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1. Summary of near-infrared fluorescent probes for detection of pH 

Probe structure 

Molar 
Absorption 
Coefficients 
(M−1 cm−1) 

Absorbance 
Maxima 

(nm) 

Emission 
Maxima 

(nm) 

fluorescence 
Quantum 

Yields 
solvent pKa references 

 

3.3 x104 630 723 
0.01 

 

phosphate 
buffer 

containing 
0.1% 

DMSO 

7.1 1 

 

1.3 x 105 
 

608 672 0.17 at pH 
phosphate 

buffer 
7.2 2 

 

2.65 x 104 
 

554 
 

657 
 

0.12 at pH 
1.6 

 

phosphate 
buffer 

2.4 3 

 

- 580 650 0.24 
40 mM 

BR buffer 
 

5.04 4 

 

7.28 x 104 546 655 
0.22 at pH 

2.3 

ethanol/ 
water (2/1, 

v/v) 
4.40 5 

 

5.45 x 104 572 722 
0.026 at pH 

2.0 

acetonitril
e–buffer 

(v/v, 3 : 7) 
solution 

3.93 6 

 

3.0 x 104 529 680 
0.01 at pH 

8.0 
phosphate 

buffer 
6.3 7 

 

 
681 

 
708 

 
0.16 at pH 

5.0 
phosphate 

buffer 
5.0 8 
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25000 605 683 0.18 
phosphate 

buffer 
6.1 9 

 

130000 759 789 0.03 
phosphate 

buffer 
5.5 10 

 

 771 691 0.05 DMSO 4.71 11 

 

 720 739 0.08 B-R buffer 4.98 12 

 775 794 0.068 

aqueous 
solution 

containing 
30% 

ethanol 

7.4 13 

 

5.86 x 104 700 733 0.53 Ethanol - 14 

O

N

N
N O

O

O

O

N

 

2.36 x 104 715 737 
0.068 at pH 

2.5 

Citrate 
buffer 

containing 
30% 

ethanol  

4.9 15 
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3.0 x 104 713 740 
0.081 at pH 

4.4 

Citrate 
phosphate 

buffer 
containing 

1% 
ethanol 

6.1 16 

 

3.0 x 104 713 740 
0.084 at pH 

4.4 

Citrate 
phosphate 

buffer 
containing 

1% 
ethanol 

5.8 16 

 

 565 652 
0.0032 at pH 

7.4 

Buffer 
with 1% 
DMSO 

6.2 17 

 

4.46 x 104 

at pH 4.46 
671 716 

0.07 
at pH 4.5 

Buffer 3.57 18 

N O

N

O
N O

N

O

O

N  

4.1×104 at pH 
2.5 

745 755 
0.083 at pH 

3.0 

buffer 
containing 

40% 
ethanol 

4.2 19 

 

3.3×104 at pH 
2.5 

735 740 
0.079 at pH 

3.0 

buffer 
containing 

40% 
ethanol 

4.8 19 

 

3.8×104 at pH 
3.2 

587 654 
0.198 at pH 

3.2 

Buffer 
containing 

10% 
ethanol 

5.4 This work 
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2. Synthetic route to near-infrared rhodamine dyes A, B and C. 

We showed how to prepare rhodamine dyes A‐C, and characterize the products by NMR and Mass spectrometer.  

 

Scheme S1. Synthetic approach to prepare rhodamine dyes A-C.  

