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Abstract: A rhodamine-based fluorescent polymer P(MMA-co-RB) has been synthesized via an inter-
mediate NCO-containing polymer generated by the Lossen rearrangement reaction. The fluorescent
property of P(MMA-co-RB) with regard to metal ions, such as Cu2+, Fe3+, Cr3+, Al3+, Zn2+, Co2+,
Sn2+ and Ag+, was studied by fluorescence emission spectroscopy. The results demonstrate that the
fluorescence intensity of P(MMA-co-RB) decreased gradually with an increase of the concentration
of Cu2+ ion. Furthermore, a test strip made of P(MMA-co-RB) can be used for fast and quantitative
determination of Cu2+ ion. In the presence of Cu2+ ion, the sensory tester undergoes distinct changes
in fluorescence intensity and visible color.

Keywords: Lossen rearrangement; rhodamine B; fluorescent polymer; detection of copper ion

1. Introduction

Copper ion is an indispensable tracing element and heavy metal ion in the human
body and plays a vital role in all kinds of living organisms [1–3]. However, excessive levels
of Cu2+ ion may cause irreparable damages to the ecosystem and human health, such
as Wilson’s disease and Alzheimer’s disease [4,5]. Thus, highly sensitive and selective
evaluation of the Cu2+ ion content from water or physiological samples is still compulsory
in various biological systems and the environment. Up to now, as an important sensory
technology, fluorescent sensors for sensitive Cu2+ ion detection have been developed
based on various fluorophores, such as rhodamine, naphthalimide, tetraphenylethylene,
coumarin, quinoline, benzimidazole, pyrazoline and Boron dipyrromethenes [6–13].

Rhodamine dyes have high absorption coefficient and high fluorescence quantum
yields [14]. For their excellent photophysical and photochemical properties, they are exten-
sively used as fluorescent probes to detect amino acid, metal ion, anion, hypochlorous acid
in lysosomes, alkaline phosphatase and monitoring temperature and pH, etc. [15–27]. To
date, all sorts of small molecular rhodamine-based fluorescent probes have been designed
for the analysis and detection of metal ions. However, most small molecule probes have
some inconvenience, such as they are hard to dissolve in water and make into testing de-
vices [28–30]. In comparison, polymer probes have been demonstrated to be the promising
alternatives for detecting Cu2+ ion [31–34].

Normally, rhodamine-based polymers can be synthesized via the polymerization and
grafting reaction [35–38]. Geng et al. reported a rhodamine-based polymer by copolymer-
ization of a rhodamine 6G derivative containing double bond and comonomer acrylamide
(AM), which is identified as a potential prober for Cu2+ or Hg2+ ions in an aqueous envi-
ronment [39]. Dhara et al. designed a new block polymer containing pendant rhodamine
fluorophores as a Cu2+ ion fluorescence sensor in an aqueous solution [40]. The polymer
chemosensor was prepared by reversible addition-fragmentation chain transfer (RAFT)
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polymerization under harsh conditions, followed by grafting of rhodamine units onto the
polymer side chain. In general, all the reported synthetic methods reply on the multi-step
synthesis of rhodamine-based monomers for copolymerization or availability of host poly-
mers having a reactive group for chemical grafting with rhodamine dyes. Considering
an overall efficiency in making a rhodamine-containing polymer, chemical grafting is
a synthetic method choice, given that the host polymer is readily available, its reactive
functional group is present and the grafting reaction is simple and highly efficient (e.g.,
quantitative yield). Therefore, it is highly desirable to find a readily available host polymer
for efficient grafting of fluorophores and develop a sensory polymer for detection of Cu2+

ion in environmental and biological systems [41–45].
The reactive isocyanate readily reacts with alcohol and amine, so it is commonly

