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INTRODUCTION

Most of the in vivo processes, like metabolism, enzyme
catalysis, apoptosis, transport of organelles, cell signaling, ion
channel formation, various signaling pathways, etc. requires
intracellular pH to be maintained in a particular range [1,2].
Although most prokaryotes suffer in extreme acidity (pH < 4)
condition of the intercellular fluid, some microorganisms like
Acidophiles, Helicobacter pylori and enteric pathogens survives
in this extreme condition and may cause for the life-threatening
diseases [1,2]. Therefore, measurement of physiological pH
is very important in the field of clinical pathology [3,4]. Usual
methodologies employed for pH measurement, comprising of
microelectrodes and optical fiber electrodes in potentiometric
and conductometric titration, have been reported to be rather
incompatible for the measurement of physiological pH [4,5].

However, the optical spectroscopic methods, viz. fluore-
scence and absorption spectroscopy, are the two most suitable
techniques for monitoring intercellular pH. Minute changes
in the pH medium can be detected by suitably selecting a pH
dependent fluorescent probe of high quantum yield and the
colorimetric method can also be utilized if the probe shows pH
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dependent changes in its colour. This way, higher sensitivity,
and optimum selectivity for the detection of in vivo pH can be
achieved [5-11].

Several pH-responding fluorescent probes have been reported
to monitor the changes in pH related to the changes in physio-
logical and pathological conditions [5-7,12]. But fluorogenic
or colorimetric pH-indicator probes have its limitations, e.g.
low sensitivity, ultraviolet excitation profile and applicability
in the pH range of 4-9 only [13-15].

In this respect, the fluorescent probes based on rhodamine
core structure have exceptional photo-physical properties, such
as long absorption and emission wavelengths which is extended
to the visible region, high fluorescence quantum yield and large
absorption coefficient and thus, rhodamine probes are very
useful as fluorescent and colorimetric labelling reagents. The
rhodamine based probes have spirolactam ring in its core
structure and are non-fluorescent and colourless. But in acidic
solution or in presence of suitable metal ions, spirolactam ring
opening takes place and in the ring-open structure the rhoda-
mine probes become highly fluorescent and display a visible
colour [16,17].
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Rhodamine pH-responsive probes are also suitable in the
detection of low acidity of the aqueous medium. All other
fluorescent probes reported to work as a pH sensor, like, green
fluorescent protein and benzoxanthene cyanine-based pH-
sensors work only in the higher pH range (4.0-9.0) of aqueous
medium. Fluorescein or coumarin based probes are either
chemically unstable under extreme acidic condition or because
of presence of carboxyl or hydroxyl functional groups in their
core structure their proton sensing ability is influenced by the
interfering metal ions. The competition between the proton and
the metal ions for the receptor site of the fluorescence probe
leads to a non-linear response of the fluorescence intensity of
the pH-sensor with the change in the pH of the medium [18-
27]. A rhodamine-based reversible pH sensor having a high
quantum yield has been reported by Tian et al. [18], which can
monitor aqueous pH in the range of 1.0-4.0. Tan et al. [19]
reported a pH-responsive rhodamine fluorescent probe which
can work in the aqueous pH range of 1.75-2.62, and the sensing
of pH is not affected by the presence of other metal ions in the
medium. Another rhodamine-rhodamine-based pH probe was
reported by Zhao et al. [24-26] where the fluorescent intensity
was found to vary linearly with minor pH fluctuations within
the range of 4.2-5.2.

In present work, a completely water soluble small organic
fluorescent molecule 2-amino-3,6-bis(ethylamino)-7-dimethyl-
spiroiso-indoline-1,9-xanthen-3-one (AX) is used to probe the
pH of aqueous medium by employing steady state fluorescence
and absorption spectroscopy. The mechanism depends on the
pH induced structural interconversion between spirocyclic
closed and open ring forms of rhodamine probe. The probe
(AX) existing as a colourless spirocyclic closed form with non-
fluorescent nature at neutral/basic pH converse gradually from
to open ring form in acidic pH showing strong fluorescence
with change of solution colour from colourless to pink
(Scheme-I).

