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A fluorescent sensor for pH based on rhodamine fluorophore
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a b s t r a c t

In this study, an ‘OffeOn’-type acidic pH fluorescent chemosensor, 30,60-Bis (ethylamino)-20,70-dimethyl-
2-(2-oxoethylideneamino)spiro[isoindoline-1,90-xanthen]-3-one (RG1) has been designed, synthesized,
and characterized by high-resolution mass spectrometry (HRMS), X-ray crystallography, infrared spec-
troscopy (IR), and 1H NMR and 13C NMR spectroscopy. The design tactics for the sensor was based on the
change in structure between spirocyclic (non-fluorescent) and ring-open (fluorescent) forms of rhoda-
mine dyes. Fluorescence “offeon” behaviors of RG1 were investigated on the basis of variable acid
concentrations. The pH titrations showed a ca. 581-fold increase in fluorescence intensity within the pH
range of 7.5 to 1.1 with a pKa value of 2.32 in acetonitrileewater (1:1, v/v) solution when excited at
510 nm. The fluorescence change of RG1 was fully reversible and took place mainly within the pH range
from 1.0 to 4.0, which was valuable for pH researches in acidic environments.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The detection of pH is critical important because it usually plays
a pivotal role in a variety of systems. The most common pH sensors
are glass electrodes. However, the known limitations of the glass
pH electrodes (e.g., its electrical interference or mechanical
destruction to small cells) make them unsuitable for certain
applications: intracellular pH andmicroscopy studies. In contrast to
the electrochemical methods, optical measurements based on
fluorescent probes have no such faults [1,2]. Moreover, fluorescent
probes have their obvious advantages in terms of sensitivity,
selectivity, subnanometer spatial resolution, more convenient
operation in many applications (e.g., remote sensing with fiber
optics) [3e10].

Several fluorescence pH sensors have been reported in the
literature [11e26]. To the best of our knowledge, however, rela-
tively less attention was paid on the fluorescent probes which are
pH sensitive in the lower pH region (pH < 4). In fact, since some
media such as those found in the human stomach or environmental
water are strongly acidic, it is necessary to develop chemosensors
for monitoring pH level of these strongly acidic media.
x: þ86 411 84983606.
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The rhodamine derivatives used as fluorescent probes [27e31]
have received a great deal of attention from organic chemists
because of its excellent photophysical properties, such as long
absorption and emission wavelengths elongated to the visible
region, high fluorescence quantum yield, and large absorption
coefficient. Herein, we designed and synthesized sensor RG1 based
on rhodamine 6G. The fluorescence change of the sensor took place
mainly within the pH range from 1.0 to 4.0. The sensor was char-
acterized by HRMS, IR, X-ray crystallography, 1H NMR and 13C NMR.
The mechanism of the sensor to monitor Hþ is based on the change
in structure between spirocyclic and open-cycle forms.Without Hþ,
the sensor exists in a spirocyclic form, which is colorless and non-
fluorescent. Addition of Hþ leads to a spirocycle open, resulting in
an appearance of pink color and fluorescence.
2. Experimental part

2.1. Materials and apparatus

Acetonitrile and deionized water were used as solvents. All the
materials for synthesis were purchased from commercial suppliers
and used without further purification. With the exception of HgCl2,
aqueous solutions of metal ions were prepared from their nitrate
salts. Flash chromatography was carried out on silica gel SG1105
(200e300 mesh; Qingdao Makall).
rights reserved.
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Table 1
The crystallographic data and structure refinement parameters of RG1.

Empirical formula C28H32N4O3

Formula weight 468.55
Temperature 298 (2) K
Wavelength 0.71073
Crystal system, Space group Orthorhombic, Pna2(1)
Unit cell dimensions a ¼ 19.3581(16) Å, a ¼ 90.00�(10)

b ¼ 8.3951(5) Å, b ¼ 90.00�(5)
c ¼ 15.7549(13) Å, g ¼ 90.00�(6)

Volume 2560.4(3) Å3

Z 4
Density (calculated) 1.218 Mg m�3

Absorption coefficient 0.081 mm�1

F(0 0 0) 996
Crystal size 0.38 mm � 0.10 mm � 0.10 mm
Theta range for data collection 2.47e27.49�

Limiting indices �25 � h � 23, �10 � k � 10, �17 � l � 20
Absorption correction Multi-scan
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 4739/1/340
Goodness-of-fit on F2 1.02
Final R indices [I > 2s(I)] R1 ¼ 0.1135, wR ¼ 0.1500
R indices (all data) R1 ¼ 0.0498, wR ¼ 0.1154
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1H NMR and 13C NMR spectra were recorded on a Varian INVOA
400 MHz spectrometer. Chemical shifts (d) were reported in ppm
relative to a Me4Si standard in CDCl3 and coupling constants (J) in
Hz. Mass spectra were obtained using a Q-TOF mass spectrometry
(Micromass, England). Absorption spectra were obtained on a Per-
kin Elmer Lambda 35 UV/Vis spectrophotometer at 298 � 1 K.
Steady-state fluorescence spectra were measured using a 10 mm
path length quartz cell on a Perkin Elmer LS55 fluorescence spec-
trophotometer at 298 � 1 K. A Model pHS-3C digital pH meter
(Shanghai, China) was employed to make the pH measurements.
Data of the single crystals were collected on a Bruker SMART CCD
diffractometer at 293 K. IR spectra were recorded on a Nicolet
Nexus 770 spectrometer.

