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Abstract The novel water-soluble poly(vinyl alcohol) with
pendant rhodamine B moiety as colorimetric and fluorescene
chemosensor for Hg2+ ions was prepared by grafting poly(vi-
nyl a lcohol) us ing rhodamine B hydrazide and
hexamethylenediisocyanate as fluorescent dye and coupling
agent, respectively. Because of their good water-solubility, the
polymers binding rhodamine B can be used as chemosensors
in aqueous media. With the addition of Hg2+ ions into the
aqueous solution, visual color changes and fluorescence en-
hancements were detected. In addition, we also noticed that
other metal ions such as Ag+, Cd2+, Co2+, Cu2+, K+, Mg2+,
Ba2+, Fe2+, Ni2+, Pb2+, Cr3+, Fe3+ and Zn2+ cannot induce
obvious changes to the fluorescence spectra of the polymer
chemosensors. The combination of water solubility and pos-
itive fluorescence response as well as color change are hence
particularly promising for the practical utility of the sensors.

Keywords Water-soluble polymer . Rhodamine B . Polymer
chemosensors . Fluorescent chemosensor . Sensingmercury
ion . Poly(vinyl alcohol)

Introduction

Mercury is one of the most toxic heavy metal elements, which
could cause nervous disorders such as acrodynia, Hunter-
Russell syndrome, and Minamata disease [1], while the

mercury element also have wide applications in many indus-
trially products, such as medicine, cosmetics, and optics.
Therefore, it gives rise to the increased risk associated with
mercury poisoning [2]. As a result, it is necessary to design
and develop a novel fluorescent sensor for the Hg2+ ions
detection, which have attracted many attentions [3, 4]. One
advantage of this technique is that sensing phenomena can be
readily used to select a quantified chemical species without
using sophisticated, expensive, and time-consuming instru-
ments [5–12]. Rhodamine-based fluorescent chemosensors
have recently witnessed great development for sensing of
mercury ions [13], owing to their excellent spectroscopic
properties such as large molar extinction coefficient and high
fluorescence quantum yields [2, 14, 15]. Moreover, it is well-
known that many derivatives of rhodamine undergo equilib-
rium between spirolactam and a ring-opened amide, and both
conformations always behave with completely different spec-
troscopic properties. The rhodamine with spirolactam struc-
ture is non-fluorescent, whereas ring-opening of the
spirolactam gives rise to a strong fluorescence emission. This
property provides an ideal mode to construct OFF–ON mo-
lecular switch [10]. Actually, the vast majority of sensing
routes uses “conventional” spirolactam-based isomers to
achieve the switch functionality. Recently, rhodamine-based
sensors for cations and other analytes have received ever-
increasing attention in many areas such as sensors for Pb2+,
Cu2+, Hg2+, Fe3+, Cr3+, and NO [2, 16–18], whereas the
corresponding ring-opened amide provides both chromogenic
and fluorogenic responses that facilitate “naked eye” analyte
detection [1].

Organic and organometallic rhodamine-based receptors are
commonly used as sensory molecules for the detection of
various chemicals. However, these small molecule
chemosensors typically exhibit poor water solubility and usu-
ally only function in a medium of pure organic solvent or an
aqueous solution containing at least 50 % organic cosolvent
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[12]. The lack of water solubility greatly limits the potential
applications of rhodamine-based small molecules in biologi-
cal systems and in environmental analyses [19, 20]. To solve
the problem, covalent methods have been developed for in-
corporating organic dyes by attaching them to the backbone of
the amphiphilic polymers [2]. Polymer system has advantages
over low-molecular-weight system due to its stability, easy
handling, good film-forming ability and reuse. As reported by
researchers, there are some fluorescent polymer sensors with
different macromolecular structure were designed for the de-
tection of metal cations in the environment [21]. In order to
obtained a successful chemsensor, the high quantum yields of
fluorescence, high extinction coefficients, long excitation and
emission wavelengths, long life times, and photostability are
requirements [22]. Considering all those facts, the choice of
the fluorophore and polymer become the most important
aspect for attaining an appropriate chemosensor [23, 24].

Poly(vinyl alcohol) (PVA) is a kind of commercial polymer
material, which has excellent water-solubility, good film
forming ability, and miscibility properties. PVA can be mod-
ified easily due to the presence of abundant -OH functional
groups in their backbone. Recently, increasing investigations
and reports show that PVA was widely used as a superior
polymer matrix material in the photoluminescence field [25].
The integration of the small molecular dye and PVA forms a
kind of new multifunctional material which owns some appli-
cations in the field of optics and material science [26].