EXPERIMENTAL

All chemicals and solvents were purchased from Sigma-
Aldrich Chemicals Pvt. Ltd. (India) and used without further
purification. Probe 2-amino-3,6-bis(ethyl amino)-7-dimethyl-
spiro, isoindoline-1,9-xanthen-3-one (AX) was prepared by
following the procedures of Zhang et al. [28] and Kang et al.
[29] and purified through recrystallization by using spectro-
scopic grade ethanol and dried repeatedly before use. Mili-Q
Milipore® 18.2 MΩ cm water was used for the preparation of

buffer solution of different pHs in all spectroscopic measure-
ments. A 40 mM Britton-Robinson buffer comprising of H3PO4,
H3BO3 and CH3COOH mixture with variable pH from 1.5 to
7.0 were prepared by addition of suitable amount of 0.1 M HCl
and/or 0.1 M NaOH solution. The pH of different buffer solutions
was determined by Systronics digital pH meter (model No. 335).
In all experiments, freshly prepared solutions were used at
ambient temperature (25 ºC) and all the spectroscopic measure-
ments were repeated at least three times to check the reproduci-
bility.

UV-Vis absorption, steady state and time-dependent
fluorescence studies: The UV-Vis absorption and steady state
fluorescence spectra were measured by Perkin-Elmer Lambda
25 and Perkin-Elmer LS-55, respectively using quartz cell of
1 cm path length. In case of fluorescence studies, the excitation
wavelength was kept at 530 nm. Time-resolved fluorescence
measurements were carried out by using time correlated-single
photon counting (TCSPC) techniques. Excitation was provided
by a nanosecond diode (nano-LED, IBH, U.K.), which served
as the light source operating at 500 nm and a TBX4 detection
module (IBH, U.K.) coupled with a special Hamamatsu photo-
multiplier tube (PMT) was used for the detection of fluore-
scence decays. The time resolution achievable with the present
setup following deconvolution analysis of the fluorescence
decays was ~ 100 ps. Fluorescence decays were recorded with
a vertically polarized excitation beam and fluorescence was
collected at the magic angel 54.7º.

Determination of fluorescence quantum yield: The
fluorescence quantum yield of closed spirocyclic form (AX)
was determined using the following equation [30] and rhoda-
mine 6G in water was used as reference :
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where Ai is the absorbance at the excitation wavelength, Fi is
the integrated emission area and ‘n’ is the refraction index of
the solvents used. Subscripts refer to the reference (r) or sample
(s) compound. The AX fluorescence spectra were recorded by
530 nm excitation at 25 ºC in 40 mM Robinson buffer of pH
2.0. For 555 nm fluorescence intensity band, the determined
quantum yield (φF) was about 0.5.

Theoretical calculation: Ground state geometries of AX
and its corresponding protonated species (HAX) in the gas
phase were fully optimized by density function theories (DFT)
using Gaussian 09 program [31]. The B3LYP function with
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Scheme-I: Schematic diagram for acid/base induced structural conversion between AX to HAX
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6-31G basis set was adopted for the present calculations. The
nature of all the stationary points was confirmed by carrying
out a normal mode analysis, where all vibrational frequencies
were found to be positive. Time dependent density functional
theory (TD-DFT) with the same B3LYP density functional
was applied to study the low-lying excited states of the complex
in water medium using the optimized geometries of the ground
(S0) states for the respective species. For the description of the
solvent effect, both in the ground and excited states, conductor
polarized continuum model (CPCM) in water medium was
adapted. The vertical excitation energies of the lowest 20 singlet
states were also calculated. The global minima of all these
species were confirmed by the positive vibrational frequencies.
The UV-Vis spectra from TD-DFT calculations were computed
in the range from 250 to 700 nm in water medium.

