15 based on B3LYP/6-
31G basis set
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Conclusion

We prepared an organic–inorganic hybrid mesoporous 
material, i.e., TTU-SBA-15, and demonstrated its appli-
cability as a fluorescence sensor for detecting MO with 
high selectivity and sensitivity. TTU-SBA-15 showed 
obvious fluorescence quenching upon exposure to MO 
at approximately 452 nm in aqueous media in line with 
the FRET mechanism. When exposed to other dyes and 
metal ions, TTU-SBA-15 exhibited very slight fluorescent 
quenching. TTU-SBA-15 demonstrated high sensitivity, 
excellent selectivity, a very low detection limit, wide pH 
range, and good recovery performance, thus indicating that 
TTU-SBA-15 can be used in different environments for 
detecting MO. Based on the above sensing capacity, TTU-
SBA-15 is suggested as a potential fluorescence sensor for 
MO. This research offers an effective strategy for the iden-
tification of dye type and concentration prior to treatment 
and degradation. The proposed method provides an idea 
for the detection of analytes by combining mesoporous 
silica materials with different organic functional groups.
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