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1. Materials and Methods  

1.1 Materials 

Starting materials, reagents, and solvents were purchased from Sigma Aldrich Chemical Co. (4'-

hydroxyacetophenone, cyanuric chloride, N,N-dimethylamine solution  40 wt. % in H2O, CDCl3), Tokyo 

Chemical Industry Co.-TCI (silicon tetrachloride, N,N-Diisopropylethylamine, phloroglucinol) and Carlo Erba 

Reagents (acetonitrile, acetone, THF, DMF, toluene, methanol, ethanol). They were utilized as received with no 

additional purification unless otherwise specified. 1,3,5-Tris(4-hydroxyphenyl)benzeneS1, CAGE-0S2, and 

CAGE-1S3 were synthesized following the reported procedures with modifications. The synthesized compounds 

were purified through column chromatography using Merck Kieselgel 60 H silica gel (70 – 230 mesh) as a solid 

phase. All chemicals and sodium and potassium salts of the anions used were supplied from Sigma-Aldrich. 

Deionized water was used in all experimental studies. 

 

1.2 Methods  

1.2.1 Material Characterization Methods 

1H and 13C spectra were acquired with Varian 400 MHz NMR Spectrometer (1H NMR: 400 MHz; 13C NMR: 100 

MHz) at ambient temperature. Chemical shifts reported in parts per million (ppm) relative to the residual non-

deuterated solvent signals (CDCl3: δ 7.26 ppm, DMSO-d6: δ 2.50 ppm) Fourier transform infrared (FT-IR) 

measurements were recorded using Perkin-Elmer 100 FT-IR spectrometers, and samples were analyzed as KBr 

disks in the transmission mode under ambient temperature and humidity. The mass spectra were recorded using 

Agilent 6530 Q-TOF LC/MS. 
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2. Synthesis 

2.1 Synthesis of CLEFT-0  

 

To an ice-cooled solution of cyanuric chloride (2.5 g, 13.5 mmol) in THF (50 mL) was added a mixture of 

phloroglucinol (0.38 g, 3.0 mmol) and DIPEA (1.5 g, 2.0 mL, 11.3 mmol) in THF (20 mL) over a period of one 

hour at 0 oC. The resulting suspension was further stirred for 4 hours at 0 oC. After the completion of the reaction, 

the precipitate was filtered, and the filtrate was concentrated under a vacuum. The crude product was washed 

with a mixture of DCM / Hexane (1 : 5) three times (20 ml) to afford the pure product, CLEFT-0, as a white solid 

(1.2 g, 70%). 1H NMR (CDCl3, 400 MHz, 25 oC) δ (ppm) = 7.17 (s, 3 H); 13C NMR (CDCl3, 100 MHz, 25 oC) δ 

(ppm) = 173.5, 170.4, 151.7, 113.8. 

2.2 Synthesis of CAGE-0 

  

To a solution of DIPEA (2.0 g, 2.6 mL, 15.2 mmol) in acetone (150 mL) was added CLEFT-0 (2.4  g, 4.2 mmol) 

in acetone (100 ml) and phloroglucinol (0.53 g, 4.2 mmol) in acetone (100 mL)  at the same rate over 6 hours at 

room temperature. The resulting mixture was stirred further at room temperature for three days. After the 

completion of the reaction, the solvent was removed under reduced pressure, and the crude product was purified 

by column chromatography on silica gel [DCM / EtOAc (100 : 2)] to yield the pure product, CAGE-0, as a white 

solid (0.76 g, 31%). 1H NMR (CDCl3, 400 MHz, 25 oC) δ (ppm) = 6.69 (s, 6 H); 13C NMR (CDCl3, 100 MHz, 

25 oC) δ (ppm) = 175.1, 172.7, 153.1 115.05.  QTOF-HRMS calcd for m/z = 585.9585 [M+H]+, found m/z = 

585.9601 [M+H]+. 



 

2.3 Synthesis of CAGE-2 

   

To a solution of CAGE-0 (50 mg, 0.085 mmol) and K2CO3 (42 mg, 0.31 mmol) in THF (10 mL) was added N.N’-

dimethylamine solution (65 µL from %40 solution). The resulting mixture was stirred at room temperature for 2 

hours. After the completion of the reaction, the solvent was removed under reduced pressure. The crude product 

was extracted with DCM (3 x 15 mL), and combined organic phases were dried over MgSO4. The solvent was 

removed under reduced pressure to afford the pure product, CAGE-2, as a white solid (52 mg, 85%). 1H NMR 

(400 MHz, CDCl3, 25 oC) δ (ppm) = 6.52 (s, 6H), 3.24 (s, 18H); 13C NMR (CDCl3, 100 MHz, 25 oC) δ (ppm) = 

172.2, 167.9, 153.0, 115.1, 36.9. QTOF-HRMS calcd for m/z = 613.2020 [M+H]+, found m/z = 613.2024 

[M+H]+. 