RESULTS AND DISCUSSION

UV-Vis absorption for monitoring medium pH: UV-
Vis absorption studies for AX were carried out in aqueous 40
mM Britton-Robinson buffer at various pH ranges from 1.5 to
7.0 (Fig. 1a). The visible absorption intensity centered ~ 530
nm was found to increase gradually with the decreasing pH of
the buffer medium until at pH 1.5 where the intensity became
saturated. The saturated absorption spectrum at the visible wave-
length at highly acidic condition nicely matches with the spec-
trum for free unmodified rhodamine 6G. The results indicate
the spirolactam ring opening and subsequent visible intensity
generation due to formation of free rhodamine 6G moiety was
assisted by increased acidic condition of the medium. It is
interesting to observe that the generation of 530 nm visible
absorption is highly advantageous to detect the pH of the medium
by visible colorimetric responses (Fig. 1c). In order to estimate
the pH detection more precisely, the normalized 530 nm molar
extinction coefficients (each value was normalized by 530 nm
intensity at pH 7.0) were plotted with the pH of the medium
(Fig. 1b). The typical sigmoidal behaviour with a transition
mid-point pH of ~ 4.0 can be utilized for precise estimation of
unknown pH of the medium by using the following equation:

530
Norm

31.26
I 1.58

1 exp((pH 3.77) / 0.6)
= −

+ −

It is also mentionable that more than 30-fold of intensity
enhancement for the 530 nm absorption band was identified
for decreasing the medium pH from 7.0 to 2.0. Moreover, the
large molar extinction coefficient value for the 530 nm absor-
ption band is highly useful for detection of minute change of
pH of the medium.

Fluorescence studies for monitoring the pH of the
medium: In anticipation of large fluorescence increase due to
the acid induced spirolactam ring opening for the rhodamine
derivative considering the UV-Vis absorption investigation,
steady state fluorescence studies for AX were performed under
different pH buffer medium ranging from pH 7.0 to 1.5. The
non-fluorescent AX turns into highly fluorescent HAX by
changing the pH of the medium from basic/neutral to acidic.
The fluorescence intensity centered ~ 555 nm was found to be
increased gradually by decreasing the pH of the medium. It is
mentionable that about 55-fold intensity enhancement was
identified for changing the medium pH from 7.0 to 1.5.

Similar founding to the absorption study, the AX fluore-
scence spectrum is nicely matched with the spectrum of free
rhodamine 6G, which also indicates acid induced spirolactam
ring opening reaction is the reason for enhancement of fluore-
scence intensity with decreasing pH of the medium. The large
quantum yield for 555 nm fluorescence band (~ 0.5) under
acidic condition is highly useful for the detection of minute
variation in pH medium. To increase the analytical usefulness
during the determination of unknown pH of the medium by
this method, the dependencies of the fluorescence intensities
on probe concentration were removed through normalizing the
fluorescence intensities at various pH by the fluorescence
intensity value at pH 7.0, which then plotted with pH of the
medium (Fig. 2b). The analysis of fluorescence intensity changes
as a function of pH by using the Henderson-Hasselbalch type
mass action equation [18,19,24-26,32] yielded a pKa of 3.9.
Although the typical sigmoidal behavior was grossly followed
for whole pH range from 1.5 to 7.0 but the fluorescence intensity
showed a linear correlation to pH values between 2.0 and 5.5
and best fitted with the function Y = -10.076 pH + 58.217 and
R2 = 0.9889, as shown in Fig. 2c. This function further allowed
us to calculate the pH value of any sample with pH ranged from
2.0 to 5.5. Therefore, probe AX could be used as a highly
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Fig. 1. (a) UV-Vis absorption spectra of AX (25.0 µM) in 40 mM buffer medium at different pH (1.5-7.0). The decrease in intensities with
increase in pH is indicated by arrow; (b) Normalized molar extinction coefficient at 530 nm (εx) at different pH. Each ε530 value of
different pH is normalized by dividing the molar extinction coefficient at 530 nm for pH 7.0; (c) pH dependent colorimetric responses
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sensitive colorimetric and fluorescent pH indicator. Since large
enhancement of emission intensity due to minute variation of
pH in between 2.0 to 5.5 was observed, a very small amount
of pH change in this range (2.0-5.5) may be determined ratio-
metrically.