 

Synthesis of rhodamine  dye A: After compounds 420 (204 mg, 1 mmol) and  5 (313 mg, 1 mmol) were added to 

trifluoroacetic acid (10 ml),  the mixture was heated under reflux and stirred for 8 hours.  When the reaction was cooled 

down to room temperature, the solvent was removed under reduced pressure. The resulting residue was purified by using 

flash column chromatography gradient elution with methanol ratio to dichloromethane from 0% to 10%.  The rhodamines A 

was obtained as blue solid. 1H NMR (400 MHz, CD3OD) δ 8.30 (d, J = 7.7 Hz, 1H), 7.82 (t, J = 7.5 Hz, 1H), 7.75 (t, J = 7.5 

Hz, 1H), 7.36 – 7.38 (m, 1H), 7.09 (d, J = 7.8 Hz, 1H), 6.97 (d, J = 9.3 Hz, 1H), 6.91 (s, 1H), 6.73 (s, 1H), 5.96 (d, J = 3.4 

Hz, 1H), 3.57 – 3.74 (m, 4H), 2.77 – 2.91 (m, 2H), 2.67 (s, 3H), 2.22 – 2.26 (m, 3H), 2.02 – 2.07 (m, 2H), 1.56 – 1.59 (m, 

2H), 1.26 (t, J = 7.1 Hz, 6H).; 13C NMR (100 MHz, CDCl3) δ 171.02, 160.32, 159.12, 157.60, 150.96, 139.80, 138.66, 135.10, 

134.17, 133.60, 119.25, 117.17, 106.78, 98.50, 62.26, 56.65, 49.21, 42.21, 33.70, 26.74, 15.65. LCMS(ESI): calculated for 

C30H32N3O3 [M]+482.2, found 482.5.  

 

Synthesis of rhodamine dye B: Rhodamine B was prepared in the same way for synthesis of rhodamine A by using 

compounds 420 (337 mg, 1 mmol) and  621 (313 mg, 1 mmol), affording the product  as blue solid. 1H NMR (400 MHz, CDCl3) 

δ: 8.18 (d, J = 7.4 Hz, 1H), 7.68 (q, J = 6.6 Hz, 2H), 7.32 – 7.23 (m, 1H), 6.72 (d, J = 6.5 Hz, 1H), 6.67 (s, 1H), 6.02 (d, J = 

2.9 Hz, 1H), 3.71 – 3.84 (m, 2H), 3.45 – 3.55 (m, 4H), 3.08 – 2.96 (m, 2H), 2.62 – 2.69 (m, 7H), 2.27 – 2.16 (m, 2H), 2.06 

(d, J = 5.9 Hz, 3H), 1.96 – 1.83 (m, 2H), 1.62 – 1.47 (m, 2H).; 13C NMR (100 MHz, CDCl3) δ: 155.92, 154.36, 151.61, 149.71, 

145.91, 135.44, 134.25, 131.03, 130.50, 129.97,  125.53, 123.79, 114.50, 104.74, 103.83, 94.28, 58.11, 52.60, 50.50, 47.66, 

38.35, 29.84, 27.61, 22.90, 20.85, 19.96. LCMS(ESI): calculated for C32H32N3O3 [M]+506.2, found 506.5.  
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Synthesis of rhodamine dye C:  After 1,2-diaminobenzene (324 mg, 3 mmol), rhodamines A (482 mg, 1 mmol), BOP 

reagent (530 mg, 1.2 mmol) and triethylamine(2 mL) were added to dry DCM (15 ml), the mixture was stirred at room 

temperature for 16 hours. Then the mixture was diluted with DCM, washed with water and brine, dried with anhydrous 

Na2SO4, filtered and concentrated in vacuo. The resulting residue was purified by using flash column chromatography 

gradient elution with methanol ratio to dichloromethane from 0% to 5%.  The rhodamines C was obtained as blue solid.1H 

NMR (400 MHz, CDCl3) δ: 7.95 (d, J = 7.5, Hz, 1H), 7.67 – 7.56 (m, 2H), 7.24 – 7.16 (m, 1H), 6.89 (d, J = 7.7, 1H), 6.57 (d, 

J = 8.1, 2H), 6.42 – 6.16 (m, 3H), 6.04 – 5.89 (m, 2H), 5.78 (s, 1H), 3.74 – 3.65 (m, 1H), 3.32 (d, J = 5.3 Hz, 5H), 3.14 (s, 

