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Abstract: These structurally isomeric rhodamine 6G-based amino derivatives are designed to detect
Sn2+ ions. The receptors exhibit rapid fluorescent “turn-on” responses towards Sn2+. The absorption
(530 nm) and fluorescent intensity (551 nm) of the receptors increase when increasing the concentration
of Sn2+. The hydrazine derivative exhibits more rapid sensitivity towards Sn2+ than the ethylene
diamine derivative, indicating that the presence of an alkyl chain in the diamine decreases the
sensitivity of the receptors towards Sn2+. The presence of carbonyl groups and terminal amino
groups strongly influences the sensitivity of the chemosensors toward Sn2+ by a spirolactam ring-
opening mechanism. The receptors exhibit 1:1 complexation with Sn2+ as evidenced by Job plot,
and the corresponding limit of detection was found to be 1.62 × 10−7 M. The fluorescence images
of the receptors and their complexes reveal their potential applications for imaging of Sn2+ in
real/online samples.

Keywords: fluorescent sensor; stannous ion; rhodamine 6G; OFF–ON fluorescent receptor; metal
coordination

1. Introduction

Tin is a grey-white metal and exists in Sn2+ and Sn4+ oxidation states. The concen-
tration of tin in soil and Earth’s crust is approximately <1 to 220 mg/kg and 2–3 mg/kg,
respectively. Tin can be used in electrical/electronic and industrial applications such
as reducing agents, protective coating for food containers, manufacturing of metallized
glazing, and preventive dentistry (tin(II) fluoride). Tin deficiency increases the risk of
poor growth, cancer prevention, and hearing loss [1,2]. Exposure to different tin forms
causes gastrointestinal symptoms such as abdominal cramps, vomiting, diarrhea, skin and
nasal irritation. Certain studies on laboratory animals involving oral administration have
revealed that tin(II) chloride has significant tissue effects on the kidney, liver, pancreas,
testis, and brain [3–5]. Accordingly, exploring a facile, sensitive, and highly selective Sn2+

detection method is necessary.
Fluorescence “OFF–ON” and “ON–OFF” sensing techniques are more cost-efficient

than traditional analyses, such as inductively coupled plasma-mass spectrometry, atomic ab-
sorption spectroscopy, and inductively coupled plasma-atomic emission spectrometry, due
to their rapid performance, non-destructive method, and high sensitivity [6–11]. Recently,
many efforts have been devoted to developing fluorescent sensors for Sn2+/Sn4+, which
are based on naphthalimide–rhodamine B [2], coumarin derivative [12], oxo chromene-
functionalized rhodamine B [13], alkene-functionalized rhodamine B [14], diarylethene-
carbazole derivative [15], 4-(naphthalen-1-ylethynyl) aniline appended rhodamine B [16],
benzyl 3-aminopropanoate–rhodamine B conjugate [17], rhodamine B and N,N-bis-(2-
hydroxyethyl)ethylenediamine or tert-butyl carbazate derivatives [18], naphthoquinone-
dopamine [19], benzophenone derivative [20], 4-((3-chloro-1,4-dioxo-1,4-dihydronaphthalen-
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2-yl)amino)benzenesulfonamide [21], 5-(4-(diphenylamino)phenyl)picolinaldehyde deriva-
tive [22], rhodamine-thio derivative [23], europium complexes based on 2-(3,5-dimethoxy-
phenyl)-1H-imidazo[4,5-f][1,10]phenanthroline [24], and citrate stabilized silver nanoparti-
cles [25]. Among them, most sensors have complex structures and need multi-step synthesis.
An easy-to-fabricate and efficient Sn2+ fluorescent receptor is highly desired to explore in
this context.

Rhodamine derivatives are extensively used as fluorescent sensors for the selective
detection of metal ions such as Cu2+ [26–28], Fe3+ [27,29,30], Pd2+ [10,11,27], Zn2+ [7,31],
Al3+ [32], Hg2+ [33], and Cr3+ [34] due to their great photo-physical properties, including
photostability and excellent quantum yields. In this work, we are the first to present
rhodamine 6G-based amino derivatives that exhibit higher sensitivity towards Sn2+ at
pH 6.8 over the other metals studied. The amine-functionalized rhodamine probes were
prepared by a facile, easy-to-synthesize, and cost-effective method. The binding mechanism,
limit of detection (LOD), and fluorescence imaging studies are discussed in detail. In
addition, the potential of the probe was demonstrated by determining the amount of tin
present in the SnCl2 catalyzed reduction product as an impurity.