used in grafting reactions to prepare functional polymer [46]. In general, phosgenation
of primary amines is one of the most important industrially applied methods for the
preparation of isocyanates. However, the main drawbacks of this method are the use of
highly toxic phosgene and the generation of a large quantity of corrosive hydrochloric
acid during the reaction. Therefore, it is necessary to explore milder and more sustainable
synthetic approaches for preparing isocyanates. The Lossen rearrangement is deemed to be
a significant phosgene-free method to prepare isocyanates, which allows the transformation
of hydroxamic acids into the NCO group [47]. However, there is a great deal of literature
on the preparation of NCO-containing polymer by using the Lossen rearrangement. The
previously reported N-acetoxy amide (AA) functionalized polymers can be used as such
a host for grafting a fluorophore. It has been shown that the AA group can be easily
transformed into the reactive NCO group via the Lossen rearrangement reaction [48].
Thus, in this work, we synthesized a rhodamine-based P(MMA-co-RB) polymer for the
fluorescence-quenching detection of Cu2+ ion. The sensory polymer was synthesized
by one-step graft reaction of in-situ generated NCO group in the host polymer with a
functionalized rhodamine B (RB-OH). The sensing behavior of this polymer in solution and
in a solid state was studied.

2. Materials and Methods
2.1. Materials

Methyl methacrylate (MMA) (purity ≥ 99%) (Aladdin, Shanghai, China) was used
without further purification. Acetic anhydride (purity ≥ 98%) was used from commercially
available 4-(dimethylamino)pyridine (DMAP) (purity≥ 98%), N,N′-dicyclohexylcarbodiimide
(DCC) (purity≥ 99%), Rhodamine B (RB) (purity≥ 99%), dibutyltin dilaurate (DBTDL) (pu-
rity ≥ 98%), 2,2-azobis(2-methylpropionitrile) (purity ≥ 98%), hydroxylamine hydrochlo-
ride (NH2OH·HCl) (purity ≥ 98%) and G254 thin-layer chromatography silica gel alu-
minum plate, purchased from Energy Chemical (Shanghai, China) and used as received
without further purification. Polyethylene-polypropylene glycol (F127) (purity, 97%) was
used as surface active agent. Ethylene glycol (purity ≥ 99.5%), dichloromethane (DCM)
(purity ≥ 99.5%), sodium hydroxide (anhydrous, 99%), sodium chloride (anhydrous, 99%),
diluted hydrochloric acid (purity, 37%) and anhydrous magnesium sulphate (MgSO4) (an-
hydrous, 99%) were purchased from Damao Chemical (Tianjin, China) and used as received
without further purification. N,N-Dimethylformamide (DMF) (purity ≥ 99.5%) (Damao
Chemical, Tianjin, China), tetrahydrofuran (THF) (purity ≥ 99.5%) (Kemiou Chemical,
Tianjin, China) and xylene (purity ≥ 99%) (Kemiou Chemical, Tianjin, China) were purified
by an MBRAUN solvent purifier system (SPS-5). All the other reagents were of analytical
grade and used as received without purification. CuBr2 (purity, 98%), FeCl3 (anhydrous,
95%), AgNO3 (purity, 99.8%), CrCl3·6H2O (purity, 98%), CoCl2·6H2O (purity, 98%), ZnCl2
(purity, 98%), AlCl3 (purity, 98%) and SnCl2·2H2O (purity, 98%) were purchased from
Energy Chemical (Shanghai, China) and used as sources for metal cations. Deionized water
with a resistivity of 15 MΩ·cm was used from a Milli-Q Aquelix 5 water purification system
(Millipore Corp., Billerica, MA, USA).
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2.2. Characterization
1H nuclear magnetic resonance (NMR) spectra of compounds were investigated on a