1H), 2.47 (s, 3H), 2.25 – 2.37 (m, 1H), 1.81 – 2.02 (m, 3H), 1.22 – 1.43 (m, 2H), 1.11 (t, J = 7.0 Hz, 6H).; 13C NMR (100 

MHz, CDCl3) δ: 167.26, 154.33, 152.76, 149.06, 137.94, 133.04, 132.98, 131.82, 128.77, 128.69, 128.58, 128.35, 124.43, 

122.76, 121.48, 117.28, 116.62, 107.97, 97.95, 96.64, 69.89,  57.03, 54.67,  47.46, 44.22, 38.93, 30.16, 23.53, 11.76.  

LCMS(ESI): calculated for C36H38N5O2 [M]+572.3, found 572.5. 

3. 1H and 13C NMR spectra of near-infrared rhodamine dyes A, B, and C. 

In this section, we showed 1H and 13C NMR spectra of probes A‐C.  

 

 
Figure S1. 1H NMR spectrum of rhodamine dye A in CD3OD solution. 
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Figure S2. 13C NMR spectrum of rhodamine dye A in CD3OD solution. 

 

Figure S3. 1H NMR spectrum of rhodamine dye B in CD3OD solution. 
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Figure S4. 13C NMR spectrum of rhodamine dye B in CD3OD solution. 

 

Figure S5. 1H NMR spectrum of rhodamine dye C in CD3OD solution. 
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Figure S6. 13C NMR spectrum of rhodamine dye C in CD3OD solution. 

 
 
 

4. A fluorescence standard and calculation  of fluorescence quantum yields of the rhodamine dyes  

We chose a near‐infrared rhodamine dye shown below as a fluorescent standard to calculate fluorescence 

quantum yields of rhodamine dyes A, B and C. 

 Near-infrared rhodamine dye as a fluorescence standard                                   
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The UV-Vis absorption spectra of rhodamine A, B and C were collected in the range from 300 to 800 nm with increments 

of 1 nm. For the buffers, we prepared citrate-phosphate buffer from pH 2.0 to pH 7.8, and carbonate-bicarbonate buffer for 

pH 8.8 to pH 11. Their corresponding fluorescence spectra were collected at the excitation wavelength of 550 nm with 

increments of 1 nm. The excitation and emission slit widths were set to 5 nm. A near-infrared rhodamine dye above22, 23 

was utilized as a reference standard to calculate the fluorescence quantum yields of rhodamine A, B, and C in ethanol and 

buffer solutions. The standard dye with a fluorescence quantum yield 37% in pH 7.4 PBS buffer with 10% ethanol was used. 

The absorbance was kept between 0.05 and 0.1 in order to obtain optimized data. All the samples and references were 

freshly prepared under identical conditions. The fluorescence quantum yields were calculated according to literature4 using 

the equation below24: 

)
22

/)(/( stXstXstX GradGrad    

Where Φ is the fluorescence quantum yield, the subscripts ‘st’ and ‘X’ stand for standard and test, respectively, “Grad” 

represents the gradient from the plot of integrated fluorescence intensity versus absorbance and η is the refractive index of 

the solvent. 

We investigated effect of ethanol percentage in water-ethanol mixed solution on dye fluorescence intensity (Figure S7-
S9). Increase of ethanol percentages from 1% to 60% causes the dye fluorescence intensity increases to reduce dye 
aggregation in aqueous solutions.   
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Figure S7. Fluorescence spectra of rhodamine dye A in 10 mM pH 7.4 buffers with different percentages of ethanol 

in ethanol and water mixed solution. 
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Figure S8. Fluorescence spectra of rhodamine dye B in 10 mM pH 7.4 buffers with different percentages of ethanol 

in ethanol and water mixed solution. 
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Figure S9. Fluorescence spectra of rhodamine dye C in 10 mM pH 2.4 buffers with different percentages of ethanol 
in ethanol and water mixed solution. 
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5. Determination of pKa by fluorometric titration 

pKa of rhodamine dye C was obtained by using the equation below25 through fluorometric titration as a function of pH, which 

was obtained by using the fluorescence spectra. The expression of the steady-state fluorescence intensity F as a function 

of the proton concentration has been extended for the case of n: 1 complex between H+ and a fluorescent dye.   