2. Experimental Section
2.1. Materials and Methods

Rhodamine 6G and metal ions were purchased from Sigma-Aldrich and used as re-
ceived. Hydrazine hydrate and ethylene diamine were purchased from Merck and used
without further purification. Dichloromethane and THF were purified before use. All
the solvents used for the syntheses were spectrophotometric grade. Nuclear magnetic
resonance (NMR) spectra were obtained from a Bruker AMX-500 high-resolution NMR
spectrometer in deuterated solvents. UV/Vis absorption spectra were measured by a Jasco
V-770 spectrophotometer. Fourier transform infrared (FTIR) spectra were measured by
a PerkinElmer Spectrum One FTIR spectrophotometer. The fluorescence spectra were
measured with a Horiba Fluoromax-4 fluorescence spectrophotometer at excitation wave-
length = 510 nm. The receptors were mixed with metal ion solutions for 15 min to measure
the optical responses. Fluorescent imaging of receptors and their complexes with Sn2+

coated in glass plates was recorded by a Nikon Cl confocal unit equipped with argon 488
and He-Ne 543 lasers and an EZ-C1 digital camera.

2.2. Synthesis and Characterization of Receptors

Rhodamine 6G-diamine derivative was synthesized as reported elsewhere [35]. Briefly,
4.8 g of rhodamine 6G and 100 mL of ethanol were mixed in a 250 mL flask. Fifteen
milliliters of hydrazine hydrate was added into the solution drop-wise. After that, the
mixture was refluxed overnight. The resulting solution was cooled to room temperature,
and then its solvent was removed by a rotary evaporator. The crude solid was extracted by
dichloromethane, then washed with water and HCl to remove residual hydrazine. Finally,
the solution was adjusted to neutral by 1 M NaOH. In this way, the excess amines were
eliminated from the product. The crude was dried with anhydrous magnesium sulfate to
obtain a half-white solid (Rh-Hyd). From the TLC, a single spot was observed through the
mobile phase of ethyl acetate:hexane = 3:1, indicating the purity of the samples. Because
rhodamine is a colored compound and the resulting derivatives are white to half-white
solids, there may be no starting compound in the product. The purity was also evaluated
by mass spectrum analysis. For comparison, diamines with different alkyl chains were also
synthesized. The rhodamine 6G–ethylene diamine derivative (Rh-ED) was synthesized
according to the same procedure, except that ethylene diamine was used in place of
hydrazine hydrate. All the results of 1H-NMR and 13C-NMR are in accordance with the
structure of the compound. Both receptors were found to be soluble in ethanol, acetonitrile,
chlorinated solvents, and high polar solvents such as DMF and DMSO. Moreover, they
can also be dissolved in a mixture of ethanol:water (8:2, v/v). All UV-Vis and fluorescent
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spectra were measured in a mixture of C2H5OH:H2O (8:2, v/v) at 25 ◦C at pH 6.8, unless
otherwise mentioned.

Rh-Hyd: Yield = 76%. 1H-NMR (CDCl3, δ in ppm): 1.18–1.28 (t, 6H, NCH2CH3),
1.92 (s, 6H, Ar-CH3), 3.27–3.45 (s, 4H, NCH2CH3), 3.69–3.73 (b, 2H, ArNHCH2), 6.26 (s,
2H, ArH), 6.55 (s, 2H, ArH), 7.05 (d, 2H, ArH), 7.42–7.51 (m, 2H, ArH), 7.97 (d, 1H, ArH).
13C-NMR (CDCl3, δ in ppm): 14.58 (NCH2CH3), 16.70 (Ar-CH3), 38.61(NCH2CH3), 65.96
(spiro C), 118.27 (ArC-C-spiro), 123.02 (ArC-CH3), 123.77 (ArC-C=O), 127.75 (ArC-C-C=O),
128.14 (ArC), 129.76 (ArC), 132.59 (ArC), 147.07 (ArC-spiro C), 151.64 (ArC-NH), 152.11
(ArC-O), 166.20 (C=O).