In this study, we have successfully synthesized a new kind
of fluorescent polymeric material PVA-HRBH bearing rhoda-
mine B via grafting reaction as shown in Scheme 1. The
influences of different metal cations on the fluorescence in-
tensity of the polymer sensors were also studied in aqueous
solution. We expected that the affording water-soluble poly-
mer has sensitivity and selectivity as small molecular sensor,
which could be used in the field of metal cations pollution
detection in the environment.

Experimental

Materials

Poly(vinyl alcohol) with the number average molecular weight
of 7.50×104 and degree of hydrolysis (saponification) of
99.0 % was purchased from Anhui Wanwei updated High-
tech material industry company limited (Anhui, China) and
dried in vacuum at 40 °C for 24 h before use. Rhodamine B
and hexamethylenediisocyanate (HDI) were purchased from
Sigma-Aldrich Trading Co. Ltd. (Shanghai, China); Hydrazine
hydrate, and dimethyl sulfoxide (DMSO) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) and
used without further purification; Anhydrous methanol and
ethanol, ethylacetate, n-hexane and toluene were obtained from
commercial suppliers and purified using distillation before use.
Rhodamine B hydrazide (RBH) was prepared according to the
literature method [27, 28].

Preparation of RBH-Mono-isocyanate (HRBH)

In a typical experiment, 0.168 g (1.00 mmol) of HDI in 10 mL
of toluene was added to a three-necked flask. Then, 0.456 g
(1.00 mmol) of RBH in 20 mL of toluene was added
dropwisely into the flask at 100~110 °C. The mixture was
stirred in a reflux condition for 12 h under the nitrogen atmo-
sphere. After cooling the mixture to room temperature, the
solvent was evaporated in vacuum to afford a purple precipi-
tate. The crude was purified by column chromatography on
alumina (ethylacetate/n-hexane, 15: 1) yielding the purple pow-
ders (yield: 85.94 %) [29, 30]. FT-IR of HRBH (KBr), cm−1:
3424.45 (s, ν-NH); 2970.78 (s), 2970.78 (s), 2934.67 (s),
2853.42 (s) [νC-H (CH2, CH3)]; 2271.10 (m, ν-N=C=O),
1715.86(s, νc=o); 1616.55 (s, νAr C=C); 1508.21 (s, δN-H),
1465.33 (m, νAr C=C), 1426. 96 (m, νAr C=C).

1H NMR of
HRBH (400 MHz, CDCl3), (δ, ppm): 7.907 (m, 1H, Ph);

Scheme 1 Synthetic route of PVA-HRBH
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7.592–4.476(m, 2H, Ph); 7.257–7.164(m, 2H, NH); 7.111–
7.084 (m, 4H, Ph); 3.260 (s, 8H, Me-CH2-N-); 3.242–3.180
(m, 4H, N-CH2-); 2.557–2.284 (m, 8H, −CH2-); 0.909–0.766
(t, 12H, CH3). Anal. calc. for C36H44O4N6 (%): C, 69.21; H,
7.10; N, 13.45. Found (%): C, 69.45; H, 7.32; N, 13.36.

Preparation of PVA-HRBH

One gram of the PVA in 10 mL of DMSO was heated up to
80 °C. After a homogeneous solution was obtained, the tem-
perature was then cooled down to 50 °C. HRBH (0.0586,
0.1171, or 0.2343 g) in 10 mL of DMSO were added
dropwisely to the homogeneous solution under vigorous stir-
ring. After 2 h of reaction at 80 °C, the solution was cooled
down to room temperature. The resulting polymer was pre-
cipitated into anhydrous ethanol. The cycle of the precipita-
tion was repeated three times in excess anhydrous ethanol.
The final product was dried at 50 °C under vacuum, affording
pink solid (yield: 65.09 %, 64.13 %, 55.88 %) [30]. FT-IR of
PVA-HRBH (KBr), cm−1: 3380.06(ν PVA-OH), 2940.69;
2899.31(ν-CH2-, −CH-); 1682.76(νC=O); 1606.77, 1518.00,
1270.47, 1229.09(νaromaticC=C); 1098.18(νC-O); 1435.24 (δC-
H).