Fluorescence lifetime measurements: To achieve a
deeper insight into the pH dependent steady state fluorescence
changes, excited state fluorescence lifetime analysis for the
555 nm emission at different pH was performed. The typical
decay profile is presented in Fig. 3. Single exponential beha-
viour for the transient decays at various pH clearly suggest
that, only spirocyclic ring opening species is responsible for
this fluorescence (Table-1). According to the equations: τ1 =
kr + knr and kr = Φf/τ, the radiative rate constant kr and total
non-radiative rate constant knr of the fluorophore AX at three
different pH values were calculated and listed in Table-1. The
insignificant change in the excited state lifetimes with single
exponential character indicates that increasing the emission
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Fig. 3. Time resolved fluorescence decay curve of AX (1.2 µM) at three of
different pH values in 40 mM aqueous buffer solution: red, 2.0;
green, 4.0; violet, 6.0 and black, pump profile. The excitation and
emission wavelength are fixed at 500 nm and 555 nm, respectively

TABLE-1 
FLUORESCENCE QUANTUM YIELD (Φf), EXCITED STATE 
LIFE TIME (τf IN ns) AND OTHER DECAY PARAMETERS 

 pH 2 pH 4 pH 6 
Form 

Φf 
τf (ns) 

kr (109 s–1) 
knr (109 s-1) 

χ2 

HAX 
0.50 
3.87 
0.13 
0.12 
1.003 

AX ↔ HAX 
0.12 
3.44 
0.03 
0.26 

1.001 

AX 
0.02 
3.52 
0.006 
0.28 
1.005 

 

with decreasing the pH is not due to the presence of different
excited state species but for the generation of more amount of
spirolactam ring opening structure (HAX).

Reversibility of two molecular species of AX with
respect to pH of the medium: To investigate the reversibility
of the absorbance or the fluorescence intensity of probe AX
with the pH of the medium, experiments were conducted under
cyclic variation in the pH of the medium by adding HCl and
NaOH solutions in a repeated fashion [19,24-26]. At first, the
pH of the buffer solution for the probe HAX was changed
grad-ually from 1.5 to 7.0 by adding the required amount of
NaOH solution (Fig. 4). The initial absorption and emission
intensities were quenched progressively when pH of the solution
increased from 1.5 to 7.0. Subsequently, the pH was again
reduced to pH 1.5 by gradually adding required amount of HCl
solution, resulting to the complete recovery of the emission
intensity. Fig. 4 also displays that when the pH is changed
repeatedly between 1.5 to 7.0, both absorption and fluorescence
intensity is changed by maintaining such reversibility for at least
12 occasions. These results suggest that the fluorescence or UV-
Vis absorption enha-ncement/quenching of AX occur reversibly.

Theoretical studies: Ground state geometries of the AX
and its protonated open form (HAX) were optimized in the
gas phase by density functional theory (DFT) using Gaussian09
program [31]. The time dependent DFT (TD-DFT) studies on
the optimized geometries were performed in water medium
to explore the pH dependent structural analysis by correlating
the experimental absorption parameters with that of theore-
tically obtained parameters.
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Fig. 2. (a) Steady state fluorescence spectra of AX (1.2 µM) in 40 mM aqueous buffer solution at different pH (1.5-7.0). The decrease in
intensities with increase in pH is indicated by arrow; (b)The normalized fluorescence intensity ratio for different pH values (1.5-7.0)
at 555 nm are plotted; (c) The normalized fluorescence at 555 nm with different pH (2.0-5.5) of the medium are plotted. The fluorescence
intensity values at different pH at 555 nm are normalized by dividing the fluorescence intensity at pH 7.0. The red curve represents the
linear fitting
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Fig. 4. pH dependent spectral reversibility plot of normalized fluorescence
intensity at λex/em 530/555 (left y-axis) and molar extinction coeffi-
cient (right y-axis). The fluorescence intensity/ molar extinction
coefficient at 555/530 nm is normalized by dividing the fluorescence
intensity at pH 7.0. The pH was increased from 1.5 (black) to 7.0
(red) by an addition of 0.1 M NaOH and subsequently decreased to
1.5 (red) by an addition of 0.1 M HCl in 40 mM buffer solution

The optimized structure for protonated species (HAX)
shows that the protonated amide oxygen involved intramole-
cular H-bonding interaction with amine nitrogen. The HOMO
and LUMO electronic distribution associating with S0 to S1

transition for both AX and HAX are shown in Fig. 5 and the
calculated HOMO and LUMO energies for the respective
species are depicted in Table-2. The correlation between the
experimental and the theoretically calculated absorption
parameters indicate that the generation of 530 nm absorption
band is due to the opening of 5-membered spirolactam ring
via H-bonding interaction (Table-3). From the calculated HOMO
and LUMO electronic distribution for the respective species,
it can also be predicted that the oxygen atom of the spirolactam
ring binds to H+ ion and as a result the electron density on the
xanthene ring decreases.