Rh-ED: Yield = 87%. 1H-NMR (CDCl3, δ in ppm): 1.16–1.29 (t, 6H, NCH2CH3), 1.92 (s,
6H, Ar-CH3), 2.31 (s, 6H, -CH2-NH2), 3.09–3.12 (N-CH2), 3.19 (s, 4H, NCH2CH3), 3.57–3.62
(b, 2H, ArNHCH2), 6.24 (s, 2H, ArH), 6.33 (s, 2H, ArH), 7.0 (d, 2H, ArH), 7.43–7.47 (m, 2H,
ArH), 7.84 (d, 1H, ArH). 13C-NMR (CDCl3, δ in ppm): 15.09 (NCH2CH3), 17.10 (Ar-CH3),
39.06 (NCH2CH3), 41.09 (CH2-NH2), 42.63 (CH2-CH2-NH2), 66.00 (spiro C), 118.96 (ArC-
C-spiro), 123.39 (ArC-CH3), 124.26 (ArC-C=O), 128.75 (ArC-C-C=O), 131.46 (ArC), 133.19
(ArC), 148.40 (ArC-spiro C), 152.35 (ArC-NH), 154.59 (ArC-O), 169.54 (C=O).

3. Results and Discussion

The structures of the synthesized receptors are shown in Scheme 1. The receptors
were prepared from the amination of rhodamine 6G with hydrazine hydrate or ethylene
diamine in ethanol solution. The receptors were characterized by 1H-NMR and 13C-NMR
analyses. All the spectra are shown in Figures S1–S4. The 1H-NMR spectrum of Rh-Hyd
in CDCl3 is shown in Figure S1. The aromatic protons of the Rh-Hyd present between
6.57 to 7.97 ppm. The methyl protons linked to the benzene ring of the rhodamine unit
are at 1.92 ppm. The presence of a peak at 3.69 ppm corresponds to –NH protons directly
attached to the benzene ring. Peaks at 3.27 and 1.18 ppm correspond to the protons of CH2
and CH3 protons associated with the Ar-NH- group, respectively. Figure S2 shows that all
of the aromatic carbons of Rh-Hyd appear around 118–132 ppm in the 13C-NMR spectrum.
The aromatic carbons linked to –NH and -O present at 151 and 152 ppm, respectively. The
carbon bridging two heterocyclic rings appears at 65.9 ppm. All of the aliphatic carbons
present near 14.5–16.7 ppm. The carbon for the C=O- group of the rhodamine unit is at
166 ppm. The Rh-Hyd mass spectrum was recorded in Figure S5. We observed the same
molecular weight of the compound (C26H28N4O2) as expected (428.2), indicating the high
purity of the compound. Figures S3 and S4 show the 1H-NMR spectrum and 13C-NMR
spectrum of Rh-ED, respectively. All of the values in the spectra correspond well to the
receptor’s structure.

3.1. Binding Properties of the Synthesized Receptors

The solution of all the receptors in the mixture of C2H5OH:H2O = 8:2 (v/v) displayed
no color and no fluorescence, implying that receptors exist in the closed-ring form of
spirolactam [36]. The chelation of the two receptors to Sn2+ was evaluated by the fluorescent
titrations. The titration experiments showed that the emission intensity increased gradually
with the addition of Sn2+ up to 50 equivalents (Figure 1). The color of both solutions resulted
in a brilliant pinkish-orange, which was accompanied by a spirolactam-ring opening of the
rhodamine unit. Sn2+ addition led to an emission peak at 551 nm in the fluorescent spectra.
Under the addition of 2-equivalent Sn2+, the fluorescent intensity of the Rh-Hyd and Rh-
ED solution was enhanced by ca.14 and 11 folds respectively when compared with their
blanks. The LOD of the receptors can be calculated from the equation LOD = K × Sb1/S,
where K = 3.3, S is the slope of the calibration curve, and Sb1 is the standard deviation
of the blank solution. The LOD for Rh-Hyd and Rh-ED can be calculated as 1.62 × 10−7

and 3.24 × 10−7 M, respectively. The time-dependent fluorescent study revealed that the
fluorescence maximum was obtained after nearly 15 min of Sn2+ addition for the Rh-Hyd,
whereas the Rh-ED took more than 40 min to reach stability (Figure 2). According to the
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above analyses, Rh-Hyd exhibits more rapid response and higher sensitivity toward Sn2+