 



 

 

2.4 Synthesis of 1,3,5-Tris(4-hydroxyphenyl)benzene 

 

To an ice-cooled solution of 4-hydroxyacetophenone (2.0 g, 14.7 mmol) in ethanol (50 mL) was added silicon 

tetrachloride (17.6 g, 11.8 mL, 102.9 mmol) dropwise. The reaction mixture was gradually heated to 25 oC and 

stirred for 24 hours at room temperature. After the completion of the reaction, the mixture was quenched by 

adding water and extracted with ethyl acetate ( 3 x 100 mL). The organic phases are combined and dried over 

MgSO4. The solvent was removed under reduced pressure, and the crude product was purified by column 

chromatography on silica gel [DCM / EtOAc (100 : 8)] to yield pure product, 1,3,5-Tris(4-

hydroxyphenyl)benzene, as purple solid (3.90 g, 75%). 1H NMR (Acetone-d6, 400 MHz, 25 oC) δ (ppm) = 8.91 

(s, 3H), 8.14 (s, 3H), 8.11 (d, J = 8.5 Hz, 6H), 7.42 (d, J = 8.5 Hz, 6H); 13C NMR (100 MHz, Acetone-d6, 25 oC): 

δ (ppm) = 158.1, 142.9, 133.4, 129.2, 123.6, 116.5. 

 



2.5 Synthesis of CLEFT-1 

  

A mixture of  1,3,5-Tris(4-hydroxyphenyl)benzene (3.5 g, 10 mmol) and DIPEA (5.0 g, 7.8 mL, 39 mmol) was 

added to a solution of cyanuric chloride (8.3 g,  45 mmol) at 0 oC over 1.5 hours. The resulting suspension was 

further stirred for 6 hours at 0 oC. After the completion of the reaction, the precipitate was filtered, and the filtrate 

was concentrated under a vacuum. The crude product was washed with a mixture of DCM / Hexane (1 : 10) three 

times (20 ml) to afford the pure product, CLEFT-1, as a white solid (5.7 g, 72%). 1H NMR (CDCl3, 400 MHz, 

25 oC) δ (ppm) = 7.83 (s, 3H), 7.80 (d, J = 8.6 Hz, 6H), 7.34 (d, J = 8.6 Hz, 6H); 13C NMR (100 MHz, CDCl3, 25 

oC): δ (ppm) = 173.2, 171.1, 150.8, 141.4, 139.6, 128.8, 125.4, 121.5. 

2.6 Synthesis of CAGE-1 

 

To a suspension of well-grinded K2CO3 (620.0 mg, 4.5 mmol) in acetone (250 mL), CLEFT-1 (1.0  g, 1.3 mmol) 

solution in acetone (150 mL) and 1,3,5-Tris(4-hydroxyphenyl)benzene (445.0 mg, 1.3 mmol ) in acetone (150 

mL)  were added at the same rate and time over 6 hours at room temperature. The resulting mixture was further 

stirred at room temperature for three days. After the completion of the reaction, the solution was filtered, and the 

filtrate was concentrated under reduced pressure. The crude product was purified by column chromatography on 

silica gel [DCM / EtOAc (100 : 2)] to yield the pure product, CAGE-1, as a white solid (271.2 mg, 25%). 1H 

NMR (DMSO-d6, 400 MHz, 25 oC) δ (ppm) = 7.86 (d, J = 8.5 Hz, 12H), 7.68 (s, 6H), 7.31 (d, J = 8.5 Hz, 12H); 



13C NMR (100 MHz, DMSO-d6, 25 oC): δ (ppm) = 172.5, 171.7, 150.7, 139.6, 137.2, 127.6, 122.9, 121.5. QTOF-

HRMS calcd for m/z = 1042.1463 [M+H]+, found m/z = 1042.1478 [M+H]+. 

