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A range-extended acidity detector based on Nile red was designed and analyzed in this work. In light of the good
lasing property and solvatochromism characteristic of Nile red/ethanol solution, we have obtained laser spectra
of sulfuric acid in different concentrations doped in this substrate. Moreover, to expand the acidity detection
range, we proposed a tandem cuvette system containing rhodamine 6G/ethanol and Nile red/ethanol. Conse-
quently, the detection range could be enlarged from 26 nm to 40 nm, by changing not only the wavelength peak
but also by the intensity ratio of dual-wavelength laser output. In addition, by changing the detection and sub-
strate materials, the whole detection range could be expanded, and therefore a wide range of applications in
polarity and acidity detection could be implemented via this method.
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Since the laser was invented more than 50 years ago, its
applications have been entered in plenty of fields, such as
laser communication, spectroscopy, optical imaging, and
biochemical detection. For many years, organic dye lasers
have attracted the attention and research of many
scientists because of their superiorities like simple configu-
ration, easy operation, diversity of materials, and broad-
band fluorescence (FL) spectrum[1–11]. In the research of
the dye laser, one of the focuses was the laser dye, which
could be used as a laser gain medium. Whether an organic
dye could be used as a laser gain medium depends on its
energy level structure and chemical properties[12]. Re-
cently, the most commonly used laser dyes are coumarin,
xanthene (rhodamine and fluorescein), pyrromethene, etc.
These laser dyes have a high intensity of FL, which is one
of the essential conditions to be capable of laser gain.
Among them, Nile red (NR) is a novel laser dye studied
in recent years. NR, one of the most frequently studied
laser dyes belong in the benzophenoxazine family, shows
very a obvious solvatochromism property[13–15]. It fluo-
resces intensely, and in varying colors, in plenty of organic
solvents and hydrophobic lipids, while the FL is com-
pletely quenched in water. In other words, the wavelength
of its FL spectrum shifts bathochromically along with the
increasing polarity of the solvent environment. This
means that NR could act as a fluorescent hydrophobic
probe[16].
The optical system used for sensing or detection has at-

tracted a lot of attention in recent years. Xu et al.[17] fab-
ricated dye-doped polymer microspheres that could
monitor the slight change of environmental relative hu-
midity by measuring the shift of the lasing mode. In light
of the fact that acid rain is one of the most dangerous and

widespread pollutions that causes disease and death glob-
ally, the real-time detection of trace amounts for sulfuric
acid (SA) or nitric acid (NA) is of great interest and sig-
nificance to a wide range of fields, like environmental sci-
ence and biochemical detection. By far, the most widely
used method is the acidity indicator, or colorimetric
indicator, which has the advantage of being light and port-
able[18–20]. However, this acidity indicator is commonly sus-
ceptible to other interferents such as smoke, acetone, and
gasoline, which would cause inaccurate detection results.
Moreover, the principle of the acidity indicator is based on
FL detection, a wide spectrum detection mechanism,
which has fewer advantages than a laser-based detection
system on account of the narrowband output and greater
sensitivity of the latter.

Generally, studies on NR as the substrate for polarity or
acidity detection have been verified for several years.
Fowler and Greenspan[15] demonstrated that NR could
be used as an excellent fat strain, which fluoresces only
in the presence of a hydrophobic environment. Koti and
Periasamy[21] illustrated that time-resolved area normal-
ized emission spectroscopy (TRANES) analysis of the
FL of NR in organized molecular assemblies of micelles,
and the bilayer-polycarbonate (PC) membrane indicated
two emissive species in these media. All of these works pro-
vided strong supports for the application of NR in polarity
or acidity detection.

In this Letter, we designed and analyzed an acidity de-
tector based on an NR/ethanol solution. SA, represented
by nonvolatile acids, was used as the acidity environment
provider. In the traditional parallel pumping structure
with a single dye cuvette, we have obtained a 26 nm
detection range both in 60 μg/mL and 200 μg/mL
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NR/ethanol. Moreover, for the purpose of expanding the
acidity detection range, we established a tandem cuvette
system containing rhodamine 6G (R6G)/ethanol and NR/
ethanol, which could not only be calibrated by measuring
the intensity ratio of dual-wavelength laser output in low
concentrations of SA doping, but also by the position of
central lasing wavelength while increasing the concentra-
tion of SA. This method of an SA detection system based
on NR was novel and precise. By altering the substrate
material from NR to other organic laser dyes and changing
SA to other detection materials like NA or acetic acid
(AA), we could expand the detection range and open
up new ideas for applications in acidity and polarity
detection.
The experimental setup is expatiated in Fig. 1. The second