Bruker 400 MHz instrument (Bruker AV400, Bruker, Karlsruhe, Germany) using deuter-
ated chloroform (CDCl3) as the solvent and tetramethylsilane as the internal standard.
Fourier transform infrared spectra (FTIR) were measured by a Shimadzu IRAffinity-1S
spectrometer (Shimadzu Corp., Kyoto, Japan) in the range of 400–4000 cm−1 using a potas-
sium bromide pellet. The mass spectra were performed on an Agilent 2160–6130 liquid
chromatograph-mass spectrometer (Agilent Technologies Inc., Foster, CA, USA). Gel per-
meation chromatography (GPC) were recorded on a Shimadzu GPC system (Shimadzu
Corp., Kyoto, Japan) with an SPD-20A UV-vis detector using polystyrene as standards and
THF as eluent at a flow rate of 1.0 mL/min−1 at 40 ◦C. The UV-vis spectra were recorded on
a Shimadzu UV-3600 spectrophotometer (Shimadzu Corp., Kyoto, Japan). The fluorescence
spectra of P(MMA-co-RB)-metal complex in DMF solution and in G254 silica gel aluminum
plate was measured at room temperature by HORIBA Scientific PTI QuantaMaster 8000
fluorescence spectra photometer (HORIBA Corp., Kyoto, Japan).

2.3. Synthesis of Rhodamine B Ethanol Ester (RB-OH)

Ethylene glycol (0.62 g, 10.0 mmol), DMAP (0.03 g, 2.5 mmol), DCC (0.52 g, 2.5 mmol)
and DCM (20 mL) were added to a 100 mL round-bottomed flask. A solution of RB (0.96 g,
2.0 mmol) in 20 mL of DCM was added dropwise and the mixture was then stirred for 12 h.
The reaction solution was purified by diluted hydrochloric acid (3 × 50 mL). The separated
DCM part was dried over anhydrous MgSO4 and concentrated under reduced pressure.
RB-OH was obtained as a purple solid with a yield of 65%.

IR (cm−1): 3320 (OH stretching), 1720 (C=O stretching from ester), 1646, 1630, 1590
(Aromatic ring). 1H NMR (400 MHz, CDCl3, ppm): 8.41–8.39 (br, 1H, Ar-H), 7.76–7.70 (br,
2H, Ar-H), 7.52 (br, 1H, Ar-H), 7.10–7.14 (dd, 2H, Ar-H), 6.91–6.88 (dd, 2H, Ar-H), 6.85–6.84
(d, 2H, Ar-H), 4.13–4.10 (t, 2H, -CH2- from ethanol ester), 3.70–3.56 (br, 8H, -CH2- from
RB), 3.53–3.51 (t, 2H, -CH2- from ethanol ester), 0.99–1.33 (t, 12H, -CH3 from RB). 13C NMR
(100 MHz, CDCl3, ppm):165.43–113.73 (19C, -C- from RB), 96.51 (1C, -COO- from ethanol
ester), 67.49, 59.55 (2C, -CH2 from ethanol ester), 46.08 (4C, -CH2 from RB), 12.66 (4C, -CH3
from RB). MS (EI): Exact mass calculated for C30H35N2O4 [M]+: 487.26, found: 487.3.

2.4. Synthesis of the Rhodamine-Based Polymer P(MMA-co-RB)

Polymer P(MMA-co-RB) was synthesized by the reaction of RB-OH with P(MMA-
co-AMAA) (Scheme 1). P(MMA-co-AMAA) was synthesized according to a previously
reported procedure [48]. P(MMA-co-AMAA) (0.52 g), RB-OH (0.52 g, 1.0 mmol) and
DBTDL (0.003 g, 0.005 mmol) were dissolved in 10 mL of xylene, and the resulting solution
was heated at 130 ◦C for 4 h and stirred. After the reaction was achieved, the resulting
cooled mixture was precipitated in methanol under vigorous stirring and washed several
times with methanol. After being dried at 40 ◦C under vacuum for 24 h, the objective
polymer P(MMA-co-RB) was obtained as a pink solid powder.