 

 

2.7 Synthesis of CAGE-3 

 

To a solution of CAGE-1 (30 mg, 0.029 mmol) and K2CO3 (23.8 mg, 0.17 mmol) in THF (5 mL) was added 

N.N’-dimethylamine solution (22 µL from %40 solution). The resulting mixture was stirred at room temperature 

for 2 hours. After the completion of the reaction, the solvent was removed under reduced pressure. The crude 



product was extracted with DCM (3 x 15 mL), and combined organic phases were dried over MgSO4. The solvent 

was removed under reduced pressure to afford the pure product, CAGE-3, as a white solid (29.4 mg, 95%).1H 

NMR (CDCl3, 400 MHz, 25 oC) δ (ppm) =  7.42 (d, J = 8.5 Hz, 12H), 7.31(s, 6H), 6.90 (d, J = 8.5 Hz, 12H), 3.28 

(s, 18H); 13C NMR (100 MHz, CDCl3, 25 oC): δ (ppm) = 171.9, 168.4, 151.8, 141.0, 137.9, 126.9, 123.6, 122.7, 

37.0. QTOF-HRMS calcd for m/z = 1069.3898 [M+H]+, found m/z = 1069.3933 [M+H]+. 

 

 

  



3.  Comparison of ionophores of nitrate selective electrodes 

Table S1: Ionophore comparison for nitrate selective electrodes 

Ionophore 
Slope, mV dec-

1 
LRR (M) LOD (M) Ref. 

TDMAN -55.4 2.9×10⁻⁴–1.7×10⁻¹ 2.04×10⁻⁴ [S4] 

TDMAN -58.2 5.0×10⁻⁴–1.0×10⁻¹ 6.01×10⁻⁶ [S5] 

TDMAN -56.8 1.0×10⁻⁷–1.0×10⁻² 1.04×10⁻⁸ [S6] 

TDMAN -56.8 1.0×10⁻⁶–1.0×10⁻¹ 3.16×10⁻⁷ [S7] 

TDMAN -57.8 1.0×10⁻⁶–1.0×10⁻¹ 1.12×10⁻⁶ [S7] 

TDMAN -54.8 5.0×10⁻⁵–1.0×10⁻¹ 2.5×10⁻⁶ [S8] 

TDMAN -64.0 7.1×10⁻⁴–1.0×10⁻¹ 9.2×10⁻⁵ [S9] 

PPy-NO3 -50.9 1.0×10⁻⁵–5.0×10⁻¹ 4.64×10⁻⁶ [S10] 

PPy-NO3 -50.4 5.3×10⁻⁵–1.0×10⁻¹ 5.25×10⁻⁵ [S11] 

Nitrate ionophore VI -54.1 5.0×10⁻⁵–1.0×10⁻¹ - [S12] 

Nitrate ionophore VI -60.0 4.0×10⁻⁵–1.0×10⁻¹ 4.0×10⁻⁶ [S13] 

Co(Bphen)2(NO3)2(H2O)2 -57.1 1.0×10⁻⁶–1.0×10⁻¹ 5.0×10⁻⁷ [S14] 

Co(Bphen)2(NO3)2(H2O)2 -56.3 1.0×10⁻⁵–1.0×10⁻¹ 3.98×10⁻⁶ [S15] 

TDANO3 -59.1 1.0×10⁻⁶–1.0×10⁻¹ 7.59×10⁻⁷ [S16] 

TDANO3 -53.7 1.0×10⁻⁵–1.0×10⁻¹ 1.3×10⁻⁶ [S17] 

Nit+/NO3 -55.1 8.0×10⁻⁸–1.0×10⁻² 2.8×10⁻⁸ [S18] 

THANO3 -53.3 1.0×10⁻⁵–1.0×10⁻¹ 1.0×10⁻⁶ [S19] 

Nitrate ionophore V -58.5 1.0×10⁻⁵–1.0×10⁻¹ 1.6×10⁻⁶ [S20] 

CAGE-1 -53.1 1.0×10⁻⁵–1.0×10⁻¹ 7.5×10⁻⁶ Our work 

Notes: LRR: Linear response range, LOD: Limit of Detection, TDMAN: Tridodecylmethylammonium nitrate, POT-

MoS₂: Poly(3-octylthiophene)-Molybdenum Disulfide, PPy-NO₃: Polypyrrole Nitrate, TDANO₃: 

Tridodecylmethylammonium nitrate, THANO₃: Trioctylmethylammonium nitrate, Co(Bphen)₂(NO₃)₂(H₂O)₂: Cobalt(II) 

complex with bathophenanthroline 

 

 

  



4. Comparison of selectivity coefficients of nitrate selective electrodes 

Table S2: Selectivity comparison for nitrate selective electrodes 

References Interferents Log𝐾𝐴,𝐵
𝑝𝑜𝑡

 

[S4] Cl⁻, HCO₃⁻, CH₃COO⁻, NO₂⁻, SO₄²⁻ -1.14, -1.47, -1.52, -1.09, -2.04 

[S5] Cl⁻, NO₂⁻, HCO₃⁻, SO₄²⁻ -1.70, -1.61, -2.93, -2.43 

[S6] SO₄²⁻, Br⁻, Cl⁻, CO₃²⁻, I⁻, K⁺, Na⁺, Mg²⁺ -5.4, -3.8, -3.1, -4.8, -2.8, -5.7, -4.5, -3.6 