harmonic generation (SHG) Q-switched neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser served as a laser
pump, providing a laser pulse with 10 ns pulse width and
10 Hz repetition rate. A half-wave plane and a polarizer were

used as modulators of input energy. M1 and M2 were iden-
tical plane mirrors with high reflectance at 532 nm and high
transmittance at 1064 nm. The laser cavity was longitudi-
nally pumped, which was made of a plane cavity mirror,
a quartz dye cuvette, and an output coupler. The optical
length of the dye cuvette was 5 mm, while the whole cavity
length was set as 8 mm. A liquid laser dye was put in the
dye cuvette and covered with a lid to reduce volatiliza-
tion. The output laser was collected into a spectrometer
(Ocean Optics, QE65000) with a resolution of 1 nm.

In our experiment, NRwas selected as a laser gainmedium
on account of its good laser properties and sensitivity to
solution polarity, which was named “solvatochromism”.
As Table 1 provides, the FL hypsochromically shifted from
634 nm in ethanol to 584 nm in ether, indicating its high
sensitivity to polarity appreciably, which offered the possibil-
ity to polarity or acidity detection.

Since NR had good laser output properties in many
organic solvents, we chose ethanol to dissolve NR in

Fig. 1. Experimental setup. A potassium titanyl phosphate (KTP) crystal served as a frequency doubling crystal; the cavity mirror had
high transmission (HT) at 532 nm (HT ¼ 90%) and high reflectance (HR) in the range of 560 nm to 700 nm (HR ¼ 90%); the output
coupler had partial transmission (R ¼ 85%) from 400 nm to 700 nm.

Table 1. FL Spectra of Nile Red in Different Solvents

Solvent Ethanol DMF Acetone Chloroform Ethyl Acetate Ether

Relative polaritya 0.654 0.386 0.355 0.259 0.228 0.117

Fluorescence peak (nm) 634 616 607 602 593 584

aThe values for relative polarity are normalized from measurements of solvent shifts of absorption spectra and were extracted from Ref. [22].
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concentrations of 60 μg/mL and 200 μg/mL for preparing
the detection solution systems. First of all, we carried out
the pre-experiments to prove the feasibility of laser output
in the NR/ethanol system. As shown in Figs. 2(a) and
2(b), the laser characteristics were substantiated initially
by pumping the NR/ethanol solution at the concentration
of 60 μg/mL. Figure 2(a) provides the FL and laser spec-
tra, while the input-output curve and full width at
half-maximum (FWHM) changing curve are shown in
Fig. 2(b). The oscilloscope trace in Fig. 2(c) showed that
the pulse width of dye laser output was in the value of
12 ns. With the increase of pumping energy, the FWHM
curve of the output spectrum gradually narrowed from
46 nm to around 8 nm, and the output energy increased
significantly after the pumping energy exceeded 3.1 mJ.
This could help conclude that the dye laser system with
the NR/ethanol solution could show good laser properties,
and its energy threshold and slope efficiency were 3.1 mJ
and 1.05%, respectively.
After verifying the laser properties of NR/ethanol sol-

ution in the dye laser system, SA was selected to alter
the polarity of the whole environment in our experiment.
With the increasing concentration of doped SA, the acid-
ity and polarity of the whole detection environment were
also increased, along with the output spectrum of the dye
laser shifting bathochromically. After verifying this
shifting trend, we refined the concentration of doped SA
and obtained a set of output spectra. As illustrated in
Fig. 2(d), SAs with different concentrations were dissolved
in 60 μg/mL NR/ethanol solution, following the