2.2. Synthesis of compound RG1

The synthetic route of RG1 is shown in Scheme 1. Rhodamine 6G
hydrazide (compound 1) was synthesized according to the literature
[29]. Compound 1 (0.30 g, 0.7 mmol) was dissolved in 15 ml of
absolute ethanol. Excess oxalaldehyde hydrate (2.0 ml; oxalalde-
hyde content >40 mass%) was added, then the mixture was stirred
under N2 atmosphere for 8 h. The solvent was removed under
reduced pressure. The crude product was purified by flash column
chromatography on silica gel with EtOAc/petroleum spirit (1/6, v/v)
as eluent, affording 217.0 mg of compound RG1 as a yellow solid
(yield 66.2%). HRMS (ESI) m/z: calcd for C28H32N4O3 [M þ H]þ

469.2240; found 469.2229. 1H NMR (400 MHz, CDCl3):
d (ppm) ¼ 9.23 (d, J ¼ 7.6 Hz, 1H), 7.98 (d, J ¼ 7.2 Hz, 1H), 7.63e7.55
(m, 2H), 7.44 (d, J ¼ 7.6 Hz, 1H), 7.02 (d, J ¼ 7.6 Hz, 1H), 6.34 (s, 2H),
6.28 (s, 2H), 4.17 (s, 2H), 3.22e3.16 (m, 4H), 1.85 (s, 6H), 1.26
(t, J ¼ 6.8 Hz, 6H); 13C NMR (100 MHz, CDCl3): d (ppm) ¼ 191.97,
153.85, 151.27, 148.69, 140.91, 135.39, 129.17, 128.27, 127.21, 123.05,
119.21, 118.87, 104.22, 102.76, 96.17, 72.90, 64.58, 38.08, 33.05, 16.10,
14.83,13.84. IR (KBr, cm�1): 3381, 2968, 2925, 2870,1669,1635,1615,
1548, 1517, 1467, 1357, 1309, 1266, 1221, 1122, 824, 785, 762, 702.

2.3. Crystal growth

The quality of single crystals depends on the purity of the used
material. Hence, the synthesized material was highly purified
material. The saturated hexaneedichloromethane (5:1, v/v) solu-
tionwas prepared at room temperature (25 �C). Then, the prepared
solution was filtered into a beaker and covered to restrict the fast
evaporation of the solvent. Finally, the prepared solution was kept
in a constant temperature (25 �C). After a span of about 20 days,
yellow single crystals of compound RG1 were obtained.

3. Results and discussion

3.1. Single crystal X-ray structure analysis

X-ray crystallography structural investigation of RG1 revealed
that the main skeleton of the molecule is formed from a xanthene
ring and a spirolactam ring. The xanthene ring is close to planar
Scheme 1. The synthetic route of sensor RG1.
with an r.m.s. deviation of 0.135(1) Å. The lactam moiety of the
molecule is oriented nearly orthogonal to the xanthene moiety. The
dihedral angle between the planes of the xanthene and the spi-
rolactam rings systems is 90.4(1)�. The crystallographic data and
structure refinement parameters of RG1 are presented in Table 1.
The thermal ellipsoid plot using ORTEP3 drawn at 30% probability
level of the molecule of RG1 along with the atom numbering
scheme is shown in Fig. 1.

3.2. Influence of protons on the absorbance and fluorescence
intensity

RG1 exhibits very weak absorption in the pH 5.0e13.2 range in
an acetonitrileewater (1:1, v/v) solution. It can be explained that
RG1 exists in the form of spirocyclic structure in the solution. As the
pH (<5) decreases, the absorption band at 532 nmwas observed to
increase distinctly (Fig. 2). Meanwhile, the colorless solution of RG1
rapidly turned into pink due to the ring-opening process by RG1
interacting with protons. Subsequent addition of NaOH resulted in
Fig. 1. Thermal ellipsoid plot using ORTEP3 drawn at 30% probability level of the
molecule of RG1 along with the atom numbering scheme.



Fig. 2. Dependence of absorption spectra of RG1 (20 mM) on pH 13.2e1.0 in acetoni-
trileewater (1:1, v/v) solution.

Fig. 3. Dependence of fluorescent spectra of RG1 (20 mM) on pH 13.2e1.0 in acetoni-
trileewater (1:1, v/v) solution. Excitation was at 510 nm.