than Rh-ED. Thus, Rh-Hyd is a better probe for the detection of Sn2+.
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In order to verify the selectivity of the receptor, the perchlorate, nitrate, acetate or
chlorate salts of different metal ions such as Ag+, Cu2+, Fe2+, K+, Li+, Na+, Ni2+, Pb2+, and
Zn2+ in a mixture of C2H5OH:H2O (8:2, v/v) at room temperature at pH 6.8 were employed
in the fluorescent experiments. Each metal solution was mixed with the receptor for 15 min
and then recorded for the spectra of its complexes. After treating with 10 equivalents of
metal ions, the receptor (10−7 M) exhibited strong fluorescence at 551 nm (Figure 3a), and
strong absorption at 530 nm (Figure 3b) accompanied with a color change from colorless to
bright pinkish orange only for Sn2+. No significant absorption or emission enhancement
was promoted by the other metal ions. Observing the real images of the receptor with
different metal ions under UV light (Figure 3c), it can be seen that the solutions did not
fluoresce except for Sn2+, which is consistent with the photoluminescence analysis. This
result indicates that the receptor has high selectivity towards Sn2+. Different sources
of metal ions were also tested. For example, we used copper chloride, copper nitrate,
and copper sulfate for Cu2+, and iron chloride and iron nitride for Fe3+. These changes
in metal ion sources only showed variations in color. There were no apparent changes
observed in the fluorescence spectra, indicating that counter-ions have insignificant effects
on this receptor. However, other metal ions (co-ions) should still be taken into account in
physiological applications. The presence of other competitive metal ions such as Ag+, Cu2+,
Fe3+, Na+, Li+, Pb2+, Pd2+, Ni2+, and Zn2+ were investigated in the optical changes of the
receptor. We executed the titrations in a dual metal system to examine the interference of
co-cations. The variations in the fluorescent intensity were recorded when other metal ions
were added into the receptor-Sn2+ solution, as shown in Figure 4. The interferent ion tests
revealed that the fluorescent intensity of Rh-Hyd-Sn2+ was not influenced significantly by
other metal ions. Moreover, amine-functionalized rhodamine 6G derivatives have been
reported as a fluorescent sensor for Hg2+ [37]. Rh-Hyd exhibited pinkish-orange coloration
immediately upon Sn2+ addition, whereas the receptor initially showed yellow color and
then slowly changed to pinkish-orange color for Hg2+ addition. Thus, Sn2+ and Hg2+ can
be distinguished by Rh-Hyd based on naked eye detection.
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3.2. Binding Mechanism of the Receptors towards Sn2+

Figure 5 displays the Job plot for the UV-Vis absorption with respect to the ratio of
Sn2+ to Rh-Hyd. The most preferred coordination structure appears at Sn2+/Rh-Hyd-Sn2+

~0.5. It was demonstrated that the receptor coordinates with Sn2+ in a 1:1 stoichiometry.
The acid-base titration experiments revealed that the receptor displayed high absorbance at
low pH value but no absorbance at pH > 6 (Figure 6). The results imply that the receptor
exists in the closed spirolactam form in a neutral/basic medium, whereas the spirolactam
ring of the rhodamine unit opens in a strongly acidic solution. The actual pH of the receptor
solution is 6.8, and the receptor solution is colorless and non-fluorescent, implying that
the receptor remains in the closed spirolactam form initially. The Sn2+ addition makes the
receptor solution colored and fluorescent, but does not change its pH value. The results
reveal that the Sn2+ may open the spirolactam ring of the receptor. To further realize the
coordination mechanism of the receptors with Sn2+, the receptors and their corresponding
complexes (1:1 ratio of receptor to metal ion) were analyzed by FTIR, 1H-NMR, and 13C-
NMR spectra. The FTIR spectra of Rh-Hyd and Rh-Ed and their Sn2+ complexes are shown
in Figure 7 and Figures S6–S9. Rh-Hyd and Rh-ED exhibit the “C=O” group of amide
stretching vibration at ∼1692 and ∼1689 cm–1, respectively, whereas they are significantly
shifted to ∼1648 cm–1 for Sn2+ complexation. Similarly, the NH stretching at ∼3429 and
∼3484 cm–1 for Rh-Hyd and Rh-ED were significantly shifted to ∼3357 and ∼3340 cm–1,
respectively, after Sn2+ addition. Moreover, significant shifting of the C-N stretching and
out-of-plane wagging around ∼1198 and ∼744 cm–1 for Rh-Hyd and ∼1201 and ∼686 cm–1