1H NMR of PVA-HRBH (400MHz, DSMO-d6), (δ, ppm):
0.941 (m, CH3); 1.040–1.074(m, CH2); 2.504(m, N-CH2-
CH3); 3.353 (s, −CH-OH); 3.457–3.410(m, −OOCCH3);
3.631 (s, −CH-OOCCH3); 3.834, 4.570–4.339, 4.660 (m,
OH); 4.215(s, −CH-HRBH); 6.281(s, Ф-H); 6.328 (s, Ф-H);
6.400(s,Ф-H); 7.017(s,Ф-H); 7.034–7.236(d,Ф-H); 7.527(s,
Φ-H); 7.549–7.568(m, Φ-H); 7.811–7.828(m, Φ-H).

Preparation of Stock Solution

PVA-HRBH was hard to dissolve in water at room tempera-
ture, so the polymer solutions of desired concentrations were
prepared by dissolving a known amount of polymer 0.1000 g
in doubly distilled water with gentle stirring at 80 °C for 3 h to
ensure homogenization. Then, the solution was transferred to
50.00 mL volumetric flask, achieved 2.000 mg/mL polymer
aqueous solution [30]. The different ions stock solutions of
0.100 mol/L, including Ag+, Cd2+, Co2+, Cu2+, K+, Mg2+,
Ba2+, Fe2+, Ni2+, Hg2+, Pb2+, Cr3+, Fe3+ and Zn2+ were
prepared in doubly distilled water, respectively.

Instruments and Measurements

The 1H NMR spectra were recorded on a DRX 400 Bruker
spectrometer (AVANCE AV 400, Bruker corporation, Swit-
zerland) at 298 K in CDCl3 or DSMO-d6 with TMS as internal
standard. FT-IR spectra were recorded on a Nicolet Neus 8700
FI-IR spectrophotometer (Thermo Scientific Instrument Co.
U.S.A). Elemental analyses (C, H and N) were carried out on a
VarioELIII analyzer (Elementar corporation, Germany) for the
monomer HRBH. All pH measurements were made with a

Model pHS-3C pH meter (Shanghai, China). Fluorescence
spectra were acquired on a RF5301PC fluorescence spectro-
photometer (Shimadzu Corporation, Japan). For fluorescence
emissionmeasurements, a 10×10mm quartz cell was used for
detection. The effect of the metal cations on fluorescence
intensity was examined by adding a few microlitre of stock
solution of the metal cations to a known volume of the
polymer solution (2.00 mL). The addition was limited to
0.10 mL, so that the dilution of the polymer solution remained
insignificant [21]. The excitation and the emission slit widths
were 10 nm and 5 nm, respectively, excitationwavelength was
500 nm, scanning range were from 520 to 650 nm unless
otherwise noted, scanning speed was medium, testing temper-
ature was at 25 °C. The detection limit was calculated with the
equation: detection limit = 3S/ρ, where S is the standard
deviation of blank measurements and ρ is the slope between
intensity versus sample concentration.

Results and Discussion

Design and Synthesis

PVA-HRBHs containing rhodamine B were prepared using
post-functionalization strategy as shown in Scheme 1. RBH-
mono-isocyanate (HRBH) was prepared by the reaction of
HDI and the equal molar of RBH. The choice of HDI as the
spacer is aimed to endow the PVA polymer and RBH with the
-NCO functional group. The rhodamine moiety was linked to
the HDI through the reaction between -NH2 of RBH and the –
NCO of HDI. Then the HRBH was grafted to the PVA by
means of the reactions of another -NCO functional group of
HRBH with -OH group of PVA. The hexamethylene group
[(CH2)6] was as a spacer. The urea bond (−NH-CO-NH-)
formed by –NCO and NH2 provided N and O binding sites
for selective recognition of Hg2+. The whole process is just by
a simple extraction or re-precipitation cycles; it is possible to
perform the treatment and purification of the polymers,
avoiding the complex and tedious separation and purification
steps of small molecules containing rhodamine. The resulted
PVA-HRBHs were pink powders whose colors are derived
from the HRBH. The more the feeding of HRBH was, the
deeper the color of the powder was [11, 30].

Characterization

FT-IR and 1H NMR were used to prove a link between
rhodamine B moiety and the PVA. Comparing the FT-IR
spectra of PVA-HRBH with those of HRBH, we found that
the peaks at 2271.10 cm−1 characteristic of -NCO group,
which present to the FT-IR spectra of HRBH, disappeared
completely in the FT-IR spectra of PVA-HRBH. There are the
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characteristic peaks of RBH at 1518, 1435 and 1229 cm−1

appeared in the FT-IR spectra of both HRBH and PVA-
HRBH. These are clear evidence of success in grafting RBH
to PVA, affording the target polymer PVA-HRBH. The 1H
NMR spectra of HRBH and PVA-HRBH in CDCl3 and
DSMO-d6 are shown that characteristic signals corresponding
to the xanthene and benzene rings of RBH (δ(H) 6.0–8.0)
appeared in the spectrum of PVA-HRBH. This observation
also confirmed that the HRBH had been successfully incor-
porated into the PVA. The peaks at 1.2–5.0 ppmwere assigned
to the aliphatic CH3, CH2 and CH groups of PVA.

