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PEER-REVIEWED RESEARCH

06 Introduction
Jerome Workman, Jr.
This issue is a compilation of peer-reviewed articles on the subjects of fluorescence 
and the optical properties of materials.

07 An Ultrasensitive Fluorescence Method for Mercury Ion  
 Detection Based on Mercury Nanoladder Signal Amplification   
 and Thiazole Orange

Xiaoxi Si, Juan Li, Yuanxing Duan, Yuting Yang, Yuandong Li, 
Chunbo Liu, Yang Zhao, Fengmei Zhang, Jianjun Xia, Qinpeng 
Shen, Zhihua Liu, and Chngqun Cai
A label-free and enzyme-free fluorescent analysis method, using mercury 
nanoladders integrated with thiazole orange (TO), was developed for rapid, 
sensitive, and selective detection of mercury in aqueous tobacco extract solutions.

13 A Novel Fluorescence Sensor Based on the Tetrakis  
 (4-Carboxyphenyl) Porphyrin (TCPP)-Hg2+ System for  
 Glutathione (GSH) Detection

Zhen Song, Nvwa Gao, Wen Yuan, and Qingqing Mou
A turn-on fluorescence sensor was developed, based on a tetrakis (4-carbo-
xyphenyl) porphyrin (TCPP)-Hg2+ system, for highly selective fluorescence 
detection of glutathione (GSH). It has been applied to multiple sample types.

21 A Furfural Derivative–Indolium Conjugated Colorimetric and  
 Fluorescent Probe for Cyanide Detection

Zengyan Chang, Deng Pan, Xinyu Fan, Shi Tang, Junjian Li, 
and Ai-Qun Jia
A furfural derivative–indolium conjugated colorimetric and fluorescent probe 
was synthesized to detect cyanide in a DMSO/H2O solution, even in the 
presence of other potentially interfering anions. Here, we discuss the theory 
and practical aspects of constructing such a probe.

26 An Indole-Based Chemosensor for the Detection of Fluoride  
 Ion and Use In Bioimaging

Wen Lu, Jichao Chen, Jiuzhou Shi, Rui Hu, Buhong Gao,  
Shilong Yang, and Li Xu
A new indole-based chemosensor, called FL ((E)-N’-(3-chloro-
2-hydroxybenzylidene)-1H-indole-2-carbohydrazide), was synthesized and tested. 
This chemosensor was shown to capable of recognizing F- ions, and exhibiting a turn-
on fluorescence response, in water samples and in cell imaging applications.

32 Catalytic Kinetic Fluorimetric Detection of Trace Amounts of Bismuth
Zhang Xiao, Sheng Li, Wang Zhao-qun, Li Hai-su, XueZi-yan, and 
Su Bi-quan
A catalytic kinetic fluorescence method for the detection of trace bismuth(III) 
was developed, using a fading reaction of hydrogen peroxide and eosin Y under 
specific pH conditions. As a demonstration, the method was applied to the 
analysis of both human hair and water samples.

39 A Full Spectroscopic Study of Pr:YLF Crystals Used in Lasers
Xiang Geng, Li Li, Chen Qian, and Saiyu Luo
A complete spectroscopic study and analysis of key parameters, including visible 
to infrared spectra, is completed for Pr:YLF crystals used in solid-state laser 
construction. Such detailed analysis provides further insights into the lasing 
mechanism of such crystalline materials.
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From the Editor
Editorial Advisory Board

Jerome Workman, Jr.  
is the senior technical editor 

of LCGC North America  
and Spectroscopy,  

jworkman@mjhlifesciences.com

Advances in Fluorescence Spectroscopy:  
A Peer-Reviewed Special Issue

W
e are excited to present this special issue of Spectroscopy on fluorescence 
spectroscopy. The issue brings together six peer-reviewed papers that 
highlight exciting and important new developments in the theory and 

application of fluorescence techniques and analysis of laser crystalline materials. Of all 
spectroscopic techniques, only surface-enhanced Raman scattering (SERS) rivals the 
sensitivity of classical fluorescence. Fluorescence analytical techniques using molecular 
probe molecules and specifically designed reaction chemistries are remarkable in 
that they can be developed to include the two outstanding advantages of a superior 
analytical technique, namely selectivity and sensitivity.

The theory and practice of synthetic organic chemistry involved in designing and 
constructing specific fluorescence probe molecules is a fascinating scientific endeavor. 
The design of such probes involves planning expected theoretical structures of proposed 
molecules, the synthesis of such molecules, and analytical testing to verify that the 
product of the synthesis is indeed the molecule that was expected. Analytical verification 
of the synthetic products involves the application of nuclear magnetic resonance (NMR) 
for structural verification and mass spectrometry (MS) for precise determination of target 
molecular weight. Once designed and verified, the probe molecules are tested for their 
selectivity and sensitivity to the analyte they were constructed to detect. Such testing is 
often completed using real analytical conditions with the addition of potential interferents 
in order to test the probe molecules’ specific performance for analyte detection. If the 
probe fails, then it is back to the beginning with redesign of the molecular structure of the 
probe. When the development of a successful probe molecule is finally completed, the 
probe is purified, and then can easily be applied to analytical use by preparing sample 
extracts, adding the probe, and making the sensitive fluorescence measurements. Two 
papers in this issue discuss the development and testing of such probes.

There are also probe- or label-free fluorescence methods that involve the use of mercury 
nanoladders integrated with reagent dye molecules that are useful for analyte detection. 
Specific dyes, such as thiazole orange, an asymmetric cyanine dye, exhibit a considerably 
increased fluorescence intensity when they interact with double-stranded DNA and 
analyte molecules. The chemistry for such a probe is explained in one paper included in 
this special issue collection. Other complex chemistries are useful for specialized detection 
of important analytes and they are also described in this issue. These detection methods 
include a turn-on fluorescence sensor based on a tetrakis (4-carboxyphenyl) porphyrin 
(TCPP)-Hg2+ system for highly selective fluorescence detection of glutathione (GSH), and 
a method for detection of trace bismuth(III) using a fading reaction of hydrogen peroxide 
and eosin Y under specific pH conditions.

Finally, a paper is included that contains a complete spectroscopic study of the theory 
and measurements used in evaluating crystalline materials for solid-state laser applications. 
This study includes a Judd-Ofelt analysis on the absorption spectrum from the visible to 
infrared spectral range of the material, as well as a Füchtbauer-Ladenburg analysis of the 
emission spectra. The results are an intriguing exploration of the required spectroscopic 
properties of laser crystals.
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An Ultrasensitive Fluorescence 
Method for Mercury Ion Detection 
Based on Mercury Nanoladder Signal 
Amplification and Thiazole Orange

Of all the heavy metals that contami-
nate tobacco, divalent mercuric ion 
is one of the most dangerous. Thus, 
a novel label-free and enzyme-free 
fluorescent method, based on mer-
cury nanoladders integrated with thia-
zole orange (TO), was developed for 
rapid, sensitive, and selective detec-
tion of Hg2+ in aqueous solutions. In 
this study, we have determined that, in 
the presence of mercury ions, the thy-
mine bases in probe 1 (P1) and probe 2 
(P2) interact with Hg2+ to form a stable 
T- Hg2+-T structure, then long double 
helices of Hg2+ nanoladders will even-
tually result. Subsequently, the fluo-
rescence of the TO dye was strongly 
enhanced, due to the binding of TO 
dye to long dsDNA. The increase in 
fluorescence intensity was linear with 
Hg2+ concentration in the range of 
0.02–5 nM, and the limit of detection 
for this method was 20 pM. In addi-
tion, this method exhibits high selec-
tivity, and experiments with tobacco 
samples also showed good results. We 
believe that the proposed system ac-
curately and efficiently detects mer-
cury ions within different substrates. 

Xiaoxi Si, Juan Li, Yuanxing Duan, Yuting Yang, Yuandong Li, Chunbo Liu,  
Yang Zhao, Fengmei Zhang, Jianjun Xia, Qinpeng Shen, Zhihua Liu, and Chngqun Cai 

In recent years, because of the use of 
non-ferrous metal minerals, coal-fired 
flue gas, and solid waste incineration, 

a large quantity of heavy metals and toxic 
substances has been produced, resulting 
in an increased risk of excessive mercury 
in tobacco (1–4). Heavy metal ions in to-
bacco, especially mercury ions, can pose 
a serious health threat to smokers (5–7). 
Thus, it is urgent to develop accurate, 
sensitive, and very specific analytical 
methods for the determination of trace 
mercury ions in tobacco. 

Various detection methods have been 
proposed to monitor trace amounts of 
mercury ions, including atomic absorp-
tion spectroscopy (AAS) (8,9), induc-
tively coupled plasma–optical emission 
spectroscopy (ICP-OES) (10), and gas 
chromatography (GC) (11). Although 
these methods are very sensitive and 
accurate, they tend to be tedious and 
time-consuming, and depend on expen-
sive instrumentation and professionally 
trained operators, thus limiting their ap-
plication. At the same time, colorimetric 
sensors (12,13), electrochemical sensors 
(14,15), and fluorescence sensors (16–18) 
have also been developed to detect 
mercury ions. However, the colorimetric 

methodologies require modifications or 
additional materials to generate a signal 
response, and electrochemical methods 
have inherent disadvantages associated 
with modification requirements and in-
stability of the electrodes. Therefore, 
fluorescence methods have been devel-
oped for mercury ion detection because 
of their advantages of stability, simplic-
ity, and speed. For example, Wang and 
associates (16) reported a fluorescent 
probe based on branch migration for 
highly sensitive detection of mercury. Hu 
and associates (17) developed a DNA@
MOF biosensor for successive and spe-
cific detection of Hg2+. In addition, Huang 
and colleagues (18) developed a sensitive 
detection method for mercury ions by 
exonuclease signal amplification. How-
ever, cumbersome fluorophore labeling 
and enzyme-assisted signal amplifica-
tion makes the above methods compli-
cated and expensive. Thus, to solve the 
above problems, we have developed an 
enzyme-free and label-free fluorescence 
method, based on mercury nanoladder 
signal amplification and thiazole orange 
(TO), to detect Hg2+.

This paper explains a simple and 
enzyme-free assay we have constructed 

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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for mercury ion detection based on mer-
cury nanoladder signal amplification in-
tegrated with TO. A mercury nanoladder 
consists of a long double stranded struc-
ture and relatively short sticky ends that 
are essentially nicked double helices of 
alternating copolymers (19). TO is a spe-
cial asymmetric cyanine dye that has a 
weak fluorescence signal in aqueous so-
lution, but that exhibits a considerably 
increased fluorescence intensity when 
it interacts with double-stranded DNA 
(20,21). This occurs because when the 
dye binds to the nucleic acid through 
the positive and negative charge 
electrostatic attraction, the quinoline 
ring becomes embedded in the small 
groove of the double-stranded DNA 
molecule. Dye molecules are more pla-
nar, due to their steric hindrance, and 
thus exhibit increased fluorescence 
enhancement (22). The system dis-
cussed in the present study contains 

two specially designed oligonucleotide 
probes, probe 1 (P1) and probe 2 (P2). 
The interaction between thymine and 
Hg2+ forms T-Hg2+-T structures, result-
ing in the formation of nanoladders in 
the presence of Hg2+. In this state, TO 
can embed in the mercury nanoladders, 
producing a strong fluorescence emis-
sion. Compared with previous meth-
ods, this method has the advantages 
of a simple design, high sensitivity, and 
reduced cost, and may contribute to in-
creased application prospects for heavy  
metal detection.

Materials and Methods
Materials and Reagents
The thymine-rich probe DNA sequences 
([P1:5′-ATGCTTCGTTGTCTGTGCCT 
TCGTGTTGCA-3′] and [P2:5′-ACGGTT
GCTCTTCGTTACGTTGCTTCTGAC-3′]) 
were obtained from Sangon Biotech-
nology Co., Ltd., and were dissolved in 

Tris-HCl buffer (pH 7.4, 20 mM). All the 
synthetic DNA sequences are listed in 
Table I. These samples were stored at 
4 oC for immediate use and long-term 
preservation. All other chemicals were 
obtained directly from commercial 
sources, and used as received. Hg(NO3)2 
was purchased from Sigma Aldrich, and 
dissolved in 0.5% HNO3. The thiazole 
orange (TO) was obtained from Tian-
jin Seans Biochemical Technology Co., 
Ltd. All other reagents were analytical 
grade, and used without further purifi-
cation or modification. Ultrapure water 
used throughout was produced from a 
Milli-Q water purifying system.

Apparatus
DNA fluorescence intensity was mea-
sured at the excitation spectra of 501 
nm, using a spectrofluorophotom-
eter (RF-5301PC, Shimadzu) where 
the slits were set to 5.0 and 5.0 nm 
for excitation and emission, respec-
tively. The method was evaluated at 
a fluorescence intensity of 538 nm, 
which has been demonstrated to 
be the maximum emission intensity 
wavelength. Absorbance spectral 
measurements were carried out on 
a UV-2450 spectrophotometer (Shi-
madzu Co.). Native polyacrylamide 
gel electrophoresis was performed 
on a DYY-6C electrophoresis (Liuyi 
Biological Technology Co.).

Active Polyacrylamide  
Gel Electrophoresis
In a typical experiment, samples 1, 2, 
and 3 included P1, P2, and P1+P2, re-
spectively. Sample 4 was the mixture 
of P1, P2,and Hg2+. All of the samples 
were incubated at 37 oC for 30 min. We 
used 12% PAGE gel in 1×TBE buffer for 
analysis of the product, and then gel 
electrophoresis was run for 70 min at 
a stable voltage of 100 V. Finally, the 
gel was stained with Stain-All, and then 
photographed after decolorization.

Fluorescence Measurement
The DNA probes (P1 and P2) were di-
luted with Tris-HCl buffer, to give the 
stock solutions. Then, a 250 µL reaction 

No Hg2+ TO

TO
Hg2+

Hg2+P1 P2 TO

5’-ATGCTTCGTTGTCTGTGCCTTCGTGTTGCA-3’ (P1)
5’-ACGGTTGCTCTTCGTTACGTTGCTTCTGAC-3’ (P2)

5’-ATGCTTCGTTGTCTGTGCCTTCGTGTTGCA-3’ (P1)

FIGURE 1: Schematic diagram of mercury nanoladders and TO based biosen-
sor for rapid detection of Hg2+.

TABLE I: Experimental DNA probe sequences

Name Sequence (5’→3’)

P1 ATGCTTCGTTGTCTGTGCCTTCGTGTTGCA

P2 ACGGTTGCTCTTCGTTACGTTGCTTCTGAC

P1(27) ATCTTCGGTTTCTGGCCTTCGGTTTGC

P2(27) CGGTTGCCTTTCGTAGTTGCCTTTGAC

P1(24) ACTTCGCTTTCGCTCTGTGTGTGC

P2(24) GTGTCTCTCTCGTGTTGCGTTTGC

*Boldface type presents T-T mismatches in Hg2+ nanoladders. Underlining type indicate com-
plementary characteristics.
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sample, containing 50 nM P1, 100 nM P2, 
1 µM thiazole orange (TO), and different 
concentrations of Hg2+, was prepared in 
Tris-HCl buffer, followed by incubation 
for 30 min. The fluorescence intensity of 
TO was measured at 520–600 nm, where 
the maximum emission peak was 538 nm.

Real Sample Analysis
We weighed 0.5 g of a tobacco sample 
into a PTFE digested flask, and then 
3.0 mL of concentrated nitric acid and 
5.0 mL of 30% hydrogen peroxide were 
added. The digestate evaporated to 
near dryness. The residue was dis-
solved in 5 mL of 5% nitric acid, then 
the pH was adjusted to near neutral 
with NaOH, and transferred to a 50 mL 
volumetric flask.