for Rh-Ed, respectively, indicated that the carbonyl and amino groups are involved in the
complexation with Sn2+. Regarding 1H-NMR spectra, the peak at 2.34 ppm corresponding
to CH2 protons attached with amine (-CH2-NH2) in Rh-ED (Figure S3) was shifted to
2.76 ppm (Figure S8) after Sn2+ complexation. There were no other remarkable changes
observed in either the 1H-NMR or 13C-NMR spectra of the receptors for the Sn2+ addition.
This reveals that the addition of Sn2+ did not contribute to any structural changes in the
receptors. This evidence suggests that the -C=O and -NH2 of the receptors lead to a highly
coordinated structure with Sn2+ and form 1:1 complexes (Figure 8), which exhibit high
fluorescence. The fact that Rh-Hyd features a more rapid response and higher sensitivity
than Rh-ED may be due to the steric hindrance of the alkyl chain to Sn2+ coordination and
the higher nucleophilicity of hydrazine than ethylene diamine.
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3.3. Reversibility of the Receptors

The reversibility of fluorescent sensors to regenerate the free ones from the complex is a
significant factor in practical applications. To examine the reversibility of receptors, sodium
sulfide (S2−) (1 mM) was considered as a suitable counter ligand to the complex [38]. The
absorption and emission spectra of Rh-Hyd-Sn2+ solution before and after the addition
of S2− were examined. The addition of S2− turned the solution colorless and switched
“OFF” the fluorescence. The addition of S2− returned the fluorescent emission to a blank
(Figure 9), indicating that the cyclic lactam form of Rh-Hyd was regenerated. This implies
that the complexation of sulfide with Sn2+ is much stronger than with Rh-Hyd, which
leads to the removal of Sn2+ from Rh-Hyd through the formation of SnS2 as grey-colored
precipitate, suggesting that the coordination mechanism of Rh-Hyd with Sn2+ is reversible
and the Rh-Hyd receptor can be recycled.
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3.4. Potential Application
3.4.1. Imaging Studies by Fluorescent Microscope

To demonstrate the potential application of the receptors, fluorescence imaging exper-
iments were conducted. The Rh-Hyd and its Sn2+ complexes (10−7 M) were coated on a
glass plate and dried at room temperature. The coated films were observed by a Nikon
Eclipse E600 microscope equipped with a Nikon C1 confocal unit associated with argon
488 and HeNe 543 lasers. Digital pictures were taken by digital camera at 510 nm wave-
length (Figure S12). The imaging results revealed that no fluorescence was observed for
the original film (Figure S10a), whereas the apparent fluorescence enhancement was easily
observed for their Sn2+ complexes (Figure S10b). The receptor can detect Sn2+ through
visual images, suggesting that the receptor can be used as a test paper or for the imaging of
Sn2+ in living cells.
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3.4.2. Determination of Sn2+ from the Catalyzed Reaction Product

In order to illustrate the potential application of the Rh-Hyd for the detection of
residual tin in products (impurity), SnCl2 catalyzed reduction reaction of nitrophenol to
aminophenol was carried out (Scheme 2). SnCl2·2H2O (10.0 mmol) was added into a
solution of p-nitrophenol (0.967 mmol) in ethanol (5 mL). The mixture was ultrasonicated
for 3 h at 30 ◦C [39]. The solvent was removed by a rotary evaporator. The obtained
residue was extracted in dichloromethane, washed with water, and then concentrated
(crude; 57%). This crude was further purified by repeated washing by acid and base
treatment to yield 4-aminophenol as a white solid. The addition of the Rh-Hyd to the crude
ethanolic solution showed a bright red color solution, indicating that Sn2+ remained in the
crude product as an impurity. In order to determine the total amount of Sn2+ in the crude
product, the fluorescent intensities of standard Sn2+ solution and unknown aminophenol
solution were recorded (Figure S11). First, we conducted a titration of SnCl2 solution
of known concentration with Rh-Hyd. Then the ethanolic solution of the crude (63 mg
along with buffer solution = total 1 mL) was titrated with Rh-Hyd probe. By plotting the
fluorescent intensity of known solutions against the concentration of SnCl2 in ppm, the
concentration of the SnCl2 in the solution was determined to be 38.27 ppm according to its
fluorescent intensity. It was found that 300.2 ppm Sn remained in the crude product (see
supporting information).
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Scheme 2. SnCl2 catalyzed reduction of nitro to amine as an illustration to show the efficiency of
Rh-Hyd on the determination of residual tin content.