increasing concentrations of 10 ppm (parts per million),
20 ppm, 50 ppm, 100 ppm, 200 ppm, and 500 ppm, while
0 ppm referred to the original NR/ethanol solution with
no SA. Table 2 shows the wavelength of the output laser in
60 μg/mL NR/ethanol solution corresponding to different
SA concentrations. From 0 ppm to 500 ppm, the output
wavelength shifted from 652.94 nm to 678.85 nm, covering
about 26 nm. As the concentration of SA continued to in-
crease (above 500 ppm), the output wavelength remained
unchanged, which represented the response limit of
60 μg/mL NR/ethanol solution system to SA. Then, we
changed the concentration of NR/ethanol to 200 μg/mL
and obtained its output spectra in response to SA. As
shown in Fig. 2(e), with the concentration of SA increased
from 0 ppm to 100 ppm, the output laser shifted from
653.82 nm to 679.15 nm, also covering an about 26 nm
response range. Table 3 provids the wavelength of laser
output in 200 μg/mL NR/ethanol solution corresponding
to different SA concentrations. While increasing the SA
concentration above 100 ppm, the output wavelength
could remain unchanged, which similarly represented
the response limit of the 200 μg/mL NR/ethanol solution
system. In order to better illustrate the influence of doped
SA on the peak wavelength of the output laser, we used
data in Tables 2 and 3 to plot Fig. 3. Comparing the re-
sponse spectra to SA in two concentrations of NR/etha-
nol, the bathochromic-shift range in 60 μg/mL NR/
ethanol was fairly equivalent to that in 200 μg/mL
NR/ethanol, which were both nearly 26 nm. However,
the SA concentrations that could be detected were up

Fig. 2. (a) Laser/FL spectrum. (b) Slope efficiency curve and FWHM of the output spectrum. (c) Oscilloscope trace of output laser.
(d) Spectra of output laser in 60 μg/mL NR/ethanol solution containing SA in different concentrations. (e) Spectra of output laser in
200 μg/mL NR/ethanol solution containing SA in different concentrations.
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to 500 ppm in the former dye solution system, while the
highest detecting concentration in the later dye solution
system was about 100 ppm, on account of the response
limit of SA in it. Further increase of doped SA could
not lead to the relative change of output laser peak. There-
fore, we chose 60 μg/mL NR/ethanol solution as a
detecting system to implement the acidity detection, ac-
cording to the relatively large bathochromic-shift range
with SA in it.
During the experiment, we observed that the acid detec-

tion range of the NR/ethanol solution system was only
about 26 nm at most, which prompted us to consider
whether there was a way to expand the detection range
in this dye laser system. In view of this, we have imple-
mented another structure of a dye cuvette in our experi-
ment to expand the detection range, which was named
“tandem cuvette”. Figure 4(a) demonstrates the whole la-
ser structure of the detection system, which was almost
the same as the former single cuvette system in Fig. 1,
while the only difference was the structure of the dye
cuvette that was enlarged in the insert figure. The tandem
cuvette was made of two identical quartz cuvettes and
combined tightly by glue. The former cuvette was filled

with R6G/ethanol at a concentration of 100 μg/mL,
and the later cuvette was equipped with NR/ethanol at
a concentration of 60 μg/mL. R6G was selected as one
of the laser gain media on account of its good laser proper-
ties and large distance of its laser peak (at 565 nm) away
from NR/ethanol laser peak.

Figures 4(b) and 4(c) provide the output spectra in this
tandem cuvette system with a high/low concentration of
SA in the NR/ethanol solution. As shown in Fig. 4(b), the
output laser spectra shifted bathochromically from
636 nm to 676 nm, covering a nearly 40 nm range, with
the concentration of SA increasing from 0 ppm to
500 ppm. This detection range was significantly extended
in the tandem cuvette system compared to the former sin-
gle cuvette system. This might be explained by the energy
level structure and spectral overlap of these two classical
dyes, NR and R6G. Shank[12] put forward the energy level
structure of laser dyes in his Letter and concluded that the
wide-band laser system formed by the wide-band energy
level structure of dye molecules could be regarded as an
equivalent four-level laser system, also named a quasi-
four-level laser system. On account of the large number
of different vibrational energy levels in dye molecules,
the FL spectrum of dye molecules was wider. In addition,
these dye molecules also had a rotational energy level
structure, which finally determined the wide-band con-
tinuous emission spectrum of FL. In this tandem cuvette
system, the absorption spectrum of NR/ethanol solution
and the FL emission spectrum of R6G/ethanol overlapped
greatly, which could lead to the result that the laser peak
position would not coincide with the FL peak. The com-
bination of multiple factors caused mode competition,
which made the final NR laser output wavelength shift hy-
pochromatically. This phenomenon was more obvious in
the case of low concentration of SA doping.