Results and Discussion
Principle of Hg2+  
Fluorescence Detection
The principle of the proposed method 
for rapid, label-free, and enzyme-free 
Hg2+ detection is demonstrated in Fig-
ure 1. In this study, the system contains 
two specially designed oligonucleotide 
probes: the thymine-rich probe 1 (P1), 
and the thymine-rich probe 2 (P2), with 
both including two T-rich domains. 
The background signal of this system 
is low in the absence of Hg2+, owing 
to P1 and P2 coexisting stably and re-
maining single-stranded. When Hg2+ 

was introduced into the system, the in-
teraction between thymine and Hg2+ 
forms T-Hg2+-T structures, resulting in 
mercury nanoladders. This cascade re-
action will continue until the supply of 
the Hg2+ ions is exhausted. In this state, 
TO could be embedded in the mercury 
nanoladders, producing a very strong 
fluorescent signal. The UV spectra of 
TO is shown in Figure 2a, and the exci-
tation and emission spectra of TO are 
shown in Figure 2b, which are 501 nm 
and 538 nm, respectively. 

Feasibility of the Design 
To validate the feasibility of the pro-
posed method for detecting Hg2+, the 
emission spectra obtained by fluores-
cence detection of samples containing 

different components were analyzed, 
as shown in Figure 3. From Figure 3, it 
was observed that, in the absence of 
Hg2+, the mixture composed of P1 and 

P2 produced relatively weak fluores-
cence emission. In the mixed solution 
of P1, P2, and Hg2+, the fluorescence 
intensity of TO increased significantly; 
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FIGURE 4: Active polyacrylamide gel electrophoresis analysis. (M): DNA 
marker; (Lane 1): 1 μM P1; (Lane 2): 1 μM P2; (Lane 3): 1 μM P1 and 2 μM P2; 
(Lane 4): 1 μM P1, 2 μM P2 and 1μM Hg2+.
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this may be due to an increase of the 
double-chain structure in the solution.

Gel electrophoresis experiments 
were used to further verify the feasibility 
of the method and the formation of the 
mercury nanoladder produced by the 
addition of the target. As shown in Fig-
ure 4, the mercury nanoladders product 
was obvious in Lane 4, proving the feasi-
bility of the amplification system.

Optimized Experimental Conditions
The ratio of probes P1 to P2 that affects 
the fluorescence intensity of the prod-

uct was optimized. The concentration 
ratio of probes P1 and P2 was experi-
mentally measured from 1:1 to 1:3, as 
shown in Figure 6. It can be seen that a 
ratio of P1:P2 = 1:2 affords the best sig-
nal-to-background difference (F/F0-1= 
[F-F0]/F0, where F and F0 represent the 
fluorescence intensity of the solution 
in the presence and absence of Hg2+, 
respectively, and the fluorescence was 
strongest at 1:2. Therefore, it was de-
termined that at a 1:2 concentration 
ratio of the probes P1 and P2, the op-
timum concentration ratio is obtained. 

It is worth noting that using TO as the 
dye agent plays a very important role in the 
detection of fluorescent signals, and, there-
fore, it is necessary to optimize the concen-
tration of TO. As shown in Figure 5b, when 
the concentration of TO is increased from 
0.25 µM to 2 µM, a fluorescence emission 
was observed for detection at a maximum 
of 1 µM. Therefore, 1 µM is taken as the  
optimum concentration of TO.

In addition, Mg2+ can promote DNA 
hybridization and requires optimization 
of the Mg2+ concentration. When the 
Mg2+ concentration increases, it is ob-
served that the binding efficiency of P1 
and P2 is higher, and F/F0-1 is gradually 
increased. However, at higher concen-
trations, the background signal is high 
and F/F0-1 gradually decreases. Figure 
5c shows that the fluorescence inten-
sity ratio F/F0-1 reaches a maximum at 1 
mM. Therefore, 1 mM of Mg2+ was used 
as the optimum concentration in the assay.

Temperature is an important factor 
in the reaction, and the intensity of the 
fluorescence signal is different at different 
temperatures. As shown in Figure 6a, the 
fluorescence signal is highest at 37 oC, so 
the overall system reaction is optimized at 
this temperature.

Incubation time is another important 
factor affecting the strength of the fluo-
rescence signal. It can be concluded from 
Figure 6b that a platform is reached by 
the intensity of the fluorescence signal 
after more than 30 min of incubation time. 
Therefore, 30 min pours can be used as the 
best time for reaction. 

Assay Performance of the Method
In order to understand the sensitivity of 
this method, the change in fluorescence 
intensity of Hg2+ was used to quantita-
tively detect Hg2+ concentration. From 
the Figure 7a, the fluorescence signal can 
be enhanced with the increase of Hg2+ 
concentration under optimal conditions. 
As shown in Figure 7b, when the Hg2+ 
concentration was from 0.02 nM to 5 nM, 
the linear regression equation was ∆F = 
12.23C + 4.998, and the correlation coef-
ficient is R2 = 0.9900. ∆F and C represent 
the fluorescence intensity difference and 
the Hg2+ concentration, respectively. The 

TABLE II: Comparison of different methods for Hg2+ detection

Detection Methods Target Linear Range Detection 
Limit Ref.

Colorimetric Hg2+ 0.25–500 nM 0.15 nM (23)

Electrochemical Hg2+ 0.5 nM–5 µM 0.14 nM (24)

Electrochemical Hg2+ 0.2 pM–35 nM 0.12 pM (25)

Fluorescence Hg2+ 0 µM–20 µM 20 nM (26)

Fluorescence Hg2+ 50–1200 pM 25 pM (27)

Fluorescence Hg2+ 0.1–100 nM 65 pM (28)

Fluorescence Hg2+ 0.02–5 nM 20 pM (This work)
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detection limit of Hg2+ was calculated to 
be 20 pM . The Hg2+ detection limits pre-
viously reported for various methods are 
listed in Table II.

Selectivity of Hg2+ Detection
To overcome the interference of other 
ions with Hg2+, it is valuable to measure 
the selectivity of Hg2+ by changing dif-
ferent metal ion targets under the same 
conditions, such as Ni2+, Zn2+, Cu2+, Cd2+, 
Pb2+, Mn2+, and Ca2+, respectively. As 
shown in Figure 8, 1 µM Hg2+ significantly 
altered the intensity of the fluorescent 
signal in the selective experiment. By 
comparison, it is found that the interfer-
ing metal ions (including Ni2+, Zn2+, Cu2+, 
Cd2+, Pb2+, Mn2+, and Ca2+) had no posi-
tive effect on the fluorescent signal. At 
the same time, when other interfering 
ions and mercury ions are mixed, the 
change in fluorescence intensity is not 
much different from that in the pres-
ence of mercury ions alone. This result 
indicates that the present strategy ex-
hibits excellent selectivity for the detec-
tion of Hg2+, and is not easily interfered 
by competing ions, resulting in more  
accurate results.

Analysis of Real Samples
The proposed method has been suc-
cessfully applied to the determination of 
mercury in tap water and tobacco. The re-
covery of mercury ion by adding different 
concentrations of mercury ion in a sample 
was carried out, and the results are shown 
in Table III. The data in the Table III reveals 
that the proposed methodology offers 
great potential for the specific detection 
of Hg2+ in tobacco samples.

Conclusion
We have successfully described a sensi-
tive and selective detection method for 
mercury ions by using mercury nano-
ladder signal amplification. P1 and P2 
formed a long double-stranded complex 
after adding mercury ions, also named 
mercury nanoladders, that had the ability 
to combine with TO to produce a strong 
fluorescence emission. Consequently, 
this approach possesses a significant 
advantage of avoiding cumbersome la-

beling procedures and enzymes. At the 
same time, the method also exhibits ex-
cellent sensitivity and selectivity with a 
limit of detection of 20 pM. Moreover, the 
system can be practically applied for the 
detection of Hg2+ in tobacco samples, 
showing an extensive application pros-
pect. The success of the system suggests 
that it can be employed as a universal 
sensor for more substrates. 
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TABLE III: Determination results of mercury ion in real samples (nM)

Samples Spike Measured 
(n = 3)

Recovery 
(%) RSD (%)

Tobacco

0.00 Not found

1.00 0.98 98.00 2.4

2.00 2.03 101.50 2.1

Tap water

5.00 4.96 99.20 2.5

0.00 Not found

1.00 0.99 99.00 2.3

2.00 2.01 100.50 2.2

5.00 4.98 99.60 2.3
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A Novel Fluorescence Sensor Based 
on the Tetrakis (4-Carboxyphenyl) 
Porphyrin (TCPP)-Hg2+ System for 
Glutathione (GSH) Detection

Glutathione (GSH) is an intracellular thiol 
that plays a major role in biological sys-
tems. Therefore, the development of ef-
fective probes that can detect GSH elicits 
significant attention. This article discusses 
our development of a turn-on fluorescence 
sensor based on the tetrakis (4-carboxy-
phenyl) porphyrin (TCPP)-Hg2+ system for 
highly selective fluorescence detection of 
GSH. This is the first time TCPP has been 
used to detect GSH. A drastic decrease of 
TCPP fluorescence intensity was induced 
by Hg2+. The reason is that the pair of elec-
trons of the nitrogen atom is transferred 
to the vacant d orbital of Hg2+. However, 
the fluorescence of the TCPP-Hg2+ system 
is turned to the “on” state when a concen-
tration of GSH was added in the system, 
attributed to the stronger binding force 
between GSH and Hg2+. The small concen-
tration of GSH needed to induce the fluo-
rescence response indicates that the TCPP-
Hg2+ system can be used as a sensitive GSH 
fluorescence sensor. The sensor showed a 
linear response varying from 0.02 μM to 
22.67 μM, with a detection limit of 0.43 
nM. The proposed sensor displayed good 
selectivity and high sensitivity for GSH. The 
sensor was applied successfully for GSH on 
various sample types. 

Zhen Song, Nvwa Gao, Wen Yuan, and Qingqing Mou 

Glutathione (GSH) is the most 
abundant thiol in animal cells 
and plays a vital role in biologi-

cal regulation systems (1,2). It has been 
reported that GSH levels are relevant 
to cancer, human immunodeficiency 
viruses (HIV), and neurodegenerative 
diseases (3). GSH consists of glycine, 
cysteine, and glutamic acid, and can 
keep cysteine residues in the reduc-
tion state to protect enzyme activity 
(4,5). GSH plays an important role in 
gene regulation and intracellular sig-
nal transduction, along with intracel-
lular redox activities (6,7). In addition, 
it can trap free radicals to protect cells 
against oxidative stress (8–10). Owing 
to these features, the development of 
highly selective and sensitive probes 
for biological thiols (11–13) has great 
significance. Until now, numerous 
analytical methods have been used 
to detect GSH, such as fluorescence 
sensing (14), surface-enhanced Raman 
scattering (15), electro-chemical as-
says (16), and UV-vis techniques (17). 
Among these probes, f luorescent 
sensing is the most popular because 
of its great convenience as well as its 
high sensitivity and selectivity (18). 

Today, many fluorescent probes have 
been designed for detecting GSH. 
For instance, f luorescent probes 
based on TPPS4-Hg2+ (19), EDC-
CQDS (20), AuNCs (21), (g-CNQD)-
Hg2+ (2), and RhB-EDA-Hg2+ (22) have  
been reported. 

Porphyrins are natural macrocyclic 
compounds that play a pivotal role in 
the metabolism of living organisms 
(23). They are also important in pho-
todynamic therapy (PDT) of cancers 
(24). In addition, porphyrins possess 
special photoelectric properties, such 
as high fluorescence quantum yield, a 
large stock shift, and rich coordina-
tion chemistry (25–27). Therefore, 
porphyrins have been widely used 
in UV-vis detection systems, elec-
trochemiluminescence analysis, and  
photoelectrochemical sensors.

As a macrocyclic compound, por-
phyrin exhibits strong fluorescence in 
the visible region owing to the con-
jugated double bond system and the 
high mobility of its π-electron. Notice-
able decreases of porphyrin fluores-
cence intensities have been observed in 
the presence of Hg2+. It is well known that 
Hg2+–GSH complexes have very high 

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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stability constants. In this work, when a 
certain concentration of GSH was added 
to the porphyrin Hg2+ system, the GSH 
was able to bind Hg2+ and remove it from 
the porphyrin–Hg2+ complex, which was 
attributed to the stronger binding force 
between GSH and Hg2+. Thus, a novel 
fluorescence probe based on the tetra-
kis (4-carboxyphenyl) porphyrin (TCPP) 
was designed for detecting GSH. In the 
TCPP–Hg2+ system, the fluorescence of 
TCPP was “off” (inactive) because of its 
coordination with Hg2+. The reason why 
the fluorescence was quenched in the 
presence of Hg2+ could be that the pair 

of electrons in the nitrogen atom trans-
ferred to the vacant d orbital of Hg2+. 
Adding GSH, however, the TCPP-Hg2+ 
turned the fluorescence “on”(activated 
it). The cause of this phenomenon is the 
stronger binding force between GSH 
and Hg2+ than that between the N atoms 
of the porphyrin ring and Hg2+. This “off-
on” process was then used to detect 
GSH with sensitivity and efficiency, as 
illustrated in Figure 2. In addition, the 
proposed sensor displayed high sensitiv-
ity for GSH. The sensor was also applied 
successfully to the determination of GSH 
in different real samples.

Materials and Methods
Materials
TCPP, Cu(II) tetrakis (4-carboxyphe-
nyl) porphyrin (CuTCPP), and mercury 
(II) chloride (HgCl2) were purchased 
from Sigma-Aldrich. The metal salts 
were obtained from Xiya Chemical 
Reagent Company. GSH and other 
amino acids including histidine, cys-
teine, glycine, arginine, alanine, ly-
sine, leucine, and aspartic acid used 
in this work were obtained from Sino-
pharm Chemical Reagent Company. 
All of the chemicals were at least 
analytical grade, and the water used 
throughout all experiments was puri-
fied by a Milli-Q system.

Apparatus and Characterization
A WGY-10 f luorescence spec tro-
photometer was used to measure 
fluorescence. When measuring the 
f luorescence of TCPP, we set the 
excitation wavelength at 400 nm 
and the range of emission spectra 
at 650–700 nm. The excitation and 
emission silts were set at 5 and 10 
nm, respectively. The UV spectrum 
measurements were performed on a 
Cary Varian spectrophotometer. The 
range of UV spectra was scanned 
from 350 nm to 500 nm.

Fluorescence Sensing of GSH
The detection of GSH by the sensor 
was carried out in Hepes (10 mM, pH 
= 7.0) buffer at room temperature. 
The 30 μL TCCP solution (0.4 mM) 
was added to a 1200 μL Hepes buffer 
(10 mM, pH = 7.0). The fluorescence 
of TCPP was measured by excitation 
at 400 nm and the emission spectra 
started from 650 nm and ended at 700 
nm. A certain amount of Hg2+ ions was 
added to the solution, and then GSH 
was added to the solution gradually. 
The fluorescence was measured after 
5 min. The fluorescence emission in-
tensity was measured at 650 nm.

Determination of Detection Limit
The detection limit was obtained by 
the fluorescence titration. The fluo-
rescence intensity of the TCPP-Hg2+ 
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system was determined three times. 
The standard error was then calcu-
lated. The f luorescence intensity 
of the sensor was measured three 
times in the presence of GSH. Each 
average value of the f luorescence 
intensity was plotted as a GSH con-
centration. The slope of the line was 
obtained and the detection limit was 
calculated by Equation 1:

 CDL = 3 SD/m                  [1]

where SD is the standard devia-
t ion of the emission intensit y of 
the TCPP-Hg2+ system and m is the 
slope between the emission intensity  
and concentration.

Testing in Real Samples
All fruit samples were purchased 
f rom a supermarket in Taiyuan, 
China. The samples were prepared 
in the same way as reported in the 
literature (28). First, the fruits were 
washed three times with distilled 
water before drying naturally and 
triturating. After that, supernatant 
and precipitation were separated 
by centrifugation via a refrigerated 
centrifuge at 5000 rpm for 10 min. 
Lastly, the supernatant was diluted 
to an appropriate concentration 
using distilled water. A human serum 
sample was obtained from the Af-
filiated Hospital of Shanxi Medical 
University. The procedure for treat-
ing the human serum sample was 
reported in the literature (7). First, 
the sample was f i l tered and the 
particulate matter was removed by 
centrifugation (12000 rpm, 20 min). 
After that, the supernatant was di-
luted by phosphate buf fer (pH = 
6.0). All samples were stored in the  
refrigerator at 4 oC. 