IR (cm−1): 3420 (N-H stretching), 1730 (C=O stretching from MMA and urethane
bond), 1645, 1625, 1590 (C=O stretching from RB-OH). 1H NMR (400 MHz, CDCl3, ppm):
8.41–8.39, 7.76–7.70 (m, 3H, Ar-H from RB-OH), 7.52–6.84 (m, 2H, Ar-H from RB-OH), 3.60
(s, 3H, O-CH3 from MMA), 3.53–3.51 (t, 2H, -CH2- from ethanol ester), 0.99–1.33 (t, 12H,
-CH3 from RB). GPC (THF): PDIs = 1.65; Mn = 17,300 g mol−1; Mw = 28,600 g mol−1.
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Scheme 1. Synthesis of (a) RB-OH and (b) P(MMA-co-RB).

2.5. Selectivity Measurements of Metal Ion

The solution of P(MMA-co-RB) was prepared by dissolving the P(MMA-co-RB) pow-
der in DMF solvent at a concentration of 5.0 mg mL−1. To evaluate the selectivity, the
following cations were utilized: Cu2+, Fe3+, Cr3+, Al3+, Zn2+, Co2+, Sn2+ and Ag+. The
test solutions were prepared using 10 mL solution of P(MMA-co-RB) mixed with 5 mM of
metal ions and measured for fluorescence spectra at room temperature.

2.6. Preparation of Sensory Test Strip and Metal Ion Sensing Test

P(MMA-co-RB) (0.20 g) and F127 resin (0.40 g) were dissolved into 10 mL of chloro-
form and stirred to form a clear solution. The G254 silica gel aluminum plates were cut
into 5 mm × 30 mm and soaked in the above solution for 10 min. After dried in the oven at
60 ◦C for 1 h, the simple test strips were obtained, which displayed a strong fluorescence un-
der a 365 nm UV lamp. The test strips as a sensor were inserted into an aqueous solution of
various metal ions (5 mM) for 10 min, and then dried before the fluorescence measurement.

3. Result and Discussion
3.1. Synthesis of RB-OH and P(MMA-co-RB)

The synthetic route of RB-OH and P(MMA-co-RB) is shown in Scheme 1. RB-OH was
synthesized using RB as the starting material according to the literature method [49,50]. Its
structure was confirmed by IR (Figure S1), 1H NMR (Figure S2), 13C NMR (Figure S3) and
MS analyses (Figure S4).

P(MMA-co-RB) was synthesized from the reaction of P(MMA-co-AMAA) and RB-
OH in the presence of DBTDL in xylene at 130 ◦C (Scheme 1b). In fact, the synthesis
involves two steps: first and most critically, the formation of the reactive NCO-containing
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intermediate polymer by Lossen rearrangement reaction, and subsequent grafting reaction
between the intermediate polymer and RB-OH [48]. Thus, RB fluorophore was introduced
into the polymer via the urethane bond. IR (Figures S1 and S5) and 1H NMR (Figures S2
and S6) spectroscopies were used to confirm the urethane linkage between the RB moiety
and the polymer side chain. The spectrum of P(MMA-co-RB) shows absorption bands
around 3420 cm−1 and 1730 cm−1, which can be attributed to the N–H stretching and
C=O stretching from the urethane bond. The new characteristic peaks of P(MMA-co-RB)
at 1646 cm−1, 1630 cm−1, and 1590 cm−1 can be assigned to the aromatic ring stretching
of RB moiety. Meanwhile, the 1H NMR spectra (Figure S6) of P(MMA-co-RB) reveal a
series of new peaks from 8.1 ppm to 6.84 ppm, corresponding to the benzene ring region
of RB moiety, furthermore demonstrating a successful incorporation of the RB unit into
the polymer structure. Gel permeation chromatography (GPC) relative to polystyrene
standards was performed to determine the molecular weight of polymer P(MMA-co-
RB), the number molecular weight (Mn) of the polymer as 17,300 g mol−1 and degree of
dispersion (Mw/Mn) as 1.65 (Figure S7).