Solubility and Fluorescence Properties of PVA-HRBH

The solubility of PVA-HRBHs with different amount of
HRBH was shown in Table 1. It can be seen that all of PVA-
HRBHs (feed of HRBH (molar fraction): 0.5, 1.0 and 2.0 %)
dissolved in DSMO. A series of fluorescence curves of PVA-
HRBHs in DSMO are shown in Fig. 1 (The scanning range
were from 520 to 700 nm. The concentration of polymer was
2.00 mg/mL. The concentration of Hg2+ was 2.5×10−5 mol/
L). The fluorescence intensity of both PVA-HRBH and
complex-Hg2+ increased with the increase of the amount of
HRBH. In contrast, the solubility of PVA-HRBH in water
present an opposite tendency caused by the hydrophobic
properties of HRBH. While the feed of HRBH was run up
to 2.0 % (molar fraction), the PVA-HRBH might be insoluble
in water. It is also worth notice that PVA is hydrophilic
polymer which provides a good solubility of PVA-HRBH

with HRBH of 0.5 and 1.0 % in water. It is a key requirement
for its sensing application.

Response Time

It is well known that the response time is an important matter
for an excellent chemical sensor. A short response time is
necessary for a fluorescent chemosensor to monitor Hg2+ in
aqueous samples. The time course of the response of PVA-
HRBH (1.0 %, 0.70 mg/mL) to Hg2+ (2.5×10−5 mol/L) in
neutral aqueous solution was investigated (Fig. 2). The exper-
imental results suggested that the recognition interaction was
completed within 5 min after the addition of Hg2+ [2, 5].

Effects of pH Value

The effects of pH value on the fluorescence intensity of PVA-
HRBH in the absence of Hg2+ were investigated in the pH
range from 2.39 to 11.09 (Fig. 3). The aqueous solution of

Table 1 Solubility of PVA-HRBH

Feed of HRBH (molar fraction)/% 0 0.5 1.0 2.0

DSMO soluble soluble soluble soluble

H2O soluble soluble soluble insoluble
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PVA-HRBH (1.0%, 0.10mg/mL) did not display any obvious
and characteristic fluorescence (excited at 500 nm) at pH
value range from 5.57 to 11.09, suggesting that it was stable
over the pH value range of 5.57–11.09 and could work in real
environmental and biological samples with low background
fluorescence. When pH value was lower than 5.57, the fluo-
rescence intensity increased rapidly with decreasing pH
values, which might be caused by the ring-opened form of
rhodamine B. This result suggests that no buffer solutions are
required for the detection of Hg2+ in the basic or neutral media
as optimum experimental condition, and this is convenient for
practical application [11, 12, 30].

The Influence of Metal Cations on the Polymer Fluorescence
Properties

The changes in the fluorescence intensity induced by alkali,
alkaline earthmetal ions, and transition metal ions were inves-
tigated and the fluorescence responses of PVA-HRBH (1.0 %,
0.1 mg/mL) were presented in Figs. 4 and 5 [2, 11, 12, 18]. As
seen, the addition of metal cations led to a change of the
fluorescence intensity, which was different for each metal

cation [26]. The titration of Hg2+ into the aqueous polymer
solution, obvious fluorescence enhancement could be seen and
the color of the solution was changed from colorless to pink.
While the addition of other metal ions including Ag+, Ba2+,
Cd2+, Co2+, Cu2+, Fe2+, K+, Mg2+, Ni2+, Pb2+, Cr3+, Fe3+ or
Zn2+ did not induce any obvious fluorescence enhancement and
color change. Therefore, PVA-HRBH was a highly selective
chemosensor for Hg2+, which was probably due to the
cooperating of several combined influences, such as the suitable
coordination geometry, the proper radius and charge density of
the Hg2+ ion, and the amide deprotonation ability of Hg2+ [11].