Computational Details
The Gaussian 09 software program 
was used to carry out quantum me-
chanical calculations. The Gauss 
View 5.0.8 software was used to vi-
sualize the plots. All electronic tran-
sitions and geometry optimizations 

were optimized in implicit water by 
the DFT/TDDFT/B3LYP function and 
6-311G(d) (LANL2DZ for Hg atom) 
basis sets with the default polarized 
continuum model (PCM) (29, 30).

Results and Discussion
Effect of Hg2+ Concentration
The fluorescence of TCPP changed 
with the addition of Hg2+, as dis-
played in Figure 1. The fluorescence 
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FIGURE 3: (a) Corresponding photograph of TCPP-Hg2+ system shown in pan-
el, revealing that the solution color as it turns from light yellow to colorless 
with the increase of Hg2+ concentrations, shown along the top of the figure. 
(b) The photograph of TCPP-Hg2+ system with the addition of different con-
centrations of glutathione (GSH), as indicated along the top of the figure.
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intensity of TCPP (the concentration 
of TCPP is about 17 μM) was reduced 
with the rising concentration of Hg2+. 
The intensity reached a minimum 
value when the concentration of 
Hg2+ was 30 μM. Therefore, 30 μM 
was used as the concentration of 

Hg2+ in this system. The visible color 
of the system changed from yellow 
to colorless, which is shown in Figure 
3a. In addition, Figure 3b shows how 
the color of the system changed with 
the varying concentrations of GSH. 
It was easy to see that the color of 

the sensor changed from colorless 
to yellow. The concentrations of GSH 
were 0 nM, 18 nM, 54 nM, and 1 µM, 
respectively. Due to this observed 
phenomenon, i t was determined 
that a sensor could be designed to 
detect GSH. 

Optimization of  
Experimental Conditions
To improve the sensitivit y of the 
sensor, relevant experimental con-
ditions were optimized. Because pH 
value is generally considered as an 
important factor for the system, the 
optimum pH value of the buffer was 
based on a range between 6 and 8.5. 
Figure 4a shows the relationship be-
tween the fluorescence intensity of 
the TCPP-Hg2+ system and pH val-
ues. With the increasing pH value, 
the fluorescence intensity of the sys-
tem was changed. Observably, the 
sensor signals reached the maximum 
at a pH level of 7.0. Because of this, 
we selected the pH value of 7 for our 
detection system. 

In addition, the optimum reaction 
time of the sensor was investigated. 
The relationship between the time and 
fluorescence intensity is shown in Figure 
4b, where the fluorescence intensity of 
TCCP decreased and reached the mini-
mum after 3 min. The kinetic analysis in 
the fluorescence spectra of the system 
with and without GSH is shown in Fig-
ure 4c. The fluorescence intensity of 
the TCPP-Hg2+ system increased to the 
maximum immediately, and the values 
did not change during the experiment. 

Detection of GSH
To quantitatively detect GSH, the 
changes in fluorescence intensity of 
TCPP-Hg2+ with the varying concen-
trations of GSH were investigated. 
Figure 5a shows that the fluorescence 
intensity of the TCPP-Hg2+ system in-
creased gradually with the increases 
in GSH. Figure 5b shows that the 
linear correlation between GSH con-
centration and the fluorescence in-
tensity was as below: F = 6.059[GSH] 
+ 1.664 (R2 = 0.9969), where F is the 
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fluorescence intensity of TCPP-Hg2+ 
with GSH. In addition, the detection 
limit, based on equation 1, was found 
to be 0.43 nM. The results suggested 
that the system could potentially be 
employed to detect GSH quantita-
tively with high sensitivity. The linear 
regions and the limit of detection for 
other fluorescence probes are listed 
in Table I. As compared with other 
methods, the method highlighted in 
Table I has a lower detection limit. 
The linear regions are obtained from 
0.02 µM to 22.67 µM. 

The Selectivity of the
TCPP-Hg2+ Probe for GSH
Figure 6 shows the selectivity of this 
system. The TCPP-Hg2+ showed very 
weak fluorescence spectra when ex-
cited at 400 nm in the absence of 
various amino acid and metal ions, 
such as histidine, cysteine, glycine, 
arginine, alanine, lysine, leucine, 
aspartic acid, Zn2+, Ni2+, Cd2+, Pb2+, 
Cu2+, Mn2+, Ba2+, and Ca2+. When 
10 equiva lent s  amino ac id and 
metal ions were added, no obvious 
changes in f luorescence intensity 
were observed (Figure 6). However, 
under the same condition of GSH, it 
resulted in a remarkable enhance-
ment of fluorescence at 650 nm.

Detection of GSH in Real Samples
To assess the applicability of our bio-
sensor for practical samples, we ana-
lyzed the GSH concentration in real 
samples including grapes, tomatoes, 
and cherries. Table II shows the rela-
tive errors and recovery rates when 
the proposed method was applied. 
The average recovery rates of GSH 
in cherries and human serum were 
found to be in the ranges of 93.2–
102% and 96.4–103%, respectively. 
Therefore, it can be seen that this 
method can be used to detect GSH 
in real samples.

Mechanism Discussion
Owing to the conjugated double 
bond system and the high mobility 
of their π-electrons, the porphyrin 

compound TCPP exhibited strong flu-
orescence emission. Hg2+ ion usually 
acts as a fluorescence quencher via a 
spin-orbital coupling effect. Notice-
able decreases of fluorescence inten-
sities were observed in the presence 
of Hg2+. The reason for the fluores-
cence quenching induced by Hg2+ 
may be that the pair of electrons of 
the nitrogen atom transferred to the 
vacant d orbital of Hg2+. To verify our 
inference, the following experiment 
was carried out. 

As shown in Figure 7a, significant 
shif ts in the Soret band were ob-
served after the Hg2+ was added to 
the TCPP solutions. In addition, the 
Q bands of TCPP were decreased 
and even invisible in the presence 
of Hg2+. This can be explained by 
the reduction of the electron cloud 
density in the porphyrin ring center 
of TCPP since the pair electrons of 
nitrogen atom transferred to the va-
cant d orbital of Hg2+. 

Nevertheless, the absorbance of 
Q bands appeared again when GSH 
was added into the TCPP-Hg2+ solu-
tion. Furthermore, CuTCPP was used 
to prove that Hg2+ only coordinated 
with the N atoms in the porphyrin 
ring. Figure 7b shows that CuTCPP’s 
f luorescence intensity was almost 
unchanged in the presence and ab-
sence of Hg2+. The result suggested 
that Hg2+ likely only coordinated with 
the N atoms in the porphyrin ring. 
This result may be closely related 
to the lower elec tronegativit y of  
nitrogen than that of oxygen.

Theoretical Calculations
The density functional theory (DFT) can 
provide important physical information 
of molecules and solids, thus helping 
researchers to understand experiments 
(31–33). In this work, we used DFT cal-
culation to explain the fluorescence 
of TCPP quenching by Hg2+. The elec-
tronic transition and structure proper-

TABLE II: Detection of GSH in real samples

Sample
Found in 
Sample

(μM)

Added
(μM)

Total 
Found
(μM)

Recovery 
%

(n = 3)

RSD %
(n = 3)

Cherry 0.27

1 1.17 93.2 1.3

3 3.30 102 2.7

7 7.12 97.7 1.6

Human 
serum 2.07

1 3.16 103 1.4

3 4.89 96.4 2.2

7 9.12 102 2.9

TABLE I: Comparison of different methods for glutathione (GSH) sensing

Fluorescent 
Probes

Detection 
Limit (nM)

Linear Range 
(μM) References

CDs/AuNP 50 Not given (34)

RhB-EDA-Hg2+ 4.3 µM 0–72 (22)

TPPS4-Hg2+ 0.016 0–28.5 and 
38.15–61.87 (19)

EDC-CQDS 0.943 1.0 to 50 (20)

g-CNQDs-Hg2+ 37 0.16–16 (2)

AuNCs-Hg2+ 9.4 0–0.250 (35)

Hg2+/QDs/Ru 8.2 0.01–0.6 (36)

CQDs-Hg2+ 30 0.10 to 20 (37)

TCPP-Hg2+ 0.43 0.02–22.67 this work
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ties of TCPP and TCPP-Hg2+ were the 
main focus of this investigation. First, 
geometry optimizations were carried 
out at the B3LYP/6-311G(d) level for all 
atoms except Hg2+, for which the LAN-
L2DZ basis set was used. 

It is generally accepted that the 
orbital spatial distribution of the 
frontier molecular orbital (FMO) has 
an impact on intramolecular charge 
transfer. In addition, the essence of 
the interaction of two substances 

was the interaction between their 
FMOs. The lowest unoccupied mo-
lecular orbital (LUMO) and high-
est unoccupied molecular orbital 
(HOMO) of the TCPP and TCPP-Hg2+ 
are shown in Figure 8. As Figure 8 
shows, LUMO and HOMO were local-
ized on the porphyrin ring without 
Hg2+ and changed with Hg2+. After 
complexat ion with Hg2+, HOMO 
was pr imarily concentrated over 
the metal atom and porphyrin ring. 
This phenomenon indicated that 
the charge may be transferred com-
pletely in the process of electronic 
excitation. The calculated energies 
of the LUMOs and HOMOs of TCPP 
and TCPP-Hg2+ complex are listed in 
Figure 8. The HOMO and LUMO val-
ues are −5.675 eV and −2.933 eV for 
TCPP. The HOMO and LUMO values 
for TCPP-Hg2+ complex are −5.204 
eV and −2.550 eV respectively. The 
calculated band gap energies (Eg) 
are 2.742 eV and 2.654 eV for TCPP 
and TCPP-Hg2+ (Figure 8).

Furthermore, the electronic tran-
sitions of TCPP and the TCPP-Hg2+ 
complex were invest igated. The 
first allowed excited state and the 
lowest-lying excited state for TCPP 
and TCPP-Hg2+ were analyzed. The 
corresponding molecular oscillator 
strengths (f ), transition energies (eV) 
orbital contributions and f luores-
cence lifetimes (τ) are listed in Table 
III. The f luorescence li fetimes of 
TCPP and TCPP-Hg2+ were obtained 
from equation 2: 

τ = C 3

2E 2f             
[2]

where τ is the fluorescence lifetime, 
c is the speed of light, f is the oscil-
lator strength and E is the transition 
energy (all in a unit of a.u.). 

From the data listed in Table III, 
the fluorescence lifetimes of TCPP 
and TCPP-Hg2+ are 184 and 131 ns, 
respectively. According to the results 
in the literature, the lifetimes less 
than 10 ns correspond to emissive 
states (19). If the lifetime is greater 
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than 10 ns, the corresponding state suffer from a nonra-
diative relaxation process becomes dark because of the 
long relaxation time for the excited electron. Therefore, 
the emissions listed in Table III are nonradiative. Nota-
bly, according to theoretical calculations, the main rea-
son should be the electronic transitions from S0→S6. For 
TCPP and TCPP-Hg2+, the fluorescence lifetimes (S0→S6) 
are 9 and 223 ns, respectively. As a result, the fluores-
cence of TCPP was generated on account of the excited 
electron, but it was a nonradiative process for TCPP-Hg2+, 
which might be that the exciting electron relaxed back 
to the lower-lying excited state by internal conversion. 
The calculated results were consistent with the results 
from experiments.

Conclusion
In this work, a novel fluorescence probe based on TCPP 
was designed for the detection of GSH. The fluores-
cence response of TCPP was “off” (inactive) because of 
its conjugation with Hg2+. The fluorescence response of 
the TCPP-Hg2+ system was “on” (active) with the addi-
tion of GSH. The “off–on” process was used to detect 
GSH with sensitivity and efficiency. In addition, the se-
lectivity and mechanism of the proposed sensor were 
illustrated. The sensor displayed a good selectivity and 
high sensitivity for the detection of GSH. The sensor was 
also applied successfully to the determination of GSH in  
different real samples.
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A Furfural Derivative–Indolium  
Conjugated Colorimetric  
and Fluorescent Probe for  
Cyanide Detection 

A novel furfural derivative–indolium conju-
gated colorimetric and fluorescent probe, 
called L1, has been synthesized via the 
aldol reaction of 5-(p-nitrophenyl) furfu-
ral and 1-ethyl-2,3,3-trimethyl-3H-indol-1-
ium iodide, and its response to cyanide in 
a DMSO/H2O (1:1, v/v) solution was mea-
sured using colorimetric and fluorescence 
analysis. This L1 probe showed a significant 
solution color and fluorescence change 
in response to cyanide, even in the pres-
ence of other anions, such as F-, Cl-, Br-, 
I-, Ac-, SO4

2-, H2PO4
-, ClO4

-, S2- and SCN-. 
In UV-vis and fluorescence spectrometry 
analysis, a large blue shift (83 nm), color 
bleaching, and fluorescence quenching 
were observed upon addition of cyanide 
anion (CN-). A significant color change was 
detected by visual observation. Addition-
ally, the limit of detection of the L1 probe 
toward CN- was 3.65× 10-7 mol/L. This re-
sult was attributable to an intramolecular 
charge transfer (ICT) in the probe. The ICT 
progress was then terminated, along with 
the color change and fluorescence quench-
ing, as the indol C=N underwent a nucleo-
philic attack of CN-. The CN- detection 
mechanism of the probe was confirmed 
by 1H NMR, MS, and DFT measurements.

Zengyan Chang, Deng Pan, Xinyu Fan, Shi Tang, Junjian Li, and Ai-Qun Jia 

In recent years, more attention has 
been paid to the design and preparation 
of small-molecule fluorescent probes to 

detect and recognize anions in the area of 
optical materials (1–5). Among many an-
ions, cyanide anion (CN-) is important as 
a result of its special characteristics (6,7). 
CN- is widely used in organic synthesis, 
metallurgical engineering, electroplat-
ing technology, and other fields (8–10). 
The increased used of CN- in industry has 
also led to increased cyanide contamina-
tion in the environment (11,12). Cyanide is 
one of the most highly toxic compounds 
and it can cause harm to living organ-
isms, decreasing oxidative metabolism 
utilization of oxygen; Fe3+ in heme has a 
preference for CN-, leading to the phe-
nomenon of oxygen deficiency (13–15). 
As a result, it is essential to develop new 
detection methods to trace CN- in  
the environment. 

Titration, electrochemistry, and spec-
troscopy have been widely used to detect 
CN- (12,16–18). Spectroscopic methods 
in particular have attracted increasing at-
tention for this purpose, because of their 
higher selectivity, higher efficiency, easier 
operation, and lower cost compared to 
the other methods (19–21). It has been 

reported that a variety of colorimetric and 
fluorescent probes exhibit alteration of ab-
sorbance or fluorescence upon interaction 
with CN-, because of reactions that lead 
to cyanide addition on many functional 
groups, such as thiazole (15,22), aldehyde 
(23), Schiff base (18,24–28), dicyano-vinyl 
(19,29–32), and imidazole.

