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Experimental Conditions for the Reported Tetrazine-Based Fluorogenic Labels 

The testing conditions for the reported tetrazine-based fluorogenic probes are listed in Table S1. Two 

dienophiles, trans-cyclooctene (TCO), and bicyclononyne (BCN), were reacted with different probes in various 

media. 

Table S1. Experimental conditions for five sets of molecules. 

Set React with Medium Reference 

1 TCO Acetonitrile (ACN):water = 1:1 Park et al.1 

2 TCO ACN:water = 1:1 Park et al.1 

3 BCN ACN:HEPES = 1:1 Kele et al.2 

4 BCN Ethanol (EtOH) Wu et al.3 

5 BCN Acetonitrile Vrabel et al.4 
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Computational Methods 

The density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were carried out in the 

Gaussian 16 program.5-7 All the calculations were performed using ωB97XD functional and def-2SVP basis 

set.8, 9 We considered the solvation effects by deploying the SMD solvent model and linear-response (LR) 

solvent formalism in EtOH.10-12 All the optimized molecular structures at the ground and excited states were 

confirmed at the local minimums of the potential energy surfaces of S0, S1, and S2. The Avogadro software was 

applied to visualize the optimized geometries of all molecules.13 The hole-electron analyses were performed 

and visualized using Multiwfn and VMD software.14-17 
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Additional Computational Results 

Establishment of the Internal Conversion to a Dark State (ICDS) Model 

 

Fig. S1 (a) Two representative fragments extracted from the precursors and products for analyzing the fragment 

contributions to the electron and hole distributions. (b) Atomic contributions to the hole-electron distributions 

of the bright states for 1a’/1a’-BCN and (c) 2a’/2a’-BCN. The inset values show the fragment contributions to 

the hole or electron distributions. 

To quantify the fragment contributions to the hole (ηH) and electron (ηE) distributions of different states, we 

calculated the contributions of Fragment 1 to the labels and Fragment 2 to the products, respectively (Fig. S1). 

The results indicated that Fragment 1 has participated in the π-π* transitions of the bright state in 2a’, and 

Fragment 2 has joined the π-π* transitions of the bright states in 2a’-BCN. 

 

Fig. S2 Calculated UV-vis absorption spectra of 1a’, 1a’-BCN, 2a’, and 2a’-BCN.  
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To rationalize the ICDS mechanism of tetrazine-derived fluorophores with integrated π-conjugations, we carried 

out the ground state geometric optimizations and electronic structure analysis, i.e., vertical excitation energy, 

hole-electron distribution, and charge transfer distance (dCT), and fragment contribution, for various probes and 

their products upon reactions with BCN (Fig. S3-S14). The same quenching mechanism (ICDS) for these 

precursors was obtained. 

We observed a low-lying dark state with ~0 oscillator strength (f) in all precursor dyes. This dark state was 

eliminated after iEDDA reactions, as reflected by large f values in all products. 

 

Fig. S3 Molecular structures of 2b’, 2c’, 2d’, 2b’-BCN, 2c’-BCN, and 2d’-BCN. 

 

 

Fig. S4 Molecular structures of Set 3 molecules after reacting with BCN. 

 

 

Fig. S5 Molecular structures of Set 4 molecules after reacting with BCN. 

 

 

Fig. S6 Molecular structures of Set 5 molecules after reacting with BCN. 
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Fig. S7 Optimized geometries (top), energy levels of key states during the vertical excitation processes (middle), 

and corresponding hole-electron distributions (mauve: hole; green: electron) with dCT, ηH, and ηE (bottom) of (a) 

2b’/2b’-BCN, (b) 2c’/2c’-BCN, and (c) 2d’/2d’-BCN. 

 

Fig. S8 Optimized geometries (top), energy levels of key states during the vertical excitation processes (middle), 

and corresponding hole-electron distributions (mauve: hole; green: electron) with dCT, ηH, and ηE (bottom) of (a) 

3b/3b-BCN, (b) 3c/3c-BCN, and (c) 3d/3d-BCN. 