AX

HOMO LUMO

HAX

HOMO LUMO
Fig. 5. Frontier molecular orbital of AX (upper panel) and HAX (lower

panel) for the optimized ground states (HOMO, LUMO)

TABLE-2 
HOMO AND LUMO ENERGIES 

Form EHOMO ELUMO ∆E/Ha ∆E/eV 
AX 

HAX 
-0.2017 
-0.2981 

-0.0430 
0.1931 

0.159 
0.105 

4.327 
2.857 

 
TABLE-3 

COMPARISON BETWEEN EXPERIMENTAL AND  
CALCULATED UV-VIS ABSORPTION PARAMETERS 

 Form λ (nm) fcal 
ε × 10–4 

(M–1 cm–1) 

Cal 
AX 

HAX 
329 
490 

0.01 
0.15 

0.10 
4.39 

Obs 
AX 

HAX 
300 
530 

– 
– 

0.03 
1.56 

 
The π-electrons on the HOMO of HAX is mainly located

on the xanthene ring of rhodamine moiety, but the LUMO is
positioned at the center of imide carbonyl. However, π-electrons
on HOMO and LUMO of AX are mainly localized on the
xanthene ring. The theoretical calculations show that deficiency
of electron density occurs in the xanthene moiety due to the
conversion of AX form to HAX form i.e. the acceptor capacity
of the AX dye increases in the presence of H+ ion. Conse-
quently, the HOMO-LUMO energy gap for the HAX form
becomes much smaller relative to that of AX form and as a
result conversion of closed spirolactam ring to open spiro-
lactam ring form easily occur.

The comparison between experimentally and theoretically
calculated UV-Vis absorption parameters are summarized in
Table-3. The UV spectra computed from the TD-DFT calcula-
tions in aqueous medium based on the ground state geometries
are well-matched with the respective experimental spectra
(Table-3).

1H NMR studies: To study the protonation of AX (5 mM),
the 1H NMR experiments were performed in the presence of
trifluoroacetic acid (TFA) (5 mM) in DMSO-d6 (Fig. 6).

In the previous NMR studies for rhodamine 6G derivatives
[33-36], it has been reported that the addition of TFA leads to
a downfield shift of signals to the range 6.8-7.9 ppm from the
range 6.08-7.7 ppm (for the neutral AX form in DMSO-d6),
which has been assigned due to the proton signal of xanthene
moiety and thus, it indicates the delocalization effect for the
xanthene moiety. Moreover, the additional new peak generated
at δ =12.46 ppm (in the presence of TFA, due to the formation
of intramolecular H-bonding between amide oxygen atom and
amine nitrogen atom at β-position with respect to OH group)
confirms the formation of HAX by protonation of AX molecule.

Conclusion

A new pH-sensitive colorimetric as well as fluorescence
probe based on the derivative of rhodamine 6G was studied in
the present work. It was found that when H+ ion concentration
varied in the pH range of 1.5-7.0, the probe provided a remark-
able fluorescence intensity change and shows a change in its
colour. The optical behaviour of probe can be tuned in off-on
mode reversibly by the addition of NaOH and HCl in a cyclic
fashion. The pH-dependent structural changes were discussed
extensively by 1H NMR studies and DFT and TD-DFT based
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theoretical investigations. The pH induced large change of
fluorescence quantum yield can be highly beneficial for the
fluorescence bioimaging studies. More specifically, the probe
can be utilized with great potential for investigating the pivotal
role of H+ ion in a biological context, especially in acidic organ-
elles through direct intracellular imaging.
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