In this work, we synthesized a furfural 
derivative–indolium conjugate, called L1, 
for use as a cyanide probe. The conjugate 
is based on 5-(p-nitrophenyl) furfural and 
1-ethyl-2,3,3-trimethyl-3H-indol-1-ium io-
dide in a DMSO/H2O (1:1, v/v, Tris-HCl buf-
fer, pH 7.2) solution (scheme 1). The limit 
of detection (LOD) of the L1 probe for CN- 
was 3.65 × 10-7 mol/L, far surpassing the 
World health Organization (WHO) stan-
dard (1.9 × 10-6 mol/L) (33). The probe's re-
sponse to CN-, based on a deprotonation 
process that the indolium C=N group of 
the L1 probe underwent during the nu-
cleophilic attack of CN-, retards conjuga-
tion between the furfural derivative and 
the indolium compound, resulting in color 
and spectroscopic changes. The solution 
color faded gradually, and the fluores-
cence quenched slowly, with the dropwise 
addition of cyanide and the probe readily 
responded to the cyanide concentration 
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even in the presence of other anions, such 
as F-, Cl-, Br-, I-, Ac-, SO4

2-, H2PO4
-, ClO4

-, 
S2-, and SCN-. The detection mechanism of 
the probe L1 for CN- was confirmed by 1H 
NMR, mass spectrometry (MS), and den-
sity functional theory (DFT) measurements. 

Materials and Methods
Chemicals and Apparatus 
All reagents and solvents were analytical 
grade, and used as obtained from com-
mercial sources without further purifica-
tion. Ultrapure water was used throughout 
the experiments. Tetrabutylammonium 
salt of anions (CN-, F-, Cl-, Br-, I-, Ac-, SO4

2-, 
H2PO4

-, and ClO4
-) were purchased from 

Sigma-Aldrich. Sodium salts (S2- and SCN-) 
were obtained from Energy Chemical. 1H 

NMR and 13C NMR spectra were obtained 
using a 500 MHz instrument (please name 
manufacturer), and TMS was used as an 
internal standard. A Shimadzu UV-2550 
spectrometer was used to produce UV-
vis spectra. Fluorescence spectra were 
obtained using a Shimadzu RF-5301  
fluorescence spectrophotometer.

Synthesis of the L1 Probe
A schematic illustration of the steps in 
the synthesis of the L1 probe is shown in 
Scheme 2. First, 5-(p-nitrophenyl) furfu-
ral (M1) and 1-ethyl-2,3,3-trimethyl-3H-
indol-1-ium iodide (M2) were prepared 
as described in previous work (34,35). 
Then, 5-(p-nitrophenyl) furfural (2 mM) 
and 1-ethyl-2,3,3-trimethyl-3H-indol-1-

ium iodide (2 mM) were mixed in absolute 
ethanol (20 mL). Piperidine was added 
to the solution as a catalyst. The mixture 
was stirred, and refluxed at 80 °C for 12 
h. After the above reaction, the solution 
was cooled to ambient temperature im-
mediately; after removing the solvent and 
following purification, a dark red powder, 
which is the L1 probe, was obtained. The 1H 
NMR spectra data for the various synthe-
sized materials is given in Table I.

Theoretical Approach to the structure 
of the L1 Probe and L1-CN
The Gaussian 09 program was performed 
in order to compute a theoretical struc-
ture for the probe. The optimization of 
the molecular configurations of L1 and 
the additive product L1-CN in the ground 
and excited states were carried out using 
DFT with the b3lyp methodology involving 
6-31G (d) basis sets.

Results and Discussion
The L1 probe was prepared to have a 
strong electron-withdrawing benzpyrole 
derivative and an electron donating fur-
aldehyde derivative, which are connected 
through an ethylene bridge, and then form 
a typical "D-π-A" conjugation system with 
intramolecular charge transfer (ICT) prop-
erties. Evaluation of the structure of the L1 
probe was achieved by analysis of 1H NMR, 
13C NMR, and MS spectra. Detailed char-
acterization of the intermediates (M1 and 
M2) and product (L1) are provided in the 
supporting information from Table I. The 
selective behavior of the L1 probe toward 
anions was tested with UV-vis absorption 
spectroscopy and fluorescence spectros-
copy in a DMSO:H2O (1:1, v/v, 0.01 M Tris-
HCl buffer, pH 7.2) solution. The UV-vis ab-
sorption spectral response of the L1 probe 
was tested with aqueous solutions of the 
salts of all common anions analytes, includ-
ing CN-, F-, Cl-, Br-, I-, Ac-, SO4

2-, H2PO4
-, 

ClO4
-, S2-, and SCN-. The L1 probe displays 

a strong absorption peak, with a maximum 
at 475 nm (Figure 1a). The addition of 50 
equivalents of other anions did not cause 
any significant absorption band changes 
at 392 nm with a gradually increasing con-
centration of CN-. In the same manner, 
the L1 probe displays a strongly fluores-
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SCHEME 2: Steps in the synthesis of the L1 probe: (1) NaNO2, HCl, 0–5 °C. (2) 
CuCl2, 70%. (3) acetonitrile, refluxed, 70%. (4) piperidine, EtOH, refluxed, 72%.
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cence peak at 565 nm (Figure 1b). Upon 
increasing the concentration of CN-, 
the fluorescence peak disappears, and 
other anions did not cause significant  
fluorescence changes. 

To obtain more information about the 
response of L1 to CN-, we carried out 
UV-vis and fluorescence titration experi-
ments. As the concentration of CN- was 
gradually increased, the UV-vis absorption 
at 392 nm increased, while the absorption 
gradually decreased at 475 nm (Figure 2a). 
It is noteworthy that the blue shift of the 
absorption wavelength, consistent with 

an evident color change from yellow to 
lime, demonstrates that L1 can achieve 
the goal of detecting CN- in a manner 
that is visible to the naked eye. The ab-
sorption intensities at 475 nm decreased 
linearly with an increasing CN- concentra-
tion from 0.0 to 25 μM (R = 0.995), and the 
achieved detection limit was 3.65× 10-7 
mol/L, far better than the WHO standard 
of 1.9 × 10-6 mol/L cyanide. Meanwhile, 
the emission intensity at 565 nm weakens 
gradually as the concentration of CN- is 
increased, along with an obvious yellow 
fluorescence quenching (Figure 2b). The 

results proved that the L1 probe could be 
used as an effective sensor for monitoring 
trace amounts of CN- based on colorimet-
ric and fluorescence analysis. 

UV-vis and fluorescence spectroscopy 
were used to evaluate the selectivity of L1 
to CN- over other anions. The addition of 
50 equivalents of CN- and other anions, 
including F-, Cl-, Br-, I-, Ac-, SO4

2-, H2PO4
-, 

ClO4
-, S2-, and SCN-, to L1 did not lead 

to observable changes in absorption at 
475 nm or the intensity of emission at 
565 nm (Figure 3); the color change and 
fluorescence quenching of L1 toward CN- 

TABLE I: 1H NMR, 13C NMR, and MS data for synthesis products 

Sample Designation 1H NMR and MS Data

M1: Yield 70% 
1H NMR (500 MHz, DMSO-d6) δ 9.69 (s, 1H), 8.34 (d, J = 8.9 Hz, 2H), 8.19 – 8.05 (m, 2H), 7.71 (d, J 
= 3.8 Hz, 1H), 7.58 (d, J = 3.8 Hz, 1H). 13C NMR (125 MHz, DMSO-d6) δ 177.65, 154.62, 151.83, 146.52, 
133.48, 125.05, 123.90, 123.63, 111.28. MS m/z [M]+ Calculated for C11H7NO4 216.92, found 217.04.

M2: Yield 70%
1H NMR (500 MHz, DMSO-d6) δ 8.14 – 7.92 (m, 1H), 7.92 – 7.77 (m, 1H), 7.75 – 7.49 (m, 2H), 4.50 
(q, J = 7.3 Hz, 2H), 2.85 (s, 3H), 1.54 (s, 6H), 1.45 (t, J = 7.3 Hz, 3H). 13C NMR (125 MHz, DMSO-
d6) δ 195.58, 141.45, 140.22, 128.87, 128.44, 123.05, 114.81, 53.62, 42.59, 21.40, 13.41, 12.19.

L1: Yield 72%, 

1H NMR (500 MHz, DMSO-d6) δ 8.53 – 8.26 (m, 5H), 7.96 (d, J = 7.6 Hz, 1H), 7.91 (d, J = 6.7 Hz, 
1H), 7.75 (dd, J = 11.1, 3.6 Hz, 2H), 7.65 (t, J = 6.0 Hz, 2H), 7.48 (d, J = 16.0 Hz, 1H), 4.91 – 4.44 (m, 
2H), 1.80 (s, 6H), 1.50 (t, J = 7.2 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 179.74, 156.36, 151.91, 
146.93, 143.32, 139.98, 136.93, 133.58, 128.83, 128.67, 125.65, 123.95, 122.60, 114.49, 113.95, 108.86, 
51.51, 41.69, 25.01, 13.21. MS m/z [M]+ Calculated for C24H23N2O3

+ 387.1712, found 387.1703.
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remained apparent, and little interference 
from other anions was noted.

To examine the possible mechanism 
of the L1 probe's ability to detect CN-, 1H 
NMR titration, MS, and DFT methods were 
carried out. For the 1H NMR titration ex-
periment, L1 and TBACN were dissolved in 
DMSO-d6. Prior to the addition of CN-, the 
1H NMR chemical shift of the vinylic proton 
Ha and Hb on L1 was at 7.97 ppm and 7.91 
ppm. The –N–CH2– of the Hc protons was 
at 4.76 ppm. After CN- was added into the 
L1, all 1H NMR signals shifted upfield. The 
peaks belonging to the vinylic protons Ha 
and Hb exhibited an upfield shift from 7.97 
and 7.91 ppm to 6.75 and 6.48 ppm upon 
adding 1 equivalent of CN-. Additionally, 
the signals in accordance with –N–CH2– 
(Hc protons) presented an upfield shift 
from 4.76 to 3.17 ppm (Figure 4c). Further, 

MS analysis was carried out. The L1 peak 
was at 387.32 m/z (Figure 4b). The peak of 
the additive product L1-CN was at 414.36 
m/z (Figure 4a). The additive product 
L1-CN was characterized upon adding 1 
equivalent of CN- to L1. 1H NMR and MS 
data indicated that L1 underwent the cya-
nide nucleophilic addition reaction that 
cleanly converted the -C=N group. 

To validate the suggested mechanism 
of L1 detection of CN-, DFT calculations 
were made at the b3lyp /6-31G(d) level of 
theory. In Figure 5, the optimized ground-
state (S0) structures, the highest occupied 
molecular orbitals (HOMO), and lowest 
unoccupied molecular orbitals (LUMO) of 
L1 and L1-CN are shown. Important differ-
ences between L1 and L1-CN can be seen. 
Both the HOMO and LUMO of L1 disperse 
over the whole molecule, demonstrating 

good delocalization of the electron cloud 
density and the active ICT processes. 
Upon the nucleophilic addition of CN-, the 
conjugation is interrupted, the ICT process 
is blocked, and the HOMO and LUMO of 
the L1-CN additive product are focused 
on the furfural derivative and indolium. 
Also, the HOMO-LUMO energy gap of L1 
was calculated to be 2.65 eV, much lower 
than that of L1-CN (2.89 eV). This building-
up energy gap is responsible for the blue 
shift of the UV–vis of L1. The experimen-
tal phenomenon was well in line with the 
theoretical results. Therefore, we can sum-
marily conclude that L1 detected CN- by a 
nucleophilic addition reaction.

Conclusions
In summary, we have reported an effective 
technique for the construction of a highly 
selective furfural derivative–indolium 
probe, called L1, to detect cyanide anion 
in DMSO/H2O (1:1, v/v) solution. The L1 
probe selectively detected CN- through 
color change and through UV-vis and 
fluorescence spectroscopic data. Visual 
observation revealed that the solution 
color changed from yellow to lime. Also, 
the color change was followed by yellow 
fluorescence quenching. The mechanism 
for detection of CN- by the L1 probe was 
characterized as a nucleophilic addition 
reaction, as determined by 1H NMR, MS, 
and DFT measurements. The L1 probe 
exhibits high selectivity for CN-, even in 
the presence of other anions, and has a 
low limit of detection (LOD) of 3.65 × 10-7 
mol/L, demonstrating that the L1 probe 
is an effective and convenient sensor 
for recognizing cyanide in complicated 
wastewater systems.
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An Indole-Based Chemosensor 
for the Detection of Fluoride Ion 
and Use In Bioimaging

A new indole-based chemosen-
sor, called FL ((E)-N’-(3-chloro-
2-hydroxybenzylidene)-1H-indole-
2- c a rb o hyd raz id e)  c a pa b le  o f 
recognizing F- ions and exhibiting a 
turn-on fluorescence response, was 
synthesized and tested. FL showed 
a high fluorescence enhancement in 
the presence of F- ions in a solution 
of CH3CN-phosphate and buffer so-
lution (PBS) (99:1, v/v) with a signifi-
cant color change (from colorless to 
yellow). FL had a good linear relation-
ship with F- from 0 to 11.85 μM and a 
detection limit up to 3.2 nM. The Job 
plot indicated that FL formed a com-
pound with F- ions in a 2:1 ratio and 
the binding constant was calculated to 
3.6 × 104 M−2. The proposed bonding 
mechanism between FL and the F- ion 
was speculated as hydrogen bonding 
by O-H∙∙∙F. Results of fluoride ion de-
tection in water samples and cell im-
aging demonstrated that FL has the  
potential application to investigate 
biological processes involving F- ion 
within living cells.

Wen Lu, Jichao Chen, Jiuzhou Shi, Rui Hu, Buhong Gao,  
Shilong Yang, and Li Xu

Fluoride ion, one of the most 
important nucleophilic anions, 
has attracted special attention 

because of its extensive application in 
oral health and clinical treatment of os-
teoporosis (1–5). A moderate amount of 
fluoride ions can help the normal devel-
opment of bones and teeth (6). It can also 
improve the resistance of tooth enamel 
to acid corrosion by bacteria, and it has 
an obvious effect on preventing dental 
caries. However, excessive intake of fluo-
ride ions may cause a variety of diseases, 
such as gastric disease, kidney disease, 
dental fluorosis, skeletal fluorosis, uro-
lithiasis, and even death, because of 
its toxicity (7–9). When the fluoride ion 
content in drinking water exceeds 4 
ppm, people are prone to develop skel-
etal fluorosis, which leads to bone mar-
row deformity. Therefore, the detection, 
evaluation, and prevention of excessive 
fluoride ions is important because of its 
impact on human health. 

There are many methods that have 
been widely used to detect fluoride 
ions. These methods include ion selec-
tive electrodes (10–16), ion chromatog-
raphy (17–19), colorimetry (20), and high 
performance liquid chromatography 
(HPLC) (21–22). These common meth-
ods can detect fluoride ions quickly and 
accurately, but they have several short-

comings, which include high cost, poor 
selectivity, and supplementary sample 
preparation. With the rapid development 
of supramolecular chemistry and the 
deepening of research on anion recogni-
tion, chemical sensors based on fluoride 
ion recognition have become a current  
research priority (23–25). 

One of these chemical sensors is 
known as the coumarin derivative. Cou-
marin derivatives are designed as fluo-
ride ion chemical sensors because of 
their high quantum yield and large stock 
shift (26,27). Indole, which is a hydrogen 
bond donor, is favored by research-
ers as a chemosensor for fluoride ions. 
In a recent study, Bu’s group synthe-
sized a series of indole-based fluoride 
ion chemosensors with 2,3-diindol-
3-yl diketone (28–30). By connecting 
2,3-diindol-3-yl diketone with diami-
nomaleonitrile, the novel chemosensor 
displayed a highly selective response to 
F- in dimethyl sulfoxide, and the color 
of the solution changed from yellow to 
red-orange (29). After connecting with 
1,2,3,4,5,6-hexaaminobenzene, a visible 
chemosensor based on photoinduced 
electron transfer (PET) and intramolecu-
lar charge transfer (ICT) mechanisms 
was formed with a 42 nm red shift of 
fluorescence emission (30). These che-
mosensors are characterized using -NH 
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and -OH as hydrogen bond donors to 
form hydrogen bonds with fluoride ion 
for identification.