  n
a

a
n

HK

KFHF
F

][

][ maxmin







  

Fmin and Fmax stand for the fluorescence intensities at maximal and minimal H+ concentrations, respectively while n is 

apparent stoichiometry of H+ binding to the rhodamine dye C. Nonlinear fitting of equation expressed above to the 

fluorescence titration data was plotted as a function of H+ concentration. 
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Figure S10. Plot curve of fluorescence intensity of rhodamine dye C versus pH 
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6. Dye stability and selectivity  

We investigated fluorescence intensity of rhodamine dyes A, B and C under different excitation time, and study selectivity 

of rhodamine C to pH over different cations, anions, and amino acids.  Rhodamine dyes A-C show excellent photo stability, 

and rhodamine C displays high selectivity to pH over cations, anions and amino acids.  
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Figure S11. Fluorescence intensity of rhodamine dyes A (left) and B (right) versus excitation time in 10 mM pH 5.0 buffers 
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Figure S12. Fluorescence intensity of rhodamine dye C versus excitation time in 10 mM pH 2.0 buffer (left), and 

fluorescence responses (right) of rhodamine dye C to different metal ions in 10 mM buffers at pH 7,4 and 2.0 under 

excitation of 550 nm. 
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Figure S13. Fluorescence responses  of rhodamine dye C to different anions and amino acids in 10 mM buffers at pH 7,4 

and 2.0 under excitation of 550 nm. 

7. Computationally derived structures for rhodamine dyes A-D. 

The structures of rhodamine probes A-D were constructed using Avogadro26, 27 and GaussView.28  Structures were initially 

optimized using the capabilities within these aforementioned programs. Calculations were then conducted using density 

functional theory (DFT) with spherical atom dispersion terms, namely APFD,29 with all electron basis sets at the 6-311+G(2d, 

p)30-32 level implemented using the Gaussian16 suite of programs33 for the full geometry optimization and frequency 

calculations of the probes. Imaginary frequencies were not obtained in any of the frequency calculations. The first six excited 

states were assessed on the basis of TD-DFT optimizations34 in a Polarizable Continuum Model (PCM) of water.35 Results 

were interpreted using Chemissian36 for the UV-plots and GausView28 for all other data and figures. The diagrams and 

listings of atomic positions from the calculations are listed sequentially for rhodamine dyes A-D below and all data are within 

the PCM matrix of water. 

 

Figure S14. Drawing of rhodamine dye A with atoms represented as spheres of arbitrary size (H-white, C-grey, N-blue 

and O-red) using the GaussView28 program. 
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HOMO 

 

LUMO 

Figure S15. The HOMO and LUMO for rhodamine dye A. 

 

 

 

Energy[nm]        Oscillator Strength 
 

526.3186       0.7013 
416.0985       0.2919 
394.9695       0.0981 
363.4748      0.0816 
318.7845       0.0118 
309.9002      0.0366 
 

Figure S16.  Calculated UV-Vis spectrum for rhodamine dye A and listing of peak positions with oscillator strengths.  This 

represents a HOMO-LUMO transition. 
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Figure S17.  Calculated FTIR spectrum of rhodamine dye A. 

 

 

Figure S18. The solid state FTIR spectrum of rhodamine dye A. 
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Figure S19. Current density difference plot for rhodamine dye A obtained by subtracting the SCF (ground state) density 
from the CI (excited state) density using the Cubegen program in GaussView. 