In the solid state, in comparison with P(MMA-co-AMAA), RB-OH and P(MMA-co-RB)
powders under visible and UV light (Figure 1), it can be seen that P(MMA-co-RB) is quite
fluorescent. However, the derivatives of rhodamine B usually are not fluorescent in the
solid state due to the aggregation-caused quenching (ACQ) effect, thus making simple
solid-state sensing very difficult and quite challenging [51,52]. P(MMA-co-RB) powder
shows high fluorescent, not only confirming successful grafting of RB onto the polymer
host, but also implying a potential sensory application in a solid polymer state rather than
in solution.
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Figure 1. Photographs of P(MMA-co-AMAA), RB-OH and P(MMA-co-RB) under (a) visible light 

and (b) UV light at 365 nm. 

P(MMA-co-AMAA) RB-OH P(MMA-co-RB) 

Figure 1. Photographs of P(MMA-co-AMAA), RB-OH and P(MMA-co-RB) under (a) visible light and
(b) UV light at 365 nm.

In solution, P(MMA-co-RB) emits an intense orange light, nearly as intensely as RB-
OH by visual comparison, with the emission maximum at 560 nm (Figure 2). As expected,
P(MMA-co-AMAA) is non-fluorescent and does not absorb at 560 nm wavelength, thus
not interfering with the fluorescence property of P(MMA-co-RB) (Figure 3).
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Figure 2. Absorption spectra of P(MMA-co-AMAA) (0.5 mg/mL), RB-OH (0.05 mg/mL) and P(MMA-
co-RB) (0.5 mg/mL) in DMF solution.
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Figure 3. Photographs recorded under UV light 365 nm of P(MMA-co-AMAA) (0.5 mg/mL), RB-OH
(0.05 mg/mL) and P(MMA-co-RB) (0.5 mg/mL) in DMF solution.

3.2. Fluorescence Sensing of Different Metal Ions by P(MMA-co-RB) in Solution

The influence of various metal cations (Cu2+, Fe3+, Cr3+, Al3+, Zn2+, Co2+, Sn2+, Ag+)
on the fluorescence of P(MMA-co-RB) was investigated. Upon the addition of 5 mM of
each of these metal ions, the fluorescence spectra were recorded after 30 min. As shown
in Figure 4, the fluorescence of the P(MMA-co-RB) solution was quenched to a different
degree by different metal cations. Metal cations such as Al3+, Zn2+, Sn2+, Ag+ showed
less or no influence on the fluorescence quenching and Fe3+, Cr3+, Co2+ only induced a
slight fluorescence quenching. However, the addition of Cu2+ ion into the P(MMA-co-RB)
solution resulted in remarkable fluorescence quenching. These results suggested that the
P(MMA-co-RB) solution has a good selectivity for Cu2+ ion among the metal cations tested
under the same conditions. Clearly, this RB-containing polymer is more sensitive towards
Cu2+ ion among all the ions tested and thus has a good sensing selectivity.

Furthermore, the fluorescence quenching efficiency (FQE = I0/I) for the above metal
ions was determined accordingly, which is the ratio of the initial maximum fluorescence
intensity (I0) and the maximum fluorescence intensity (I) after addition of metal cations
(Figure 5). The results further confirmed a relatively high selectivity towards Cu2+ ion.