This article discusses how a chemo-
sensor, referred to as “FL”, containing 
indole and salicylaldehyde moieties 
(FL) and based on hydrogen bonding 
for fluoride ion sensing was designed 
and characterized (Figure 1). FL exhib-
ited a selective and sensitive emission 
response to the F- ion, and a significant 
color change (from colorless to yellow) 
is visible in the presence of the F- ion in 
a CH3CN:PBS (99:1, v/v) solution. More-
over, its ability to image F- ions in cervical 
cancer cells (Hela cells) has been demon-
strated using confocal microscopy.

Experimental
Materials and Measurements
All reagents for synthesis were purchased 
commercially and used directly with-
out any further purification. The water 
used throughout the experiment was  
doubly deionized.

The 1H nuclear magnetic resonance 
(NMR) spectrum of compound 1 was re-
corded using a 300M NMR spectrometer 
(Bruker), while the 1H NMR spectra of all 
other compounds and all 13C NMR spec-
tra were recorded on a Bruker Avance III 
600M NMR spectrometer with DMSO-d6 
as the solvent. 1H NMR titration experi-
ments used CH3CN-d3 as the solvent. 
Mass spectra were measured by an LTQ-
Orbitrap XL mass spectrometer (Thermo 
Electron). UV-vis absorption spectra and 
fluorescence spectra were recorded on a 
Lambda 950 spectrometer (PerkinElmer) 
and LS 55 Fluorescence Spectrometer 
(PerkinElmer), respectively. The final bio-
imaging application was measured with 
a Zeiss LSM710 Airyscan confocal laser 
scanning microscope.

Synthesis of FL
FL was synthesized by the condensation 
of two compounds, which was readily 
available from one compound by using 
the previously reported procedure (31). 

Table I shows all NMR data for the 
three synthesized FL compounds. Syn-
thesis of compound 1, indole-2-car-
boxylic acid methyl ester, went as thus: 

Indole-2-carboxylic acid (1.4504 g, 9.0 
mmol) was dissolved in 10 mL metha-
nol, and 0.5 mL concentrated sulfuric 
acid was added. The mixed solution was 
refluxed for 3 h before being poured 
into ice water to adjust the pH to 7 by 
addition of NaHCO3. After stirring in ice 
water, a white precipitate was formed 

and filtered. The precipitate was washed 
with water and dried to obtain a white 
solid, required to as “white solid #1” 
(1.5352 g, 97%).

Synthesis of compound 2, indole-2 -car-
boxylic acid methyl ester 1 (1.5352 g, 8.8 
mmol, proceeded as follows: Indole-2-car-
boxylic acid methyl ester 1 (1.5352 g, 8.8 
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mmol) was dissolved in 50 mL anhydrous 
ethanol, and hydrazine hydrate (5.26 mL) 
was added dropwise before being stirred 
at room temperature. The mixed solution 
was refluxed for 4 h. After cooling to room 
temperature, a “white crystalline solid #2” 
formed (0.9242 g, 60%).

The synthesis of FL proceeded as fol-
lows: Indole-2-carbohydrazide 2 (0.1751 
g, 1.0 mmol) and 3-chlorosalicylaldehyde 
(0.1872 g, 1.2 mmol) were dissolved in 15 
mL anhydrous ethanol and refluxed for 
6 h. After cooling to room temperature 

slowly, a precipitate formed. The precipi-
tate was washed with portions of ethanol 
and dried to obtain a “yellow powdery 
solid #3” (0.2902 g, 93%). 

Preparation of Stock Solution  
of the FL Chemosensor and Anions
The stock solution of the FL chemosen-
sor (1.0 mM) was dissolved in CH3CN. 
Salt solutions of anions (1.0 mM) (Br-, Cl-, 
ClO4

-, H2PO4
-, HSO4

-, I- and NO3
-) were 

all prepared by n-Bu4N+ salts in deion-
ized water. Fluorescence spectra mea-

surements were performed with a con-
centration of 10.0 μM of FL (CH3CN:PBS 
(99:1, v/v), λex = 362 nm, slit width = 5 
nm, 7 nm), while UV-vis spectra mea-
surements were performed with a FL 
solution with a concentration of 20.0 μM 
(CH3CN:PBS (99:1, v/v)). In fluorescence 
titration experiments, 3 mL of sensor 
solution in a quartz optical cell was ti-
trated with F- prepared in advance. To 
guarantee the reproducibility of the ex-
perimental phenomena, all experiments 
were repeated two or three times.

Limit of Detection (LOD)
The limit of detection (LOD) was calcu-
lated based on fluorescence titration. A 
plot of the measured fluorescence inten-
sity at the 500 nm emission band versus 
concentration of F- ion added allowed 
calculation of the limit of detection 
from the equation LOD = 3σ/k, where 
σ is the standard deviation of the emis-
sion of a blank solution, which was mea-
sured 20 times, and k is the slope of the  
calibration curve (32,33). 

Detection of F- Ion in Water Samples
Water samples used in this work were 
ultrapure water and tap water from the 
Nanjing Forestry University. Different 
concentrations of F- were added to the 
water samples to test the accuracy of the 
FL chemosensor and each sample was 
tested three times.

Cell Culture and Fluorescence Imaging
Hela cells were used for cell imaging. 
The medium contained 10% fetal bo-
vine serum (FBS) and a 5% penicillin-
streptomycin solution. The samples 
were incubated at 37 °C in 5% CO2. Hela 
cells were inoculated into six well plates 
with cover slips at 1.5 × 104 cells per well. 
After 24 h, the medium was removed and 
the cells were washed three times with 
PBS (pH = 7.2). Then, the FL chemosen-
sor (1 × 10-5 M) was added to the cells 
followed by incubation for 12 h. At the 
end of the process, the medium was re-
moved and the cells were washed three 
times with PBS. Finally, a 5 × 10-5 M F- 
solution was added and incubated for 
1 h. The cover glass was washed three 
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FIGURE 3: Time-dependent fluorescence intensity of FL (10 μM) for F– (1 
equivalent) in CH3CN:PBS (99:1, v/v) solution.

TABLE I: NMR and ESI–MS data for FL synthesis products

Sample Designation 1H and 13C NMR Spectral Data

“White solid #1” 
(1.5352 g, 97%)

1H NMR (300 MHz, DMSO-d6) 
δ(ppm): 11.89 (s, 1H), 7.66 (d, J=7.8 
Hz, 1H), 7.46 (d, J=8.1 Hz, 1H), 7.26 
(t, J=7.8 Hz, 1H,), 7.16 (s, 1H), 7.08 
(t, J=7.8 Hz, 1H), 3.87 (s, 3H). 13C 
NMR (150 MHz, DMSO-d6) δ(ppm): 
161.93, 137.55, 127.20, 126.88, 124.79, 
122.22, 120.32, 112.73, 107.91, 51.89.

“White crystalline solid #2” 
(0.9242 g, 60%)

1H NMR (600 MHz, DMSO-d6) 
δ(ppm): 11.58 (s, 1H), 9.76 (s, 1H), 
7.58 (d, J=7.8 Hz, 1H), 7.42 (d, J=8.4 
Hz, 1H), 7.16 (t, J=7.2 Hz, 1H), 7.08 (s, 
1H), 7.02 (t, J=7.2 Hz, 1H), 4.49 (s, 
2H). 13C NMR (150 MHz, DMSO-d6) 
δ(ppm): 161.39, 136.46, 130.62, 127.26, 
123.25, 121.53, 119.84, 112.39, 102.03.

“Yellow powdery solid #3” 
(0.2902 g, 93%).

1H NMR (600 MHz, DMSO-d6) δ(ppm): 
12.39 (s, 1H), 12.35(s, 1H), 11.89 (s, 
1H), 8.61(s, 1H), 7.71 (d, J=7.8 Hz, 1H), 
7.52~7.49 (m, 1H), 7.34 (d, J=1.2 Hz, 1H), 
7.26~7.23 (m, 1H). 13C NMR (150 MHz, 
DMSO-d6) δ(ppm): 157.59, 153.24, 
147.81, 137.16, 131.30, 129.44, 129.31, 
127.02, 124.28, 122.03, 120.46, 120.46, 
120.23, 120.13, 119.88, 112.57, 104.35. 
ESI–MS m/z: 312.0555 [FL-H]-.
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times with PBS and double-steamed 
water. The fluorescence of the cells was 
observed by confocal laser scanning  
fluorescence microscopy.

Results and Discussion
Selectivity of FL to F- Ion
To evaluate the selectivity of FL, differ-
ent anions, prepared in advance, were 
tested in CH3CN:PBS (99:1, v/v) solution 
by fluorescence spectrometry. Figure 1a 
shows the fluorescence spectrum of FL 
after adding Br-, Cl-, ClO4

-, F-, H2PO4
-, 

HSO4
-, I- and NO3

- ions (λex = 362 nm, 
slit width = 5 nm, 7 nm). The addition of 
F- ion induced a significant increase in 
the emission intensity at 500 nm, while 
other anions had almost no influence 
on the fluorescence spectra of FL. This 
result indicated that FL had a selective 
recognition of fluoride ion. 

Consistent with these fluorescence 
spectroscopy results, a noticeable color 
change was observed, with visible light 
when the equivalent of five F- ions were 
added to the solution of FL (from color-
less to yellow for FL, as shown in Figure 
1a), whereas the addition of other anions 
did not result in a color change. The re-
sult indicated that FL could be used as 
a colorimetric receptor for the visual  
detection of F-.

The experiment of F- titration against 
FL was also tested by fluorescence 
spectroscopy (Figure 1b). A significant 
increase in fluorescence intensity is ob-
served with the increasing concentration 
of F- (from 0 to 11.85 μM). FL exhibited a 
good linear relationship and the correla-
tion coefficient was R2 = 0.99. The solu-
tion changes from colorless to yellow and 
reached saturation thereafter. Thus, FL 
can be used for quantitative analysis of 
F-. According to the experiments data 
from the fluorescence titration experi-
ments, the detection limit of FL with F- 
can reach 3.2 nM, which was calculated 
on the basis of LOD = 3σ/k, where σ is 
the deviation of the blank signal and k 
is the slope of the calibration curve. By 
comparison, the detection limit reported 
in this work is lower than that shown for 
many other reported chemosensors 
(Table II). 

The possible interference of coexist-
ing anions on the detection of F- was 
also studied, but by mixing F- in a FL so-
lution with other anions. The competi-
tive experiments were done to further 
confirm the selectivity of FL for F- ion. 
Before adding F- ion, the fluorescence 
intensity of all samples except F- ion was 
relatively weak, but the fluorescence in-
tensity increased significantly after add-
ing the same equivalent concentration of 
F- ion (Figure 2c), and the fluorescence 
intensity was consistent with the solution 
containing only F- ion. The above experi-
ment indicated that the detection of F- 

ion does not cause interference with the 
presence of other anions.

Proposed Sensing Mechanism
To estimate the binding ratio be-
tween F- ion and FL, a Job plots (37) 
experiment was carried out (Figure 
2d). The total concentration of FL and 
F- ion was maintained at 20 μM and 
the molar ratio of FL was sequentially 
increased from 0.1 to 1.0 to measure 
the absorbance. The maximum ab-
sorption value of FL/F- was calcu-
lated at 0.69, which reveals that the 
combined chemometrics ratio of FL 
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FIGURE 4: 1H NMR spectra of FL with addition of F- in CH3CN-d3: (1) FL only; 
(2) FL and 0.125 equivalent F-, (3) FL and 0.25 equivalent F-, (4) FL and 0.375 
equivalent F-.

TABLE II: Comparison of the reported sensors for F- ion

Target LOD (M) Ref.

F-

2.3 x 10-5 (34)

2.0 x 10-7 (35)

3.2 x 10-8 (36)

3.2 x 10-9 This work

TABLE III: Determination of F- in water samples from different water sources

Sample Added (μM) Found (μM) Recovery (%) RSD (%)

Ultrapure water

1.00 0.98 97.70±0.76 0.96

2.00 2.15 107.46±1.85 2.10

3.00 3.11 103.62±1.50 1.44

Tap water

1.00 0.97 97.44±2.22 2.79

2.00 2.04 102.22±1.96 2.35

3.00 2.99 98.70±1.68 2.08
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to F- was 2:1. The binding constant 
Ka of FL and F- was calculated to be  
3.6 × 104 M−2.

Moreover, the reaction time and 
stability for FL recognition of F- were 
studied. When the F- was added to 
the solution containing FL, the color 
of the mixture solution turned yellow 
immediately. The fluorescence spec-
tra were recorded as soon as possible, 
and the result showed that the reaction 
time was instantaneous. As a result, 
the reaction between FL and F- can 
be considered as expeditious. In ad-
dition to the quick reaction time, the 
fluorescence intensity was stable for 1 
h, indicating the excellent stability for 
recognition of F- by FL (Figure 3).

In addition, 1H NMR titration experi-
ments were carried out in CH3CN-d3 to 
explore the proposed binding mecha-
nism between FL and F- ion. As shown 

in Figure 4, signals of indole-NH (12.33 
ppm), amide-NH (10.67 ppm) and -OH 
(10.11 ppm) disappeared after F- (0.125, 
0.25, 0.375) was added to the solution of 
FL, indicating that a weak hydrogen bond 
was formed between these protons and 
F- ions (28). The proton peak of the FHF- 
ion was not observed in these titration 
processes, which further proved that 
the probable mechanism for detection 
of F- was hydrogen bonding rather than 
deprotonation (as seen in Figure 5) (28–
30). The proposed mechanism is shown 
in Figure 5. The structure of FL didn’t 
conjugate well at first, leading to the low 
fluorescence. After binding with F-, enol 
tautomerism of the amide bond occurred, 
which enhanced the conjugation of the 
structure and increased fluorescence. 
When the carbon-oxygen double bond 
changed to hydroxyl, F- formed hydrogen 
bonds with FL in a ratio of 1:2 by O-H∙∙∙F.

The stoichiometric complexation of FL 
with F- in a 2:1 stoichiometric ratio was 
further confirmed by electrospray ioniza-
tion–mass spectrometry (ESI–MS) mass 
analysis of the FL–F- complex (Figure 6). 
The expected [FL + F--H]- was observed 
at 322.5855 m/z, which is consistent to 
the theoretical value (322.0574). There-
fore, it was confirmed that FL formed a 
2:1 complex with fluoride ion. 

Performance in Water Samples 
Ultrapure and tap water samples were 
collected to explore the performance 
of FL in detecting F- ion in real water 
samples. In the linear range of the F- 
ion, ultrapure water was spiked with the 
standard F- ion at different concentration 
levels to check the accuracy of determi-
nation. The results show that FL has rea-
sonable recoveries and relative standard 
deviation (RSD) values for the samples, 
indicating that FL could be used for mon-
itoring F- ion in environmental samples 
(Table III).

Cell Imaging
To explore the ability of FL to detect flu-
oride ion in living cells, Hela cells were 
chosen. As seen in Figure 7, Hela cells did 
not exhibit fluorescence without FL, but 
a weak blue fluorescence was observed 
after culturing with FL (10 μM) for 12 h 
(shown in Figure 7a and 7b). Noticeable 
blue fluorescence was observed in FL 
medium after 50 μM F- was added (Fig-
ure 7c and 7d). This indicated that the cell 
membrane exhibited high permeability 
for FL, which once internalized in the cell 
can detect exogenous F- ion. 