 

Figure S20. Drawing of rhodamine dye B with atoms represented as spheres of arbitrary size (H-white, C-grey, N-blue 
and O-red) using the GaussView28 program. 
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HOMO 

 

LUMO 

Figure S21. The HOMO and LUMO for rhodamine dye B. 
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      378.6607                    0.0533  

      325.7616                    0.0227  

      319.0717                    0.0652  
 

Figure S22.  Calculated UV-Vis spectrum for rhodamine dye B and listing of peak positions with oscillator strengths.  This 
represents a HOMO-LUMO transition. 
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Figure S23.  Calculated FTIR spectrum of rhodamine dye B. 

 

Figure S24. Current density difference plot for rhodamine dye B obtained by subtracting the SCF (ground state) density 
from the CI (excited state) density using the Cubegen program in GaussView. 
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Figure S25. Drawing of rhodamine dye C with atoms represented as spheres of arbitrary size (H-white, C-grey, N-blue 
and O-red) using the GaussView28 program. 
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HOMO 

 

LUMO 

Figure S26. The HOMO and LUMO+4 (see Fig. S31) for rhodamine dye C. 
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Figure S27.  Calculated UV-Vis spectrum for rhodamine dye C and listing of peak positions with oscillator strengths.  This 
represents a HOMO-LUMO+4 transition. 
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Figure S28.  Calculated FTIR spectrum of rhodamine dye C. 

 

 Figure S29. The solid state FTIR spectrum of rhodamine dye C. 
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Figure S30. Current density difference plot for rhodamine dye C obtained by subtracting the SCF (ground state) density 
from the CI (excited state) density using the Cubegen program in GaussView. 

 

Figure S31. Drawing of rhodamine dye D with atoms represented as spheres of arbitrary size (H-white, C-grey, N-blue 
and O-red) using the GaussView28 program. 
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HOMO 

 

LUMO 

Figure S32. The HOMO and LUMO for rhodamine dye D. 

 

    Energy[nm]       Oscillator Strength 

        526.8554           0.6902  

        454.2569           0.0059  

        417.6966           0.3179  

        363.9976           0.0905  

        351.2518           0.0095  

        321.0047           0.0102  

 
Figure S33.  Calculated UV-Vis spectrum for rhodamine dye D and listing of peak positions with oscillator strengths.  This 
represents a HOMO-LUMO transition. 
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Figure S34.  Calculated FTIR spectrum of rhodamine dye D. 

 

 

 

Figure S35. Current density difference plot for rhodamine dye D obtained by subtracting the SCF (ground state) density 
from the CI (excited state) density using the Cubegen program in GaussView. 
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8. Cytotoxicity of the rhodamine dyes 

We used a standard MTS assay to investigate cytotoxicity of the rhodamine dyes A, B and C.  The results show 

that the dyes have very low cytotoxicity.   

 
Figure S36. Cytotoxicity of rhodamine dyes A, B, and C through standard MTS assay by incubation of HeLa cells with 5, 
10, 15, 20 μM of rhodamine dye A, B, or C for 48 hours, respectively. The cell viability is directly related to the absorbance 
at 490 nm. 

 

 

9. Cell culture and fluorescent imaging 

 

Cell Culture and Cytotoxicity Assay.  MCF7 cells and HeLa cells were purchased at ATCC (Manassas,VA) and were 

cultured in RPMI 1640 medium (Gibco) and modified Eagle’s medium (DMEM, Gibco) in the presence of 10 % fetal bovine 

serum (FBS, fisher Scientific) under 5 % CO2 at the temperature, respectively. Standard MTS assay was employed to test 

the cytotoxicity of rhodamine dyes A, B and C against HeLa cell line. After the cells were further seeded into in a 96-well 

plate (about 7 × 103 cells per well), and were further incubated for 24 hours. The HeLa cells were put in the fresh culture 
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medium containing probes A, B, or C with concentration from 0, 5, 10, 15 to 20 μM, and further incubated for 48 h at 37 °C 

in 5% CO2 humidified atmosphere, followed by further incubating the cells in a fresh culture medium (80 µL) containing 20 

µL CellTiter 96® Aqueous for another 2 h. Untreated cells were used as controls. The cell viability was determined by making 

the comparison of the 490 nm absorption between the control cells in the absence of the probe with that of the cells treated 

with the probe. 