In general, with the increasing concentration of SA, the
wavelength of the output laser was also shifted batho-
chromically continuously, which meant each SA concen-
tration should correspond to the specific output laser
wavelength. While in our experiment, when considering
the lower concentration of SA doping, the results
might be different from what we have already known.

Table 2. Wavelength of Laser Output in 60 μg/mL NR/Ethanol Solution Corresponding to Different SA
Concentrations

Concentration of SA (ppm) 0 10 20 50 100 200 500

Wavelength (nm) 652.94 658.88 663.07 668.93 673.83 677.48 678.85

Table 3. Wavelength of Laser Output in 200 μg/mL NR/Ethanol Solution Corresponding to Different SA
Concentrations

Concentration of SA (ppm) 0 10 20 50 100 200 500

Wavelength (nm) 653.82 666.16 669.85 675.20 679.15 679.16 679.15

Fig. 3. Bathochromic shift of laser wavelength corresponding to
different concentrations of doped SA.
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As illustrated in Fig. 4(c), when we adjusted the concen-
tration of SA from 1 ppm to 10 ppm, the output wave-
length was not shifted continuously but exhibited a
kind of “ratiometric laser” output characteristic. When
the concentration of SA was initially 1 ppm, the central
wavelength of the output laser was at 636 nm. While in-
creasing the concentration, the laser peak at 636 nm
started to decrease, while another laser peak became
prominent at around 654 nm. Continuing to increase
the concentration up to 10 ppm, the former laser peak al-
most disappeared, and the later laser peak dominated the

output spectrum. This result was pioneering because we
could get the quantity of SA in low concentrations by
measuring the intensity ratio of the dual-wavelength laser
output in this “ratiometric laser” rather than simply by
the central wavelength. Table 4 provides the detection cal-
ibration of SA in different concentrations. In low concen-
trations (1 ppm to 10 ppm), different concentrations of SA
corresponded to different intensity ratios of this dual-
wavelength laser output, from normalized 0.102 to
4.630, and to the maximum of infinity. In view of this,
the detection system with low to high SA concentration

Fig. 4. (a) Tandem cuvette detection system of SA. Inset figure: details of tandem cuvette structure containing R6G/ethanol and NR/
ethanol with SA. (b) Spectra of output laser in tandem cuvette system with high concentration of SA from 0 ppm to 500 ppm. The laser
peak at 565 nmwas in the spectrum of R6G/ethanol. (c) Spectra of output laser in tandem cuvette system with low concentration of SA
from 1 ppm to 10 ppm. The laser peak at 565 nm was in the spectrum of R6G/ethanol.

Table 4. Intensity Ratio of Dual-wavelength Laser andWavelength Position Corresponding to Different Concentration
of SA in Tandem Cuvette System

Concentration
of SA (ppm) 0 1 2 5 8 10 20 50 100 200 500

Intensity ratio of
dual-wavelength
(normalized)

0 0.102 0.143 0.851 1.390 4.630 NA NA NA NA NA

Wavelength (nm) 636.0 636.0/
648.5

636.1/
649.2

636.3/
654.2

636.6/
654.5

636.0/
654.8

660.1 666.5 671.2 675.5 676.0
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was established and calibrated in our newly proposed tan-
dem cuvette dye laser system containing R6G/ethanol
and NR/ethanol.
In conclusion, we have designed and analyzed an SA

concentration detection system. NR/ethanol was chosen
as the laser gain medium and substrate material. In the
traditional parallel pumping structure with a single
cuvette, we obtained 26 nm detection range both in
60 μg/mL NR/ethanol within the concentration of SA
from 0 ppm to 500 ppm and in 200 μg/mL NR/ethanol
within concentration from 0 ppm to 100 ppm. In view
of the detection limit of concentration, we consequently
selected the 60 μg/mL NR/ethanol as a proper detection
substrate. In addition, we established a tandem cuvette
system containing R6G/ethanol and original NR/ethanol
as laser dye to expand the acidity detection range. In low
concentrations of SA, we could calibrate by the intensity
ratio of the dual-wavelength laser output. While increas-
ing the concentration, the calibration could be realized by
the position of central wavelength. This concentration
detection of SA in NR/ethanol with a tandem cuvette sys-
tem was precise and accurate. Meanwhile, by changing
the substrate material from NR to other organic laser dyes
like Congo Red (CR) or substituting the SA to other de-
tection materials like NA or AA, we could expand the de-
tection range in this system, and consequently more
applications were likely to be found using this method
in many areas.
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