Conclusion
In conclusion, the FL chemosensor, 
based on indole moieties, was success-
fully synthesized and characterized. The 
compound displayed a highly selective 
response to F- ions in a CH3CN:PBS (99:1, 
v/v) medium with clear color change from 
colorless to yellow and fluorescence 
changes. In addition, from fluorescence 
titration, FL showed a good linear rela-
tionship with F- ion from 0 to 11.85 μM. 
The detection limit and binding constant 
were calculated at 3.2 nM and 3.6 × 104 
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M−2, respectively. The proposed binding 
mechanism between FL and F- ion was 
hydrogen bonding, as determined by 
1H NMR spectra. A Job plot and mass 
spectrum confirmed the binding ratio to 
be 2:1. Therefore, FL can be employed as 
an efficient chemosensor for detecting 
F- ion in living cells and water samples.
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Catalytic Kinetic 
Fluorimetric Detection of 
Trace Amounts of Bismuth

A catalytic kinetic f luorescence 
method for the detection of trace 
bismuth(III) was developed, which 
focuses on the fading reaction of hy-
drogen peroxide that oxidizes eosin 
Y under the acidity of pH 4.50 and  
90 oC. Experiments showed that bis-
muth could catalyze the oxidation 
of eosin Y by hydrogen peroxide; 
simultaneously, the fluorescence in-
tensity was weakened or lost. The 
linear relationship between bismuth 
and eosin Y can be used to determine 
trace amounts of bismuth. The results 
showed that the concentration of 
bismuth in the range of 4.0 × 10-4 to 
4.0 × 10-3 μg/L showed a good linear 
relationship with lg(I0

F /IF), the cor-
relation coefficient was 0.9971, and 
the detection limit of the method was 
1.9 × 10-5 μg/L. The method could be 
used for the determination of bismuth 
in human hair and water samples.

Zhang Xiao, Sheng Li, Wang Zhao-qun, Li Hai-su, XueZi-yan, and Su Bi-quan 

Bismuth is  known as the 
“green metal” and is widely 
u s e d  i n  t h e  m e d i c a l  a n d 

health industry. Bismuth has a sig-
nificant role in the treatment of gas-
tric diseases such as gastric ulcers. 
In addition, bismuth is also used in 
semiconductor materials, cosmetics, 
dyes, biomedical science, combus-
tion aids, and other industries (1–3). 
Therefore, it is significant to study 
methods for the determination of 
bismuth in the environment. Cur-
rently, measurement methods for 
bismuth mainly include resonance 
light scattering spectrometry (RLS), 
atomic absorption spec trometr y 
(AAS), ethylenediaminetetraacetic 
acid (EDTA) t i t rat ion, ex trac t ion 
spectrophotometry, f low injection 
analys is (FIA),  inhibi t ion k inet ic 
spec t rophotometr y,  induc t ive ly 
coupled plasma–atomic emission 
spec trometr y ( ICP-AES), adsorp-
t ive s t r ipping vol tammetr y,  and 
f luorescence spectrometry (4–13). 
Kinetic spectrophotometry has the 
advantages of high sensitivity and 
simple operation and has been ex-
tensively discussed in repor ts of 
determination of trace elements. 
Therefore, kinetic spectrophotom-
etry has become a very important 

method for the analysis and detec-
tion of microtrace elements (14–20). 
Three-dimensional f luorescence 
spectroscopy is a new fluorescence 
analysis technology that was de-
veloped within the past 10 years. 
It is a function of two wavelength 
parameters, of excitation and emis-
sion. The three-dimensional fluores-
cence spectrum can be displayed 
by a three-dimensional stereogram 
or a planar contour map, which has 
the advantages of simplicit y and  
intuitiveness (21–23).

It was found that trace amounts 
of bismuth had a significant cata-
lytic effect on the reaction of eosin 
Y with hydrogen peroxide under pH 
4.50 and 90 oC. A novel catalytic ki-
netic fluorescence method was es-
tablished for the determination of 
trace bismuth. The method has a 
low detection limit, high sensitivity, 
and simple operation. It also has the 
ability to determine trace bismuth 
in human hair and sewage samples.

Experimental
Apparatus
The f luorescence measurements 
were car r ied out with an F-710 0 
f luorescence spec trophotometer 
(Hitachi). Absorption spectra were 

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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recorded on a U-3900H UV-Vis spec-
trophotometer (Hitachi ).  The pH 
was measured by a pHS-3C meter 
(Shanghai Leici Instruments). The 
solution was heated in a HH-2 ther-
mostatic water bath (Shanghai Li-
chen Instrument Technology).

Reagents
T he s to c k  s o lu t ion  o f  b i s mu t h 
(0.1000 g/L) was prepared as fol-
lows: 0.2320 g of Bi(NO3)3 x 5H2O 
(Tianjin Comeo Chemical Reagent 
Development Center, China) dis-
solved in 10 mL of nitric acid solu-
tion (φ = 25%) and diluted to 1000 
mL. The stock solution was diluted 
to 0.1000 μg/L as a standard working 
solution with water, 25% nitric acid 
solution, 0.20 mg/mL (w/v) eosin Y 
solution, 3% (v/v) hydrogen peroxide 
solution, and 1.00% (w/v) EDTA solu-
tion. The reagents were of analyti-
cal regent (AR) grade, and doubly 
distilled water was used throughout 
this work.

Experimental Method
At a pH of 4.50, 1.50 mL of 0.20 mg/
mL eosin Y solution, 5.00 mL of 3% 
H2O2 solution, and 0.1000 μg/L in 
dif ferent volumes of the standard 
solution of bismuth were poured 
into a 25-mL colorimetric tube with 
stopper. The mixture was diluted to 
the mark with water and mixed thor-
oughly. The solution was heated in 
a 90 oC water bath for 15 min before 
it was cooled to room temperature. 
The solution was then cooled with 
cold running water for 5 min be-
fore 2 mL of 1% EDTA was added 
to terminate the reaction. The f lu-
orescence spec tra of the system 
were recorded at λex = 515 nm and  
λem = 542 nm, and the absorbance 
was measured in a 1-cm cell at the 
wavelength of the maximum absor-
bance against a reagent blank. The 
variation of the fluorescence inten-
sities was denoted as the relative 
f luorescence intensity lg(I0

F/IF), or 
ΔI = I 0

F - IF. When the relative in-
tensity was calculated, a standard 

curve within a specific concentra-
tion range was made. F and F0 were 
the fluorescence intensities of sys-
tem and reagent blank, respectively.

Results and Discussion
Verification Test
The ver i f i c a t ion tes t  examined 
whether bismuth cataly zed with 
eosin Y and caused the discolor-
ation in the presence of hydrogen 
peroxide. I f  i t  does, the eosin Y 
system should see a reduction in 
its fluorescence intensity and show 
a linear relationship. To determine 

the accuracy of the verification test, 
a reference was selected, according 
to the principles of the experiment.

There were two prepared sets of 
comparative experiments, accord-
ing to the experimental conditions. 
In one of them, 0.50 mL of bismuth 
was added, and in the other, no bis-
muth was added. The fluorescence 
intensity spectrum was measured 
af ter the reac tion concluded. As 
shown in Figure 1, the fluorescence 
intensity was excellent when bis-
muth was not added, and the fluo-
rescence intensity decreased after 
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FIGURE 1: Effect of Bi(III) on the discoloration of eosin Y.
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adding bismuth. Therefore, bis-
muth can reduce the f luorescence  
intensity of eosin Y.

System Fluorescence Spectrum
Accord ing to the ex per imenta l 
method, different component solu-
tions were prepared to obtain the 
f luorescence intensit y spec trum 
curve, as shown in Figure 2. From 
Figure 2, it is verified again that bis-
muth has a greater catalytic effect 
on the fading reaction of hydrogen 
peroxide–oxidized eosin Y, which 
meets the experimental principle. 
The fluorescence intensity shown in 
Figures 2a and 2b without bismuth 
is strong and the difference is very 

small, which is quite dif ferent from 
the weakened fluorescence intensity 
shown in Figure 2c, 2d, 2e, and 2f. At 
the same time, comparing Figure 2c 
and 2d, the f luorescence intensity 
of 2c without hydrogen peroxide is 
stronger, indicating that hydrogen 
peroxide has reacted with eosin Y 
and has a strong and measurable 
oxidation effect.

Three-Dimensional Atlas
Figure 3 displays a three-dimen-
sional f luorescence plane contour 
plot of a blank solut ion without 
bismuth.  A s shown in F igure 3 , 
there are three spectral lines from 
the lower lef t corner to the upper 

right corner that are generated by 
Rayleigh scattering of the solution. 
These three lines are stronger in the 
shorter wavelength portion (bottom 
left corner), but weaken and disap-
pear in the longer wavelength por-
tion (upper right corner). Rayleigh 
scat tering lines and f luorescence 
contour l ines cross between 50 0 
and 580 nm. As can be seen from 
the fluorescence 3-D graph of Fig-
ure 3, the f luorescence intensit y 
is the largest at λex = 515 nm and  
λem = 542 nm.

Optimum Conditions for the Reaction
Effect of pH
Acidity has an important ef fect on 
the progress of the catalytic reac-
tion. Under acidic conditions, bis-
muth can catalyze the oxidation of 
eosin Y by H2O2. The experiment 
was chosen to investigate the effect 
of H2O2 on the fluorescence inten-
sity of Eosin Y when the pH was be-
tween 2 and 6. The experimental re-
sults showed that when the pH value 
was between 4 and 5, the relative 
f luorescence intensity ΔI (ΔI = I0

F-
IF) was large and remained constant. 
The relative fluorescence intensity 
of the system was the largest at  
pH = 4.50, so that pH level was used 
in the experiment.

Selection of the Right
Amount of Eosin Y and H2O2
Too much or too lit tle eosin Y will 
affect the results of the experiment. 
On the premise of ensuring that 
eosin Y has no self-extinguishing 
f luorescence, 0.50 to 3.0 0 mL of 
eosin Y was added, according to the 
experimental method. The results 
are shown in Figure 4. When 1.50 mL 
of eosin Y was added, the f luores-
cence intensity was the strongest, 
and it was stable. The fluorescence 
intensity was the worst when 0.50 
mL of eosin Y was added. The fluo-
rescence intensity was similar when 
2.00 mL and 2.50 mL of eosin Y was 
added. Because the concentration 
of the developer is too high, self-ab-
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sorption will occur, and the fluores-
cence intensity will decrease. The 
optimal amount of eosin Y was de-
termined to be 1.50 mL. Under the 
selected test conditions, the experi-
ment was carried out by changing 
the amount of H2O2 to investigate 
its effect on the catalytic reaction. 
As shown in Figure 4, increasing 
amounts of oxidant H2O2 can speed 
up the catalytic reaction. When the 
amount of H2O2 is 5.00 mL, the fluo-
rescence intensity is the strongest 
and stable. When the amount of 
H2O2 is too large, the excess oxidant 
greatly reduces the absorbance of 
noncataly tic reac tions. Thus, the 
optimal amount of H2O2 was deter-
mined to be 5.00 mL.

Effect of Reaction Temperature and Time
Under the selec ted experimental 
conditions, the ef fect of the reac-
tion temperature and time on the 
experimental reac tion was inves-
tigated. The results showed that 
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TABLE I: Interference ion determination

Serial 
Number

Eosin Y
(mL)

Hydrogen 
Peroxide

(mL)

Bismuth(III)
(mL)

Interference 
Ion Multiple Fluorescence 

Intensity

Relative 
Error
(%)

1 1.50 5.00 1.00 K- 5000 96.627 4.43

2 1.50 5.00 1.00 Na+ 5200 88.071 -4.82

3 1.50 5.00 1.00 NH4+ 5000 88.498 -4.35

4 1.50 5.00 1.00 SO4
2- 4455 88.734 -4.10

5 1.50 5.00 1.00 Cl- 1200 88.473 -4.38

6 1.50 5.00 1.00 Zn2+ 1345 87.966 -4.93

7 1.50 5.00 1.00 Fe3+ 250 96.441 4.23

8 1.50 5.00 1.00 Mn2+ 1345 88.429 -4.43

9 1.50 5.00 1.00 Ca2+ 900 88.285 -4.59

10 1.50 5.00 1.00 Al3+ 400 88.641 -4.20

11 1.50 5.00 1.00 Cd2+ 370 87.943 -5.00

12 1.50 5.00 1.00 Mo(VI) 600 88.539 -4.31

13 1.50 5.00 1.00 Ag+ 700 88.581 -4.27

14 1.50 5.00 1.00 Co2+ 570 88.473 -4.38

15 1.50 5.00 1.00 Ni2+ 700 88.263 -4.61

16 1.50 5.00 1.00 Mg2+ 1300 88.671 -.417

17 1.50 5.00 1.00 Cr3+ 1300 87.865 -5.00

18 1.50 5.00 1.00 As(V) 870 88.738 -4.10
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when the temperature was above 
25 oC, the cataly tic reaction sped 
up and the absorbance increased 
with increasing temperature. When 
the temperature was 90 oC, the rel-
ative f luorescence intensity of the 
system was the largest and stable. 
When the temperature was higher 
than 90 oC, the absorbance de-
creased because the temperature 
was too high. Thus, the optimal 
reac tion temperature was deter-
mined to be 90 oC. Subsequently, 
the fluorescence emission intensity 
of the system at dif ferent reaction 
times (0 –25 min) was measured at 
90 oC. The results showed that the 
f luorescence intensit y increased 

rapidly when the heating time was 
within 0 –15 min, the f luorescence 
intensity decreased when the heat-
ing time was between 15 –25 min, 
and the relative fluorescence emis-
sion intensity reached the maximum 
when the heating time was 15 min. 
Therefore, the optimal response 
time was determined to be 15 min. 
When the reaction was terminated 
with EDTA, the amount of 1.0 0% 
EDTA was 2.00 mL.

Work Curve and Detection Limit
According to the above experimen-
tal method, the calibration curve 
was established by conducting a se-
ries of similar experiments at various 

concentrations of bismuth within a 
certain concentration range. The re-
sults of these are shown in Figures 
5a and 5b. The results show that 
the f luorescence intensit y of the 
solution decreased with increasing 
concentrations of bismuth and when 
the volume of bismuth solution was 
0.10–1.00 mL, that is, the actual con-
centration was 4.0 × 10 -4 to 4.0 × 
10 -3 μg/L, there was a good linear 
relationship between the lg(I0

F/IF) 
and the concentrations of bismuth. 
The l inear  regres s ion equat ion 
has the form lg (I0

F/IF) = 0.00277 + 
1.44689ρBi3+(μg/L), and the correla-
tion coefficient was 0.9971. The bis-
muth solutions of 0.20 mL and 1.00 
mL were measured 21 times, and the 
relative standard deviations (RSD) 
were 3.20% and 1.97%, respectively. 
The sensitivity of this experimental 
method is based on the minimum 
amount of the test substance that 
can be detected, the detection limit 
was 1.9 × 10-5 μg/L.

Selectivity of the Method
According to the procedure, if the 
coexisting ions cause a relative error 
of less than or equal to ±5% in the 
f luorescence intensit y change of 
system, the common ions were con-
sidered to have few inter ferences 
for the determination of bismuth. 
The measurement results are shown 
in Table I.

Sample Analysis
Detection of Bismuth in Water Samples
A 100 mL sample of local sewage 
was poured into a volumetric f lask 
for subsequent use and f i l tered 
with quick f ilter paper to remove 
insoluble impurities. Then, 50 mL of 
the filtrate was drawn into a beaker, 
then 1 mL of concentrated hydro-
chloric acid, 2 mL of concentrated 
nitric acid, and the solution were 
added and heated on an elec tric 
furnace until the sewage evapo-
rated to near dryness. When the 
sample reached room temperature, 
1 mL of concentrated hydrochloric 
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acid and a small amount of water 
was poured into the beaker. The 
beaker was then heated to boiling 
for several minutes and cooled to 
room temperature. The pH level 
was adjusted to 4.50, before the so-
lution was transferred to a 100-mL 
volumetric f lask. The mixture was 
diluted to the mark with water and 
mixed thoroughly. The measure-
ment was performed according to 
the selected experimental method, 
and the spiked recovery experiment 
was per formed at the same time. 
Table II shows these results.