 

Rhodamine dye C applications in cellular Imaging.  HeLa cells were seeded into 35 mm x 12 mm glass-bottom 

culture dishes and incubated for 24 h. When freshly prepared FBS-free medium containing rhodamine dye C with 

concentrations ranging from 1, 5, 10, to 15 μM was used to replace the cell culture medium, the cells was further 

incubated for 30 min under 5% CO2 humidified atmosphere. Hoechst and Lysosensor green were added to the 

solution as the final concentration of 1 μg/ml and 1 μM to incubate another 30 min, respectively. The cells were 

rinsed with PBS buffer twice again before imaging.  To adjust intracellular pH values, the cells were washed with 

PBS buffer twice before they were treated with 5 μg/mL nigericin in citric buffers with different pH values from 3.0, 

3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5 to equilibrate the intracellular and extracellular pH for 30 min. The cells 

were incubated with rhodamine dye C for 30 min before they were rinsed with PBS buffer twice again for imaging. 

For the experiment for monitoring lysosomal pH changes, HeLa cells were cultured in medium in the absence and 

in the presence of 10 mM NH4Cl, 100 µM NEM (N-ethylmaleimide), and 100 µM H2O2 before incubating with 

rhodamine dye C for another 30 min. For an experiment under drug stimulation, HeLa cells were cultured in medium 

in the presence of different concentrations of chloroquine from 50 µM, 100 µM to 200 µM for 30 min followed by 

incubation with rhodamine dye C with another 30 min. Confocal fluorescence microscope (Olympus IX 81) was 

employed to collect cellular fluorescence images from 425 to 475 nm for blue fluorescence of Hoechst under 

excitation at 405 nm, from 525 to 575 nm for green fluorescence of Lysosensor green under excitation at 488 nm, 

and from 650 to 700 nm for red fluorescence of rhodanmine dye C under the excitation at 559 nm.  

 

     Lysosensor green was used to determine whether rohodamine dye C was located in lysosomes in live cells 

(Figure S37). Confocal microscopic co-localization analysis of rhodamine dye C and lysotracker green gave the 

Pearson’s coefficient value of 0.89 or higher, indicating that rhodamine dye C accumulates and becomes activated 

to engender fluorescence in lysosomes in live cells (Figure S37). 
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Figure S37.  Enlarged acidity-activated turn-on cellular fluorescence images of rhodamine dye C in lysosomes in HeLa 
cells. HeLa cells were cultured in media containing 1 µg/ml Hoechst stain, 1 µM Lysosensor green and rhodamine dye C 
with different concentrations.  The images were obtained by confocal fluorescence microscopy with a scale bar of 20 µm. 
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The filter sets used to image rhodamine dye C, Hoechst and Lyso-green were excitation 559 nm and emission 675/50 nm, 
excitation 405 nm and emission 450/50 nm and excitation 488 nm and emission 550/50 nm, respectively. 

 
 

We also investigated whether rhodamine dye C could be used to detect intracellular pH changes in MCF7 human breast 
cells.  The imaging results convincingly demonstrate that rhodamine dye C sensitively responds to intracellular pH changes 
in MCF7 cells as pH decreases from 7.5 to 4.0 cause cellular fluorescence increases.   

 

Figure 38. Cellular fluorescence images of 10 µM rhodamine dye C inside MCF7 cells with different intracellular pH values, 
which was adjusted by using 5 µg/mL H+/K+ ionophore nigericin to equilibrate the intracellular and extracellular pH in media 
with different pH values. Confocal fluorescence microscopy was employed to collect the images with a scale bar of 50 µm. 
The filter sets used to image rhodamine dye C was excitation 559 nm and emission 675/50 nm. 
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