S7 
 

 

Fig. S9 Optimized geometries (top), energy levels of key states during the vertical excitation processes (middle), 

and corresponding hole-electron distributions (mauve: hole; green: electron) with dCT, ηH, and ηE (bottom) of 

3e/3e-BCN. 
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Fig. S10 Optimized geometries (top), energy levels of key states during the vertical excitation processes 

(middle), and corresponding hole-electron distributions (mauve: hole; green: electron) with dCT, ηH, and ηE 

(bottom) of 4a/4a-BCN (left) and 4b/4b-BCN (right). 

 

Fig. S11 Optimized geometries (top), energy levels of key states during the vertical excitation processes 

(middle), and corresponding hole-electron distributions (mauve: hole; green: electron) with dCT, ηH, and ηE 

(bottom) of 4d/4d-BCN (left) and 4e/4e-BCN (right). 
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Fig. S12 Optimized geometries (top), energy levels of key states during the vertical excitation processes 

(middle), and corresponding hole-electron distributions (mauve: hole; green: electron) with dCT, ηH, and ηE 

(bottom) of 4f/4f-BCN (left) and 4g/4g-BCN (right). 

 

Fig. S13 Optimized geometries (top), energy levels of key states during the vertical excitation processes 

(middle), and corresponding hole-electron distributions (mauve: hole; green: electron) with dCT, ηH, and ηE 

(bottom) of 4h/4h-BCN (left) and 4i/4i-BCN (right). 
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Fig. S14 Optimized geometries (top), energy levels of key states during the vertical excitation processes 

(middle), and corresponding hole-electron distributions (mauve: hole; green: electron) with dCT, ηH, and ηE 

(bottom) of 5b/5b-BCN (left) and 5c/5c-BCN (right). 
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Comparison with the Energy Transfer to a Dark State (ETDS) Model 

 

Fig. S15 Molecular structures of different tetrazine-derived probes reported by Wombacher et al. before and 

after reacting with trans-cyclooctenol (TCO-OH).18 

 

Table S2. Properties of Labels 6a-i and their products (after iEDDA reactions with TCO-OH). 

Before the iEDDA reactions After the iEDDA reactions 

Molecule ΔE (eV)19 Molecule Peak λem (nm)18 FE ratio18 Quantum yield (QY)18 

6a 0.9875 6a-TCO-OH 521 72-fold 0.266 

6b 0.9854 6b-TCO-OH 517 109-fold 0.360 

6c 0.9881 6c-TCO-OH 522 103-fold 0.422 

6d 0.9901 6d-TCO-OH 524 60-fold 0.288 

6e 0.5870 6e-TCO-OH 577 12-fold 0.372 

6f 0.5620 6f-TCO-OH 580 22-fold 0.814 

6g 0.1661 6g-TCO-OH 664 3.7-fold 0.063 

6h 0.1675 6h-TCO-OH 665 1.8-fold 0.036 

6i 0.1607 6i-TCO-OH 666 2-fold 0.052 
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Table S3. Properties of probes 4a-i and their products (after iEDDA reactions with BCN). 

Before the iEDDA reactions After the iEDDA reactions 

Molecule ΔE (eV) Molecule Peak λem (nm)3 FE ratio3 QY3 

4a 0.983 4a-BCN 556 186-fold 0.14 

4b 0.912 4b-BCN 587 265-fold 0.29 

4c 0.700 4c-BCN 622 277-fold 0.18 

4d 0.670 4d-BCN 642 961-fold 0.30 

4e 0.597 4e-BCN 652 304-fold 0.14 

4f 0.636 4f-BCN 650 692-fold 0.17 

4g 0.542 4g-BCN 685 910-fold 0.18 

4h 0.614 4h-BCN 688 666-fold 0.14 

4i 0.477 4i-BCN 728 400-fold 0.07 
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Design Strategies for ICDS-Based Fluorogenic Labels 

Table S4. Calculated energies of the dark states in different ICDS labels. 