Detection of Bismuth in Human Hair
Female human hair samples were 
digested by the wet nitr i f ication 
method, in which a 3.006 g hair sam-
ple was washed with acetone and ul-
trapure water and dried, then added 
to a beaker, nitrated with 60 mL of a 
concentrated HNO3 and HClO4 solu-
tion [(5:1) v:v] at room temperature 
for 3 h, and heated on a hot plate 
until the brown smoke was gone. 
Af ter it was cooled to room tem-
perature, following the same pro-
cedure as above, 1.50 mL of eosin 
Y, 5.00 mL of hydrogen peroxide, 
2.00 mL of EDTA solution, and 0.50 
mL of bismuth solution were poured 
into the beaker before adding 0.00 
mL, 0.50 mL, 1.00 mL, and 1.50 mL 
of human hair for reaction, respec-
tively. The reaction was terminated, 
the residue was re-nitrated with 30 
mL of a mixture of HNO3 and H2O2 
[(2:1) v:v]. The final residue was dis-
solved in distilled water and trans-
ferred to a 50–mL volumetric f lask 
to obtain a t ransparent solut ion 
for experiments. The measurement 
was performed according to the ex-
perimental method, and the results 
were shown in Table II.

Quenching Type
Fluorescence quenching usually in-
cludes static quenching and dynamic 
quenching. It can be distinguished 
by measuring the relationship be-
tween the quenching constant and 

temperature. Static quenching is due 
to the combination of the quencher 
and the f luorophore to generate 
non-fluorescent substances. There-
fore,  when the temperature in -
creases, the degree of turbulence in 
the system increases, resulting in a 
decrease in the quenching constant. 
While dynamic quenching is due to 
quenching, the collision between the 
extinguishing agent and the fluoro-
phore causes the f luorescence in-

tensity to decrease. Therefore, when 
the temperature increases and the 
turbulence of the system increases, 
the collision is intensified, and the 
quenching constant increases.

Dynamic quenching is related to 
diffusion. When the temperature in-
creases, the viscosity of the solution 
decreases and the molecular move-
ment accelerates. As a result, the 
diffusion coefficient of the molecule 
will increase, which will increase the 

! !
!
"#$%&'(!)&"*'(!+!
!

!
!"#$%&$'! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (")"&)$##!

!
"#$%&'(!)&"*'(!,!
!

!
!

!

!

"

!
"

"

#"

$%

$% $%
"#

$% !#

"

!
"#

"

#"

$%

$% $%
"#

$%
#&"&' #''

"# ' #&" '
!

"

!
"

"

#"

$%

$% $%
"#

$% !#

"

!
"#

"

#"

$%

$% $%
"#

$%

Rose red colorless

FIGURE 8: A colored unsaturated lactone (R), containing two phenol light 
groups, converting into a colorless dehydrogenated R—under its own acidity 
of pH = 4.50 and after heating at 100 oC
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FIGURE 9: The ·OH free radicals are small, uncharged, and have a high oxida-
tion potential, and is shown further oxidizing R while accelerating the fading 
color reaction of R.

TABLE II: Analytical results of bismuth in sample

Sample Found
(μg/L)

Added
(μg/L)

Total 
found
(μg/L)

Recovery
(%)

Found 
by AAS
(μg/L)

Local 
sewage 4.682×10-6 2.341×10-6 7.003×10-6 99.15 6.722×10-6

Human hair 1.318×10-3 0.659×10-3 1.987×10-3 101.52 1.811×10-3
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bimolecular quenching constant. 
Conversely, an increase in tempera-
ture may cause the stability of the 
complex to decrease, thereby re-
ducing the extent of static quench-
ing. According to the Stern-Volmer 
equation, if the slope at high tem-
perature is greater than the slope 
at low temperature where dynamic 
quenching is occurring; otherwise, 
it is static quenching (24).

According to the experimental 
scheme, the ultraviolet absorption 
intensity of the eosin Y system with 
dif ferent amounts of bismuth stan-
dard solution was measured, and 
the quenching type was analyzed 
at dif ferent temperatures. The re-
sults are shown in Figures 6 and 7. 
As the temperature increases, the 
quenching t ype obser ved in this 
experiment is presumed to be dy-
namic quenching.

Mechanism Discussion
R is a kind of unsaturated lactone 
containing two phenol light groups 
to produce acidity. Even a weak oxi-
dant can conver t it into dehydro-
genated R. Under its own acidity  
pH = 4.50 and heating in a boil -
ing water bath, the reaction as to 
what this looks like can be seen in  
Figure 8.

When Bi3+ is present, it is mainly 
Bi3+ that interac t s wi th H2O2 to 
produce a ·OH radical based on a  
bimolecular reaction:

H2O2 + Bi3+ → Bi (OH) + ·OH

Because ·OH free radicals are small, 
uncharged, and have a high oxi-
dation potential, they can fur ther 
oxidize R and accelerate the fading 
reaction of R, as seen in Figure 9.

As mentioned above, Bi3+ reacts 
with H2O2 to generate a ·OH radi-
cal, which catalyzes the fading re-
action of H2O2 by oxidizing R (25).

Conclusions
A novel method for the detection 
of trace bismuth by catalytic kinetic 

f luorescence was established. Ex-
per iments showed that bismuth 
could cataly ze the discolorat ion 
of eosin Y in the presence of per-
oxy hydroxide, weaken the f luo-
rescence intensity, and even lose 
fluorescence. lg(I0

F/IF) and the con-
centration of bismuth show a good 
linear relationship, which can be 
used as a basis for the detection of 
trace bismuth. The concentration of 
bismuth in the range of 4.0 × 10-4 to 
4.0 × 10-3 μg/L has a good linear re-
lationship with lg(I0

F/IF), the corre-
lation coefficient is 0.9971, and the 
detection limit of the method is 1.9 
× 10 -5 μg/L. The method used for 
the detection of bismuth in human 
hair samples and water samples, 
with simple operation and high ac-
curacy, and the results were consis-
tent with the certified values.
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A Full Spectroscopic Study  
of Pr:YLF Crystals Used in Lasers

A Judd-Ofelt analysis, quantifying the 
optical intensities of the rare-earth 
ions’ 4f-4f manifolds, is conducted 
in detail, based on the absorption 
spectrum from the visible to infrared 
spectral range for a Pr:YLF crystal. 
The values of key parameters, such as 
radiation lifetime, radiation transition 
probability, and branching ratio, are 
obtained accordingly. Additionally, the 
emission spectra are measured with 
precaution against reabsorption, and 
the emission cross sections are calcu-
lated using the Füchtbauer-Ladenburg 
formula, applied frequently in precise 
emission spectrum analysis, with the 
radiation lifetime derived from the 
Judd-Ofelt model. The results ob-
tained regarding the orange and deep 
red spectral range are higher than 
those from previous reports, providing 
further insights into the lasing mecha-
nism at the concerned wavelengths.

Xiang Geng, Li Li, Chen Qian, and Saiyu Luo

Highly-efficient visible la-
sers  have a t t rac ted sub -
stantial research interest in 

recent years (1–5). Praseodymium 
(Pr), thanks to its energy structure 
(providing a direct down-conversion 
mechanism pumped by the booming 
blue diodes coming out recently) 
has become the most promising 
laser gain ion in the visible range 
(6). As for the host material, yttrium 
li thium f luoride ( YLF ), a posit ive 
uniaxial with tetragonal structure 
of scheelite type (7), is well-known 
for its superior physical and optical 
properties. The Mohs hardness of 
YLF is 4~5 (8), with a relatively high 
thermal conduc tivit y (6 W·m-1·K-1 
[8]) and expansivity (13×10-6 K-1 for 
a-axis, and 8×10-6 K-1 for c-axis [8]), 
facilitating its wide application in 
high-power lasers (9,10) and the Kerr 
lens mode-locking technique (11). In 
particular, Pr-doped YLF (Pr:YLF), as 
a f luoride crystal, is characterized 
by its low phonon energy (460 cm-

1), compared with its oxide counter-
parts ( 550 cm-1 for praseodymium-
doped yttrium aluminum perovskite 
(Pr:YAP) with the formula Pr:AlYO3, 
leading to a weaker non-radiative 
multi-phonon relaxation, and thus 
better lasing performance.

The spectroscopic characteristics 
of the crystal used in a laser being 
critical to laser per formance, and 
involve both the absorption and 
emission spectra, respectively. The 
former can be derived through a 
Judd-Ofelt analysis, and the latter 
by employing the Füchtbauer-Lad-
enburg formula (14), both of which 
are analy t ical calculat ion proce-
dures. Judd-Ofelt theor y, which 
was proposed independently by B. 
R. Judd (12) and G. S. Ofelt (13) in 
1962, describes the possibilities of 
radiative emissions in the 4fN config-
uration, and is extensively adopted 
to determine the radiative lifetime 
and branching ratio of each emitting 
level for trivalent rare-earth-doped 
laser materials (15–24). On the other 
hand, the Füchtbauer-Ladenburg 
formula was derived from the fluo-
rescence analysis correlated with an 
electronic transition (25), and has 
gained wide application in the de-
termination of emission cross sec-
tions of laser gain media (22–24). To 
optimize the analytical procedure 
for characterizing Pr:YLF crystal, var-
ious improvements have been made 
in both theory and experiment. For 
example, Dunina and associates 
modified the Judd-Ofelt theory by 
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considering the finite 4f-5d energy 
(26), Kornienko and colleagues in-
troduced third order perturbation 
theory into the line intensity calcula-
tion (27,28), Goldner and associates 
adopted a normalized least-squares 
method in the fitting process to ob-

tain a stable output (29), and Qui-
mby and colleagues used the ex-
perimental branching ratios, other 
than theoretical ones, in deriving 
emission cross sections (30). 

In this paper, the spectroscopic 
properties of a Pr:YLF laser crystal 

(31) were studied by analyzing the 
polarization-dependent absorption 
and emission spectra, accordingly. 
Radiation transition probabilities, 
theoretical branching ratios, and 
intr insic radiation l i fet imes were 
obtained from the absorption spec-
trum analysis. Experimental branch-
ing ratios were demonstrated by 
emission spectrum analysis. In ad-
dition, by introducing the intrinsic 
radiat ion l i fet imes der ived f rom 
Judd-Ofelt analysis and experimen-
tal branching ratios into the Fücht-
bauer-Ladenburg formula, emission 
cross sections are also reported.

Experiment and Analysis
Absorption Spectrum
For the absorption spectrum mea-
surement, to reduce the absorption 
ef fec t of the crystals, a relatively 
low doping concentrat ion of 0.3 
atomic percent (at.%) was adopted. 
The absorption spectrum was mea-
sured using a Lambda 1050 spectro-
photometer (PerkinElmer). The data 
sampling interval was set at 0.05 nm. 
Polarizing prisms were placed in the 
sample path and the reference path, 
to measure absorption spectra in 
both polarizations.

The absorption coef ficients for 
dif ferent wavelengths (a) were cal-
culated from the absorption spec-
trum using equation 1:

α = -ln  Iε   / L,(ε = �,σ)
I0

(    )  [1]

where L is the length of the sample, 
and I ε and I0 are the light intensi-
ties of the sample light path and 
the reference light path, respec-
tively. The crystal absorption cross 
sections can then be calculated by  
equation 2:

	 σa = a/N                  [2]

where N  = 4.2 × 1019 cm-3 is the 
lattice concentration of Pr3+ in the 
crystal. The calculated absorption 
cross sections are shown in Figure 1. 
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FIGURE 1: Absorption cross section from visible to infrared spectral range.

TABLE I: Peak wavelengths, absorption cross sections, and line width of  
absorption transitions

Transition λ  
(nm) Polarization σa   

(10-20cm2)

Line 
Width 
(nm)

3H4→
3P2 441.1 σ 4.1 1.8

3H4→
3P2 443.9 π 9.0 1.8

3H4→
3P1+

1I6 468.7 π 6.5 0.9
3H4→

3P0 479.2 π 21.6 0.5
3H4→

1D2 584.4 σ 0.76 4.7
3H4→

1D2 594.7 π 3.2 1.8

TABLE II: Experimental line intensities of absorption transitions in π and σ 
polarization

Transition
π σ

λ (nm) Sexp(10-20cm2) λ (nm) Sexp(10-20cm2)

3H4→
3P2 444.1 3.374 443.2 3.374

3H4→
3P1+

1I6 465.7 2.649 463.4 1.204
3H4→

3P0 479.2 2.670 481.1 0.120
3H4→

1D2 592.6 1.494 587.7 0.895
3H4→

1G4 1024.6 0.174 1024.9 0.149
3H4→

3F4+3F3 1533.6 9.798 1519.5 8.429
3H4→

3F2 1965.7 3.584 1982.8 4.080
3H4→

3H6 2291.6 0.998 2261.3 0.709
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TABLE III: Square of doubly reduced matrix elements of transitions excited from 3H4 level and mean experimental, and 
calculated line intensity

Transition |U 2|2 |U 4|2 |U 6|2 λ (nm) S exp(10-20cm2) S exp(10-20cm2)
3H4→

3P1+
1I6 0.0081 0.2168 0.0203 464.6 1.686 1.554

3H4→
3P0 0 0.1713 0 481.1 0.970 1.138

3H4→
1D2 0.002 0.0165 0.0493 587.7 1.095 0.366

3H4→
1G4 0.0019 0.0044 0.0119 1024.9 0.157 0.093

3H4→
3F4+3F3 0.0820 0.4015 1.1903 1519.5 8.885 8.902

3H4→
3F2 0.5079 0.4048 0.1196 1975.9 3.915 3.917

3H4→
3H6 0 0.0322 0.1407 2279.0 0.805 0.939

TABLE IV: Calculated line intensity, radiation transition probabilities, theoretical branching ratios, and intrinsic radia-
tion lifetime emitting from 3P0, 3P1 and 1I6 level

Em. Level Final Level λ(nm) Scalc(10-20cm2) A(s-1) βcalc τint (μs)

3P0

3H4 480 1.138 20845 0.652

31

3H5 546 0.000 0 0

3H6 607 0.374 3359 0.105

3F2 640 0.355 2714 0.085

3F3 698 0.000 0 0

3F4 721 0.806 4296 0.134

1G4 915 0.282 733 0.023

1D2 2435 0.016 2 7e-5

1I6

3H4 469 0.411 622 0.102

162

3H5 538 0.015 15 0.002

3H6 594 0.115 85 0.014

3F2 627 0.189 118 0.019

3F3 679 0.019 9 0.002

3F4 708 4.965 2152 0.354

1G4 898 14.56 3078 0.506

1D2 2315 9.913 120 0.020

3P1

3H4 469 1.143 7494 0.247

33

3H5 522 2.358 11154 0.368

3H6 588 0.642 2117 0.070

3F2 618 0.325 922 0.030

3F3 670 1.994 4424 0.146

3F4 691 1.894 3828 0.126

1G4 871 0.402 403 0.013

1D2 2145 0.090 6 2e-4
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Table I lists the peak wavelengths, 
absorption cross sections, and line 
widths of major transitions in the 
visible spec tral range. There are 
three absorption bands in the blue 
spectral range, corresponding to 
transitions 3H4→

3PJ (J = 0,1,2). Tran-
sition 3H4→

3P0, peaking at 479.2 nm, 
possesses the largest absorption 
cross section (2.16 × 10-19 cm2) with 
the narrowest line width (0.5 nm). 
Transition 3H4→

3P2 (443.9 nm) has 
a relatively large absorption cross 
sec tion (9.0 × 10 -20 cm2) and line 
width (1.8 nm). In addition, there are 
four major absorption bands in the 
infrared spectral region, 3H4→ 1G4 at 
approximately 1 μm, 3H4→

3F3+1F4 at 
1.5 μm and 3H4→

3F2 at 1.9 μm, and 
3H4→

3H6 at 2.3 μm, respec tively. 
From the calculation results rang-
ing from the visible to the infrared 
regime, it can be concluded that the 
absorption cross sections in π po-
larization are generally larger than 
their	σ counterparts.

According to the Judd-Ofelt the-
ory (12,13), the experimental line in-
tensity can be expressed as:

3ch   1    2J +1       9n
8�3   e2        λ      (n2+2)2Sexp (J→J’) =                                            Г(J→J’)

[3]
where J and J’ are the total angu-
lar momentum quantum numbers 
of the initial and final energy levels, 
respectively, c is the speed of light 
in a vacuum, h is Planck’s constant, 
n is the refractive index, and Γ(J→J’) 
is the ›integral absorption cross sec-
tions. The values of the polarization-
dependent line intensities are listed 
in Table II, in which λ  is the average 
of measured wavelength weighted 
by  t h e  a c c o rd a n c e  a b s o r pt io n  
cross sections. 