The fluorescence response of the P(MMA-co-RB) solution with various concentrations
of Cu2+ ion was also studied (Figure 6). In the range of 0–1.0 mM of Cu2+ ion, the FQE
of P(MMA-co-RB) changed slightly. Further increasing to 10 mM of Cu2+ ion, the FQE
increased significantly and the polymer solution showed no fluorescence. Furthermore,
with the increase of Cu2+ ion concentration, a sensory polymer solution changed the color
from pink to grey-green (Figure 7). However, by the naked eye, the detection limit for color
change was more than 3.0 mM of Cu2+ ion.
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Figure 4. Fluorescence spectra of P(MMA-co-RB) (0.5 mg/mL in DMF, λex = 510 nm) with different
cations (5 mM).
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Figure 5. Fluorescence quenching efficiencies of P(MMA-co-RB) (0.5 mg/mL in DMF) versus different
metal cations (5 mM).
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Figure 6. Fluorescence spectra of P(MMA-co-RB) in DMF solution (0.5 mg/mL) upon the addition of
Cu2+ ion (0, 0.5, 1, 2, 3, 5 and 10 mM, λex = 510 nm). Inset: fluorescence quenching efficiencies versus
the concentrations of Cu2+ (λem = 585 nm).
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Figure 7. Photographs of P(MMA-co-RB) (0.5 mg/mL) under (a) visible light and (b) UV light at
365 nm after quenching treatment with Cu2+ ion (0, 0.5, 1, 2, 3 and 5 mM).

3.3. Fluorescence Sensing of Different Metal Ions by P(MMA-co-RB) in Solid State

Encouraged by the detection performance of P(MMA-co-RB) in solution, we proceeded
to investigate the fluorescence sensing of P(MMA-co-RB) in a solid state, in particular using
the paper-based test strip. Up to now, many types of paper substrates, such as filter paper,
craft paper and chromatography paper, have been employed as base materials for test
strips to satisfy different requirements [43]. Among them, chromatography paper has
been extensively used for metal ion detection in aqueous solution due to its large aperture
and superior absorbing capability. Therefore, a simple test strip was prepared by soaking
a silica gel plate in the chloroform solution of P(MMA-co-RB). F127 resin was added to
improve the hydrophilicity of the test strip. The selectivity of the test strip for common
metal ions was investigated by the fluorescence quenching method. The test strip was
placed in an aqueous solution of various metal ions (5 mM) for 10 min and dried in air;
then, their emission spectra were recorded (Figure 8). It is obvious that the fluorescence of
the test strips was quenched, especially Cu2+ ion. The results imply that this strip test is
fast, sensitive and convenient for rapid detection of Cu2+ ion.

Similar to sensing in solution, as the concentration of Cu2+ ion increased, the emission
intensity of the test strip decreased gradually (Figure 9). By increasing Cu2+ concentrations
(0–50 mM), the emission color of the test strips gradually became darker under visible light
and as well under illumination of 365-nm UV lamp (Figure 10). However, by the naked eye
the detection limit for color change was less than 0.1 mM of Cu2+ ion.
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4. Conclusions

In summary, fluorescent P(MMA-co-RB) polymer prepared by grafting rhodamine B
onto a polymer side chain via the Lossen rearrangement reaction was found to be suitable
for fluorescence detection of Cu2+ ion. The selectiveness of P(MMA-co-RB) to different
metal cations (Cu2+, Fe3+, Cr3+, Al3+, Zn2+, Co2+, Sn2+ and Ag+) were also determined. The
results showed that this sensory polymer can either be used in solution or in solid state for
sensitive and selective detection of Cu2+ ion in aqueous or organic solutions. Furthermore,
a test strip using P(MMA-co-RB) was demonstrated for fast and sensitive detection of
Cu2+ ion in water. Overall, this study developed a new synthetic technology of fluorescent
chemosensors, which may broaden the scope of research and application of fluorescent
chemosensors for detecting metal ions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst12060841/s1, Figure S1: IR spectrum of RB-OH, Figure S2: 1H-NMR
spectrum (400 MHz, CDCl3) of RB-OH, Figure S3: 13C-NMR spectrum (100 MHz, CDCl3) of RB-OH,
Figure S4: Mass spectrum of RB-OH, Figure S5: IR spectrum of P(MMA-co-RB), Figure S6: 1H-NMR
spectrum (400 MHz, CDCl3) of P(MMA-co-RB), Figure S7: GPC chromatograms of P(MMA-co-RB).
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