Molecule The vertical excitation energy of the dark state (eV) Average (eV) 

2a’ 2.269 

2.279 

2b’ 2.268 

2c’ 2.267 

2d’ 2.264 

3a 2.274 

3b 2.275 

3c 2.277 

3d 2.274 

3e 2.275 

4a 2.279 

4b 2.279 

4c 2.279 

4d 2.280 

4e 2.316 

4f 2.275 

4g 2.286 

4h 2.274 

4i 2.285 

5a 2.293 

5b 2.293 

5c 2.263 

5d 2.282 
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Fig. S16 (a) Molecular structures, optimized geometries, (b) energy levels of key states during the excitation 

and de-excitation processes, and (c) corresponding hole-electron distributions (mauve: hole; green: electron) 

with dCT, ηH, and ηE of 3e and 3e-BCN. 

 

Fig. S17 Optimized geometries (top), energy levels of key states during the vertical excitation processes 

(middle), and corresponding hole-electron distributions (mauve: hole; green: electron) with dCT (bottom) of 4b-

Q/4b-Q-BCN. 
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Fig. S18 Bond-length alternation values for 4b, 4b-BCN, 4b-Q, and 4b-Q-BCN (calculated along the 

highlighted paths in the π-conjugation bridges in Fig. 8a) at the ground state. 

 

 

Fig. S19 Representative resonance structures of 4b and 4b-Q. 

We calculated the bond-length alternation (BLA) values based on the ground state geometries for these four 

molecules along the highlighted paths in the π-conjugation bridges (Fig. 7a). The BLA values of 4b-Q and 4b-

Q-BCN are larger than those of 4b and 4b-BCN (Fig. S18), indicating that the products after swapping the 

thiophene and methine units have stronger quinoidal characteristics. The resonance structure of 4b can be 

illustrated by a delocalized structure with a partially spread charge distribution, whereas 4b-Q can be described 

by a polarized structure with large charge separation (Fig. S19). Hence, 4b-Q is more polarized in comparison 

to 4b at S0.  

We next constructed the electrostatic potential (ESP) surfaces of 4b and 4b-Q with a focus on the partial charge 

separations on the diethylamino group (donor; QD) and the tetrazine unit (acceptor; QA; Fig. S20). In good 

agreement with the BLA analysis, more positive charges are distributed on the donor of 4b-Q (QD = 0.131 e) 

than that on 4b (QD = 0.113 e). Moreover, 4b has less substantial negative potential on the tetrazine group (QA 

= -0.431 e) than 4b-Q does (QA = -0.452 e). Owing to the stronger electron-donating/withdrawing strength, 4b-

BCN demonstrates a stabilized S2 during the vertical excitation (Fig. S17). 
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Fig. S20 Electrostatic potential surfaces of 4b (top) and 4b-Q (bottom) with partial charge value at donor and 

acceptor. 

We also compared the dCT of 4b and 4b-BCN in the Frank-Condon states (Fig. S21). Due to the enhanced charge 

separation of 4b-BCN at S0, this molecule shows a weaker dCT = 1.682 Å during the photoexcitation from S0 to 

S2 compared to 4b (dCT = 2.148 Å). Therefore, our results show that exchanging the connection orders in the π-

conjugation bridges can give the molecule strong quinoidal characteristics for strengthening the charge 

separation at S0. This method thus effectively induces the spectral redshift in the resulting dyes. 

 

Fig. S21 Centroid hole-electron distributions with charge transfer directions and distances of 4b (left) and 4b-

Q (right; mauve: hole; green: electron). 
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Limitation of the ICDS Mechanism 

 

Fig. S22 Hole-electron distributions (mauve: hole; green: electron) with dCT, ηH, and ηE of 7a (left) and 7b 

(right). 

 

 

Fig. S23 Molecular structures, optimized geometries (a and c), energy levels of key states during the excitation 

and de-excitation processes (b and d) of 7a-BCN (left) and 7b-BCN (right; * means that the geometric relaxation 

process was not optimized). 
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