The mean experimental line in-
tensity is defined as

Sexp (J→J’) =   
2Sexp σ + 2Sexp �

3
[4]

then the intensity parameters Ω2,4,6 
can be achieved using the least 
squares fitting, performed as 

Sexp (J→J’)    1= ∑ Ωt|‹4fSLJ||Ut||4f’S’L’J’›|2/
t=2,4,6  

[5]

where Ut are doubly reduced matrix 
elements in accordance with specific 
rare-earth ions. In our case, we use 
matrix elements evaluated and given 
by Weber for Pr3+ in LaF3 (32). For the 
energy level of Pr3+, the energy of 
the 4f-5d configuration is very close 
to that of the 4f configuration. The 
line intensity from the ground-state 
level to the highest emitting level is 
larger than the calculated value, so 
the hypersensitive transition 3H4→

3P2 
is always neglected in the fitting pro-
cedure (33). The results of the inten-
sity parameters are Ω2=1.2×10-20 cm2, 
Ω4=6.64×10-20 cm2, and Ω6=5.16×10-20 

cm2. Because the line intensity pa-
rameters Ω2,4,6 are material depen-
dent, the calculated Ω2,4,6 values are 
applicable to all transitions of the 
same material. Considering that the 
magnetic dipole component for Pr3+ 
could be neglected (34), the calcu-
lated line intensity Scalc is given by 
the elec tric dipole line intensity, 
shown as below: 

Scalc (J→J’) = ∑ Ωt|‹4fSLJ||Ut||4f’S’L’J’›|2

t=2,4,6

[6]

The experimental and calculated 
values of line intensities, and dou-
bly reduced matrix elements of ab-
sorption transitions, are shown in 
Table III. To verify the calculation 
accurac y, the root-mean-square 
(RMS) error is calculated, and its  
expression is given by:

ΔSrms = [(q-p)-1∑(Smeas - Scalc)
2]1/2 [7]

where q is the number of required pa-
rameters and p is the number of spectral 
bands to be analyzed. Combined with 
our calculation, where p = 7 and q = 3, 
the calculated ΔSrms= 0.47×10-20  cm2, 
the experimental line intensity RMS 
ΔS = 3.78×10 -20 cm2,  and ΔS r ms/
ΔS  =  12%, which is within the normal 
scope (5%~25%) (35).

Using Scalc(J→J’), the radiation tran-
sition probability of different transi-
tions A(J→J’ ) can be obtained by:

TABLE V: Experimental branching ratios emitting from 3P0 level

Transition
3P0→

3H4
3H5

3H6
3F2

3F3
3F4

1G4
1D2

βexp 0.23 0.13 0.38 0.12 0.09 0.05 ~0 ~0

LD

Focus Mirror
Lens

Sample

Chopper

Polarizer

PMT

PC

Monochromator

FIGURE 2: Experimental setup of emission spectrum.
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A (J→J’) =       Scalc (J→J’)   64�4e2           n(n2+2)2

3h(2J+1)λ3           9   [8]

For transitions from the same excited state, the theo-
retical branching ratios βcalc can be obtained by:

ßcalc = A(J→J’)/ ∑ A(J→J’)
J’

[9]

The intrinsic radiation lifetime is defined as the recip-
rocal of the sum of all radiation transition probabilities 
from the same energy level, shown as equation 10. The 
radiation transition probabilities, theoretical branching 
ratios, and intrinsic radiation lifetimes of 3P0, 3P1, and 1I6 
level are listed in Table IV. 

τint = 1/ ∑ A(J→J’)
J’

[10]

Because electrons residing in 3P0, 3P1, and 1I6 levels 
obey the Boltzmann distribution, the radiation lifetimes 
of those levels must be considered simultaneously. The 
effective radiation lifetime of the upper level is the av-
erage of the intrinsic radiation lifetimes of 3P0, 3P1, and 
1I6 level, according to the distribution of the number of 
electrons (36,37), given by

�rad =   
g3 P0 + (g3 P1 + g1 I6 ) exp(–ΔE/kT)

g3 P0 ∑A3 P0→J’+ (g3 Pt∑A3 P1→J’+ g1 I6∑A1 I6→J’) exp (–ΔE/kT)   [11]

where gk (k = 3P0, 3P1, and 1I6) is the degeneracy of cor-
responding energy level, being 1, 13, and 3, respec-
tively, and ΔE is the energy dif ference between the 
1I6+3P1 level and the 3P0 level.

By substituting the radiation transition rates listed in 
Table IV into equation 11, the effective radiation life-
time of the upper energy level was calculated to be 49 
μs, with a derivation of ±10%, derived from the error of 
Judd-Ofelt theory. The effective radiation lifetime of 
the upper level τrad and fluorescence radiation lifetime 
τf lu is related by

τflu = τrad+ Wnonrad
-1 -1

[12]

where Wnonrad is the non-radiative transition rate, including 
multi-phonon transition (3PJ →

1D2), up-conversion, cross 
relaxation (3P0→

1G4 and 3H4→
1G4, 3P0→

1D2 and 3H4→
3H6 

[38,39]), and so on. It could be deduced that τflu decreases 
with the increasing of Wnonrad, which could be reduced 
by lowering the doping concentration of rare earth ions.

Emission Spectrum
In terms of the emission spectrum, the measurement de-
vice is shown in Figure 2. Using an InGaN laser diode (LD) 

with a wavelength of 444 nm as the pump source, the 
driving current was set at 100 mA, and the correspond-
ing output power was about 30 mW. The pump light is 
focused into the sample, whose emitting spectrum was 
converged into the slit of the monochromator through a 
lens with large aperture and long focal length. A photo-
multiplier (PMT, Hamamatsu R3896) was employed. The 
phase-locked amplification technique, implemented with 
a chopper, was utilized to extract the small signal in the 
noise. A Mercury vapor lamp (color temperature 2900 K) 
was used for wavelength correction and calculation of 
spectrometer transfer function. The experiments were 
conducted at room temperature. 

The emission spectrum, showing multiple transitions 
in the visible range, is shown in Figure 3. The main 
transitions of 3P0→

3H4, 3P1→
3H5, 3P0→

3H6, 3P0→
3F2, 

3P0→
3F3, and 3P0→

3F4 correspond to the peak wave-
lengths of 479.4, 522.6, 607.2, 639.5, 697.7, and 720.7 nm. 
Blue 3P0→

3H4 (479.4 nm), green 3P1→
3H5 (522.6 nm), and 

deep red 3P0→
3F3 (697.7 nm) and 3P0→

3F4 (720.7 nm) are 
mainly π-polarized, while red light 3P0→

3F2 (639.5 nm) is 
mainly σ-polarized.

A stimulated emission cross section is usually treated 
as a parameter for evaluating the gain performance of 
the laser material. The methods for calculating the stimu-
lated emission cross section mainly include the reciproc-
ity method (40), the Füchtbauer-Ladenburg formula (14), 
and the reverse of the laser performance (41). The first 
method is applicable to quasi-three-level transitions 
with clarified ground-state level distribution, the second 
method is suitable to either quasi-three-level or four-
level transitions with a highly accurate emission spec-
trum, and the third method is strongly dependent to the 
measurements of laser experiments. Based on the emis-
sion measurement results in the 450–750 nm spectral 
range, the Füchtbauer-Ladenburg formula was employed 
to calculate the stimulated emission cross section.

For a uniaxial laser crystal with two polarization direc-
tions, the Füchtbauer-Ladenburg formula can be written 
as (42):

  3   λ5β(I→K)                Iε(λ)
8�      n2cτrad       ∫I→K[I�(λ)+2Iσ(λ)]λdλσe (I→K,λ) =                        [13]

For the branching ratio β in equation 13, experimen-
tal value βexp was employed, instead of the theoretical 
value calculated based on Judd-Ofelt theory, owing to 
the small energy differences between the 4f and 4f–5d 
configurations in Pr3+. βexp was expressed by:

∫I→K[I�(λ)+2Iσ(λ)]dλ

∫total[I�(λ)+2Iσ(λ)]dλ
ßexp (I→K) =                                    [14]
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where the denominator is an inte-
gral over the entire f luorescence 
spectrum. The calculation results 
are shown in Table V. 

By substituting equation 14 into 
equation 13, the numerator of βexp 
can be eliminated; therefore, equa-
tion 13 could be simplified to

  3       λ5                   Iε(λ)
8�    n2cτrad    ∫total[I�(λ)+2Iσ(λ)]λdλσe (I→K,λ) =                        

[15]

The results are displayed in Fig-
ure 4, with the emission cross sec-
tions and line widths of the main 
transitions listed in Table VI. 

Note that the emission cross sec-
tions in π polarization are generally 
larger than those in σ polarization. 
The σ-polarized 640 nm transition 
has the largest emission cross sec-
tion, reaching 22.3×10-20 cm2. 

It should be noted that some re-
sults dif ferent from those of previ-
ous repor ts (43,44) were demon-
strated. For the orange transition 
at 607 nm, a slightly larger value 
was achieved (1.57×10-19cm2, com-
p a r e d  w i t h  1.4×10 -19c m 2 [4 3 ] ) , 
thanks to the precaution to avoid 
the g round - s t a te  rea bsor pt ion 
process 3H4→

1D2. In terms of the 
transitions in the deep red spec-
t ra l  reg ion,  the emis s ion c ros s 

sec tions of 698 and 721 nm were 
1.07×10 -19cm2 and 1.78×10 -  19cm2, 
about 2x larger than those in (43) 
(0.5×10-19cm2 and 0.9×10-19cm2). Be-
cause emission cross sections are 
propor tional to the correspond-
ing laser thresholds, further inves-
t igat ions in the deep red range 
laser thresholds can be used to 
verify the accuracy of the emission  
cross sections.

Conclusion
The spectroscopic properties of a 
Pr:YLF laser cr ystal were studied 
theoretically and experimentally. 
The polar izat ion-dependent ab-
sorpt ion cross sec t ions at room 
temperature from the visible to in-
frared spectral range were demon-
strated. The maximum absorption 
of 21.7×10-20 cm2 peaked at 478 nm, 
with the narrowest line-width of 0.5 
nm. In the framework of Judd-Ofelt 
theory, intensity parameters Ω2,4,6 
were obtained when the hypersensi-
tive transition 3H4→

3P2 was excluded 
from the fitting procedure. For the 
emission spectrum, the experimen-
tal branching ratio was introduced 
to calculate the emission cross sec-
tion using the Füchtbauer-Laden-
burg formula in the visible spectral 
range. Results different from those 
seen in previous reports were ob-

tained in both the orange and deep 
red spectral regions. This investiga-
tion provides insight into the spec-
troscopic analysis of Pr:YLF crystals 
used in lasers.
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TABLE VI: Peak wavelengths, emission cross sections, and line widths of 
emission transitions

Transition λ (nm) Polarization σe (10-20cm2) Line Width (nm)
3P0→

3H4 479.4 π 20.2 0.58
3P1→

3H5 522.6 π 4.3 0.98
3P0→

3H5 545.8 π 1.6 2.38
3P0→

3H6 604.4 π 19.6 1.71
3P0→

3H6 607.2 σ 15.7 1.17
3P0→

3F2 639.5 σ 22.3 0.69
3P0→

3F3 697.7 π 10.7 0.35
3P0→

3F4 720.7 π 17.8 0.89

905645238@qq.com
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F luorescence is a highly sensitive analytical 
technique, so one of the primary specifications 

to consider when selecting a spectrofluorometer 
is its sensitivity. The overall sensitivity of a 
spectrofluorometer is determined by many factors, 
including, but not limited to, the optical design, 
coupling optics, intensity of delivered excitation light, 
efficiency of fluorescence collection, spectrometer 
design, detector technology, and more. Given that 
there are so many variables that go into making a 
sensitive fluorometer, a standard reference test that 
can be performed by any user is needed to properly 
compare one fluorometer with another.

In the past, some commercial manufacturers 
of fluorometers used detection limits for specific 
fluorescent molecules, such as quinine sulfate or 
fluorescein, to demonstrate sensitivity. However, 
today, the highest sensitivity fluorometers are able 
to detect at such low concentrations of fluorophores 
that the ability to accurately perform a serial 
dilution down to these detection limits becomes 
questionable. As such, the water Raman test has 

become an industry standard as a good measure of 
the relative sensitivity between different instruments. 
The water Raman test is also preferable because 
ultrapure water is readily available around the world, 
the sample is stable, the signal is relatively weak, and 
the Raman band of water can be measured over the 
entire wavelength range of the instrument, allowing 
for more robust comparisons than is possible with a 
single fluorescent probe.

This sensitivity specification is derived from an 
emission spectrum of the Raman vibrational band for 
pure water. Typically, it is acquired with the excitation 
wavelength selected at 350 nm, with an emission 
scan from 365 to 450 nm. In general, the sensitivity 
of the fluorometer is expressed in a signal-to-noise 
ratio (SNR) that is a comparison of a signal value 
in the presence of a signal, with a value for system 
noise, in the absence of signal.

Unfortunately, not all manufacturers use the 
same experimental conditions to acquire this data 
set, and they also do not use the same formulas for 
calculating the SNR of the acquired data. There is 

Determining Signal to Noise Ratio of a  
Spectrofluorometer: Methods and Formulas  
to Ensure Accurate Sensitivity Comparisons
Cary Davies, Horiba Scientific
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no right or wrong way to collect data, or analyze it, 
but different methods and analysis can give quite 
different numbers. Therefore, it is important not 
only to know how the water Raman spectrum was 
acquired, but also how the data were treated. If 
you can ensure the data is acquired and analyzed 
in the same way, you can be certain to make a fair 
comparison between two different fluorometers.

In this application note, we point out the 
different factors influencing the signal-to-noise 
ratio, and articulate the HORIBA method, to allow 
investigators to have the necessary tools to make a  
proper comparison. We use the Signal to Noise Ratio 
First Standard Deviation (FSD) or Square Root (SQRT) 
Method, and the RMS Methods.

Experimental Method
Just as the formula used to calculate the SNR 
can have a dramatic effect on the apparent 
sensitivity of any particular spectral dataset, the 
hardware configuration of the instrument, and the 
experimental parameters of the data acquisition, 
also have a dramatic effect on the quality of the 
spectrum acquired.

There are many hardware parameters, settings, 
and options that all have an effect on the measured 
sensitivity of a spectrofluorometer. This can make it 
extremely difficult to absolutely compare the relative 
sensitivity of two different instruments, if they are not 
used in a virtually identical way. This application note 
discusses each of these factors and the impact they 
have on the resulting data. These include: Excitation 

Wavelength, Emission Scanning Range, Bandwidth 
(Slit Size), Integration (Response) Time, PMT Type, 
and Optical Filters. We also discuss Detector 
Type and Temperature, Single Versus Double 
Monochromator, Groove Density, and Blaze Angle of  
the Grating.

We used our new Fluorolog-QM-75-22 Spec-
trofluorometer with a 75 watt xenon lamp, double  
excitation, and double emission monochromator with 
cooled PMT housing.

Conclusions
Although care must be taken to ensure that 
experimental conditions and mathematical formulas 
are both consistently applied, the water Raman SNR 
is a good determinant of the relative sensitivity of 
one fluorometer compared to another.

When comparing photon counting spectrofluorom-
eters, the FSD (SQRT) Method is preferred. 

To read the full application note click here:
https://static.horiba.com/fileadmin/Horiba/Techni-
cal_Notes/Determining_Signal_to_Noise_with_a_
spectrofluorometer__FL-TN-2020-04-20.pdf

Horiba Scientific
20 Knightsbridge Rd, Piscataway, NJ 08854
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Figure 2: Fluorolog-QM Spectrofluorometer
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