Fig. 4. Fluorescent intensity (560 nm) of RG1 (20 mM) versus pH in acetonitrileewater
(1:1, v/v) solution. Excitation was at 510 nm.
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colorless solution, implying a reversible coordination process
between RG1 and Hþ. Both the color and spectra changes indicate
that RG1 can probe pH reversibly and this detection process can be
easily observed by naked eyes.

On the other hand, the emission spectra of RG1 at different pH
values in an acetonitrileewater (1:1, v/v) solution are shown in
Fig. 3. Only very weak emission was observed in alkaline solution
between 350 nm and 650 nm. However, with a decrease in pH, the
fluorescence intensities of RG1 gradually increased with a 28 nm
bathochromic shift from 532 nm to 560 nm. The fluorescence
intensity in low pH (1.1) was ca. 581-fold larger than that in high pH
Scheme 2. Proposed mechanism for the fluorescence enhancement of RG1 upon the
addition of Hþ.
(7.5) for probe RG1. The fluorescence change of the probe RG1 was
also fully reversible and took place mainly within the pH range
from 1.0 to 4.0. This fluorescence enhancement in low pH is due to
the ring-opening of RG1 by protons (Scheme 2).
Fig. 5. Fluorescence responses of RG1 in the presence of different metal ions and
proton. (a) Influence of different metal ions (200 mM) and proton on the fluorescent
spectra of RG1 (20 mM) in CH3CN/TriseHCl buffer (1:1, v/v, pH 7.15). (b) Fluorescence
maxima of RG1 at different pH (in CH3CN/H2O solution for pH 1.01, in CH3CN/Brit-
toneRobinson buffer for pH 2.13, 3.07 and 3.96). White column: without extraneous
metal ions; black column: with Naþ, Kþ (10 mM), Mg2þ, Ca2þ (5 mM), Ba2þ, Mn2þ,
Cd2þ, Cr3þ, Co2þ, Ni2þ, Cu2þ, Pb2þ, Zn2þ, Fe3þ, Hg2þ (200 mM). lex ¼ 510 nm and
lem ¼ 560 nm.
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The acidity constants Ka of RG1 was determined in acetonitrile/
water (1:1, v/v) solution by fluorimetric titration as a function of pH
(Fig. 4). Sigmoidal curve fitting of HendersoneHasselbach-type
mass action equation (1) [32,33] to the fluorescence intensity I
recorded as a function of pH yielded values of pKa, where I is the
observed fluorescence intensity at a fixed wavelength, Imax and Imin
are the corresponding maximum and minimum, respectively. We
got a pKa of 2.32 (�0.16), which is valuable for studying the strong
acid pH scale.

pKa ¼ pH� log
Imax � I
I � Imin

(1)

3.3. Selectivity for Hþ

Considering that nitrogen and oxygen can bind many metal ions
in solution, it is very important to determinewhether other ions are
potential interferents. Upon addition of Naþ, Kþ, Mg2þ, Ca2þ, Ba2þ,
Mn2þ, Cd2þ, Cr3þ, Co2þ, Ni2þ, Cu2þ, Pb2þ, Zn2þ, Fe3þ and Hg2þ to the
20 mM RG1 solutions while keeping the other experimental
condition unchanged at pH 7.15, no significant fluorescence inten-
sity changes were observed (Fig. 5a). It is probably because there
are not sufficient coordination sites between variousmetal ions and
RG1, which cannot induce the spirolactam ring-open and emit
fluorescence of rhodamine 6G. However, a certain amount of Hþ led
to a remarkable enhancement in fluorescence intensity. Further-
more, the fluorescence intensity changes caused by Hþ are not
significantly influenced by the coexistingmetal ions at pH 1.01, 2.13,
3.07, and 3.96 (Fig. 5b). The results indicate that RG1 can selectively
measure pH changes in the presence of various metal ions.

4. Conclusion

In this work, a fluorescent pH sensor (RG1) based on rhodamine
fluorophore has been synthesized, and its photophysical behavior
was examined as a function of pH. In aqueous solution, RG1 showed
a large fluorescent enhancement upon increasing the acidity of the
solution. It can be used in aqueous solution as fluorescent pH
sensors excitable with visible light. Metal ions including Naþ, Kþ,
Mg2þ, Ca2þ, Ba2þ, Mn2þ, Cd2þ, Cr3þ, Co2þ, Ni2þ, Cu2þ, Pb2þ, Zn2þ,
Fe3þ, Hg2þ had no significant interference on pH determination.
The enhancement of color and fluorescence in acidic solutions was
in the range of 450e650 nm, thus, the compound was able to serve
as a “naked-eye” chemosenor for pH. The fluorescence change of
RG1was fully reversible and took place mainly within the pH range
from 1.0 to 4.0. Therefore, we expect that this fluorescent sensor
would be able to monitor pH levels in a human stomach or some
acidic environments.
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