[S8] Cl⁻, H₂PO₄⁻, SO₄²⁻ -2.55, -4.11, -4.07 

[S10] NO₂⁻, Cl⁻, H₂PO₄⁻, CH₃COO⁻, CO₃²⁻, SO₄²⁻ -1.7, -1.85, -2.70, -2.85, -3.19, -3.40 

[S11] Cl⁻, Br⁻, SO₄²⁻, PO₄³⁻ -1.51, -0.85, -3.21, -3.19 

[S13] SO₄²⁻, F⁻, Cl⁻, Br⁻, NO₂⁻, ClO₄⁻ -4.8, -4.4, -3.6, -2.9, -1.9, 2.8 

[S14] 
H₂PO₄⁻, SO₄²⁻, CO₃²⁻, CH₃COO⁻, F⁻, Cl⁻, 

NO₂⁻, Br⁻ 

-6.02, -5.56, -5.20, -4.55, -4.62, -2.87, -2.29, 

-1.23 

[S15] 
H₂PO₄⁻, SO₄²⁻, CO₃²⁻, CH₃COO⁻, F⁻, Cl⁻, 

NO₂⁻, Br⁻, SCN⁻, ClO₄⁻ 

-5.1, -4.8, -4.9, -4.4, -4.6, -2.6, -2.1, -1.0, 2.1, 

3.3 

[S16] Cl⁻, CO₃²⁻, SO₃²⁻ -1.11, -1.41, -2 

[S17] Cl⁻ -1.8 

[S18] Cl⁻, SO₄²⁻, S²⁻, F⁻, CH₃COO⁻, PO₄³⁻, NO₂⁻ -5.10, -6.50, -4.70, -6.80, -3.30, -7.10, -4.10 

[S19] Cl⁻, SO₄²⁻, HCO₃⁻, H₂PO₄⁻, HPO₄²⁻ -2.00, -3.04, -2.15, -3.30, -3.22 

Our Work 
Cl⁻, F⁻, HCO₃⁻, ClO₃⁻, HPO₄²⁻, S₂O₃²⁻, 

CO₃²⁻, SO₄²⁻ 

-1.65, -3.24, -3.02, -2.53, -3.11, -3.57, -3.55, 

-3.82 

 

  



5. Determination of the lifetime of the cNSE 

To determine the lifetime of the cNSE, calibration curves were created by taking measurements on 

different days in nitrate solutions within the concentration range of 1.0×10⁻⁵ to 1.0×10⁻¹ M. Figure S1 

reveals a decline in the slope of the cNSE around the fifteenth day. For commercial electrodes, the 

lifespan is defined as the time taken for the electrode’s slope to decrease to ~70% of its initial value. 

Accordingly, for the cNSE the initial slope value (-53.1 mV per decade concentration change) should 

decrease to 37.1 mV per decade concentration change by the end of its usage period. It was observed that 

after 14 days of use, the slope of the electrode reduced to ~35.6 mV per decade concentration change. As 

a result, the lifespan of the cNSE could be estimated to be ~14 days. Before measurements were taken, 

the electrodes were conditioned in a 1.0×10⁻² M NO3
- solution for 30 min. When not in use, the electrodes 

were stored in a closed and dark environment at room conditions. 
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Figure S1: Change in the slope of the cNSE with time (days) 

 

 



5- Computational calculations of CAGE molecules-nitrate binding 

 

Figure S2: Paths created for PES 

The potential energy surface (PES) of CAGE molecules (E2, E4, E5, and E6) interacting with nitrate 

(NO₃⁻) was investigated to identify the most stable conformer using the GNF2-xTB level of theory [S21]. 

The study began by scanning along a "blue path," where the nitrate molecule was positioned 5 Å from 

the geometric center of the CAGE molecule, extending toward the triazine group. The nitrate was rotated 

both on-axis (120°) and off-axis (90°) in 0.5 Å steps to explore various binding geometries. Subsequently, 

the most stable structures for each CAGE molecule were refined by scanning along a "red path" to further 

optimize the energy and geometry of the resulting complexes. (Figure S2) Molecules were optimized 

using DFT with the B3LYP-D3 functional and the def2-TZVP basis set. Frequency calculations were 

carried out for all optimized geometries at the same level of theory. None of the optimized geometries 

show any imaginary frequency values. The ground state calculations were performed using the CPCM 

(conductor-like polarizable continuum model) with water as the solvent. All quantum chemical 

calculations have been carried out with ORCA 5.0.4 code [S22-S23]. 

 



 

Figure S3: The sizes of the E2 (CAGE-0) and E4 (CAGE-1).  
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