The competitive experiments were conducted in the pres-
ence of Hg2+ (5.0×10−5 mol/L) mixed with 1 equiv. of various
cations, respectively. The fluorescence spectra were recorded
at 500 nm within 5 min after the addition of these metal ions
and the subsequent addition of Hg2+ to the above solutions. As
shown in Fig. 6, the Hg2+-induced relative fluorescence in-
tensity (I/I0, here I is the fluorescence emission intensity of
PVA-HRBH actually measured at a given metal concentra-
tion, I0 is the fluorescence emission intensity of the PVA-
HRBH without metal cations) enhancement was not obvious-
ly affected in the presence of Ag+, Ba2+, Cd2+, Co2+, Cu2+,
Fe2+, K+, Mg2+, Ni2+, Pb2+, Cr3+, Fe3+ or Zn2+ cation. The
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Fig. 4 Fluorescence spectra of PVA-HRBH (1.0 %, 0.10 mg/mL) in
aqueous solution with different metal cations (The molar concentration of
metal cations was 5.00×10−5 mol/L)

Fig. 5 Colorimetric changes and
fluorescent changes under UV
lamp (365 nm) of PVA-HRBH
(0.10 mg/mL) to various cations
in neutral water (2.50×10−5 mol/
L)
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competition experiments revealed that the Hg2+-induced lu-
minescence response will be unaffected in a background of
environmentally relevant other ions. Selectivity and competi-
tion experiments showed that PVA-HRBH has a remarkable
selectivity toward Hg2+ [11, 18, 26].

The Influence of Hg2+ Ion Concentration on the Polymer
Fluorescence Intensity

The emission spectra were also recorded under the same
condition. Like most of the spirocycle RBH derivatives, the
aqueous solution of PVA-HRBH (1.0 %, 0.1 mg/mL) was
colorless and exhibited weak fluorescence at about 572 nm
in neutral water, indicating that the spirolactam form was the
predominant species. After the addition of Hg2+ into the water
solution of PVA-HRBH, a new strong absorption band cen-
tered at about 578 nm was observed (Fig. 7) and the color of
solution was changed from colorless to purple. As shown, the
higher the concentration of added Hg2+ was, the deeper the
color of the aqueous solution was (Fig. 8). Meanwhile, a
dramatic change in the fluorescence spectra was also obtained.
The fluorescence maximum wavelength was red-shift from
572 to 578 nm, and up to about 11-fold enhancement in the
fluorescence intensity was noted. This indicates that the Hg2+

induces a highly conjugated rhodamine system via formation
of opened-spirolactam to give a strong fluorescence emission

[4]. The color change and OFF-ON fluorescence support our
expectation that PVA-HRBH could serve as a sensitive fluo-
rescent switcher as well as a naked-eye chemosensor for Hg2+

in aqueous solution [2, 11].
Figure 9 shows the plot of the relative fluorescence inten-

sity (I/I0) of PVA-HRBH (excition wavelength at 500 nm)
versus the concentration of added Hg2+, and a good linearity
relationship is obtained in concentration range from Hg2+-free
solution to 8.0×10−5 mol/L, which was described by a func-

tion I=I0 ¼ 1:1087þ 1:6735� 105 Hg2þ½ � with the correla-

tion coefficient R=0.9976 [11]. The corresponding detection
limits (3S/ρ: S, standard deviation; ρ, slope) were calculated
to be 5.72×10−7 mol/L for Hg2+. According to the results, it
could be assumed that the novel fluorescent polymer had
potential prospects as a selective detector of Hg2+ ion in
aqueous environment [2, 11].

Conclusions

A simple and low-cost post-functionalization strategy was
adopted to prepare a novel fluorescent Hg2+ polymeric
chemosensor by covalent coupling of organic fluorescent
molecular RBH to a water-soluble polymer PVA with HDI
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Fig. 8 Photographs recorded
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as coupling agent. The fluorescence properties of PVA-HRBH
in solution were evaluated in detail. The selectiveness of PVA-
HRBH to various of metal cations including Ag+, Cd2+, Co2+,
Cu2+, K+, Mg2+, Ba2+, Fe2+, Ni2+, Hg2+, Pb2+, Cr3+, Fe3+ and
Zn2+ were determined. In the presence of these metal cations,
the fluorescence intensity of the polymer was enhanced and
the I/I0 of each cation was different. Moreover, clear color
changes from colorless to pink were observed. The highest
enhancing effect was noticed in the presence of Hg2+ ion. The
results revealed that the aqueous solutions of the polymeric
chemosensor can be used for the colorimetric, fluorogenic
detection, as well as quantification of Hg2+. In particular, it
represents one of the few fluorescent sensors that allow a
selective and sensitive detection of Hg2+ in aqueous medium
without any organic co-solvent required. We believe that
PVA-HRBH can be used for many practical applications in
chemical, environmental and biological systems.
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