After further purification, the final product (4-aminophenol) did not exhibit color
change and fluorescence with Rh-Hyd, indicating that SnCl2 was completely removed
from the final product during purification. It is accepted that SnCl2 is water-soluble and
air-sensitive/hygroscopic. Therefore, repeated washing leads to Sn2+ free 4-aminophenol.
The DLs of fluorescent receptors for Sn2+ reported in the literature are listed in Table 1. The
data from the table revealed that the Rh-Hyd displays superior detection to Sn2+ compared
to the reported receptors.

Table 1. Representative sensors with reported LODs.

Reported Sensor for Stannous Ions LOD [Ref]

4-(Naphthalen-1-ylethynyl) aniline appended
rhodamine (NAP-RD) 5 × 10−9 M [16]

Rhodamine B and a benzyl
3-aminopropanoate conjugate (RBAP) 0.044 × 10−6 M [17]

Rhodamine B with N,N-bis-
(2-hydroxyethyl)ethylenediamine (R1) and

tert-butyl carbazate group (R2) units

5.7 × 10−7 M (R1)
and

4.6 × 10−7 M (R2)
[18]

Naphthoquinone–dopamine conjugate 0.1 × 10−6 M [19]

Benzophenone-based chemosensor 0.3898 × 10−9 M [20]

Diarylethene with a carbazole 1.9 × 10−3 M [15]

Rhodamine–amine 1.62 × 10−7 M This work
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4. Conclusions

Besides Hg2+, we have exploited amine-functionalized rhodamine 6G derivatives for
the rapid and selective fluorescent detection of Sn2+. The spectral and optical evidence
reveals that the carbonyl and amino groups of the receptors are responsible for the co-
ordination with Sn2+ and forming 1:1 complexes. The sensitivity and response time of
Rh-Hyd towards Sn2+ were higher than those of Rh-ED due to the steric limitation to Sn2+

coordination and the higher nucleophilicity of hydrazine than ethylene diamine. The LOD
of the Rh-Hyd towards Sn2+ was 1.62 × 10−7 M, which is much lower than those of most
fluorescent receptors reported in the literature. Fluorescent imaging studies demonstrated
that the Rh-Hyd could be used to monitor Sn2+. A model Sn2+ catalyzed reduction reaction
was conducted to evaluate the efficiency of the receptor for the Sn2+ impurity in the crude
product, which reveals that Rh-Hyd can be a good candidate for the detection of Sn2+ in
environmental as well as biological samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10020069/s1, Figure S1: 1H-NMR spectrum of Rh-
Hyd in CDCl3; Figure S2: 13C-NMR spectrum of Rh-Hyd in CDCl3; Figure S3: 1H-NMR spectrum of
Rh-ED in CDCl3; Figure S4: 13C-NMR spectrum of Rh-ED in CDCl3; Figure S5 Mass spectrum of Rh-
Hyd; Figure S6: Comparison of 1H-NMR spectra of Rh-Hyd and its complexes with Sn2+; Figure S7:
Comparison of 13C-NMR spectra of Rh-Hyd and its complexes with Sn2+; Figure S8: Comparison of
1H-NMR spectra of Rh-ED and its complexes with Sn2+; Figure S9: Comparison of 13C-NMR spectra
of Rh-ED in CD2Cl2 and its complexes with Sn2+ in CDCl3; Figure S10: Fluorescence images of (a) Rh-
Hyd and (b) the respective Sn2+ complex (magnification 10x); Figure S11: (a) Fluorescent spectra of
Rh-Hyd with SnCl2 of known concentration and unknown sample, and (b) calibration curve.
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