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Chapter 5 

 

Excited state dynamics of 3,6-diaryl-1,2,4,5-tetrazines: 

experimental and theoretical studies* 
 

Abstract 
 

The photophysical behaviour of three symmetrical 1,2,4,5-tetrazine derivatives substituted with 

aromatic groups (phenyl: DPT; p-methoxyphenyl: DAT; thiophen-2-yl: DTT) was studied. The 

UV/visible absorption spectra of these compounds in cyclohexane and acetonitrile show two 

absorption maxima at 500 – 550 nm and 290 – 330 nm, as well as a shoulder at lower energies on the 

latter absorption band. The electronic transitions were assigned on the basis of TD-DFT calculations. 

In contrast with some other tetrazine derivatives, these compounds exhibit very weak fluorescence 

(Φf ≈ 10-4 – 10-3) from the S1 (n-π*) state. When the molecules are excited to a higher energy π-π* state, 

fluorescence from the nth excited state (n = 6 for DPT, n = 5 for DAT and n = 4 for DTT) is detected. 

Time-correlated single photon counting (TC-SPC) and femtosecond transient absorption (fs-TA) 

measurements were carried out to elucidate the fast processes after excitation to the Sn state. These 

measurements showed that internal conversion from the Sn state to the S1 state is remarkably slow, in 

the order of 30 ps for DTT and 20 ps for DAT. This slow internal conversion explains the presence of 

higher excited state emission. 

                                                           
* Published in: Plugge, M.; Alain-Rizzo, V.; Audebert, P.; Brouwer, A. M. J. Photochem. Photobiol., A 2012, 

manuscript accepted 
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Introduction 
 

1,2,4,5-Tetrazine is a heterocyclic molecule, which consists of an electron poor aromatic ring with 

four nitrogens.1 Tetrazines are interesting compounds that can be used as strong electron acceptors, 

since they have a relatively high reversible reduction potential because of the four electronegative 

nitrogens atoms in the aromatic ring.2 Therefore, the excited states of tetrazines are good oxidants, 

which open several applications for these molecules, especially including the development of original 

aromatic hydrocarbon sensors.3 As the synthesis of 3,6-subsituted tetrazines is rather 

straightforward,4 they can readily be implemented in various functional molecular systems, such as 

polymers in which tetrazine derivatives are coupled to electron-rich thiophene groups.5,6 Tetrazine 

derivatives have also been frequently used as bridging ligands in metal complexes in which they 

facilitate metal-metal interactions7,8 or in switchable metal complexes.9 

Tetrazine derivatives have a low energy absorption band in the visible region, which is weakly 

influenced by the nature of the substituents.6,10,11 In many cases, the first excited state has a very long 

decay time, involving a forbidden n-π* transition, in the range 10 – 160 ns.2 Therefore, these 

derivatives are potentially interesting candidates for use in energy transfer cascades, thus making 

them useful building blocks in solar cells.12 The absorption band of this transition is vibrationally 

resolved; the vibronic absorption bands at room temperature in the vapour phase of tetrazine and its 

infrared spectrum have been studied in literature.13 Moreover, the vibrational modes that appear in 

the first absorption band and in the emission band of 3,6-diphenyltetrazine could be assigned with 

low temperature measurements in cyclohexane.14 

Many tetrazines are known to be fluorescent, although a few of them, like the parent H, H-

tetrazine and 3,6-dimethyltetrazine, are not photostable.15 Increasing the size of the substituents 

improves their photostability: when one benzene ring is introduced, the photostability is increased by 

a factor 30.16 However, aromatic substituents also strongly reduce the fluorescence of tetrazines.  

 

In previous chapters, chromophores were used that have a strongly allowed optical transition. 

Enhancement by a metal in such a case can have only a limited effect on the luminescence brightness 

because the fluorescence quantum yield is already high. Weakly fluorescent chromophores may be 

more suitable for this kind of research, since the metal nanoparticle could strongly enhance the 

radiative decay rate and the rate of absorption. Tetrazine derivatives have their first absorption peak 

at ~550 nm; this overlaps with the surface Plasmon band of gold nanoparticles, whereas the emission 

band (> 600 nm) has almost no overlap. Besides, the orientation of a chromophore relative to the 

metal surface is an important factor on the effect of relative brightness. Conveniently, the tetrazine 
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derivatives have a well-defined linear structure, which makes this kind of molecules suitable 

candidates for building rod-shaped multi-chromophore functional systems.17 These features make 

these types of molecules suitable candidates as probes for metal enhanced fluorescence. 

 

Three tetrazine derivatives bearing aromatic groups as substituents have been studied (Scheme 

1). These are: 

3,6-Diphenyltetrazine (DPT) 

3,6-Di(p-methoxyphenyl)tetrazine (or 3,6-di(p-anisyl)tetrazine; DAT) 

3,6-Di(thiophen-2-yl)tetrazine (DTT) 

 

 
Scheme 1: Three studied tetrazine derivatives: DPT, DAT and DTT. 

 

In this chapter we focus on the photophysical properties of these molecules. We present a 

comparative study of the experimental absorption spectra with time-dependent density functional 

theory (TD-DFT) calculations. We analyse the properties of DTT and DAT in comparison with those 

of DPT, which have already been reported in literature.14,18 To further understand the excited state 

dynamics we have performed time resolved fluorescence and femtosecond transient absorption 

measurements.  

 

Results  
 

UV-VIS Absorption 

 

The absorption spectra of the three tetrazine derivatives have been measured in cyclohexane 

(cHex) and acetonitrile (ACN). The normalised spectra of DPT are shown in Figure 1A. In the range 
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from 270 to 600 nm, two absorption maxima are present: one maximum is around 550 nm and a 

second maximum is around 300 nm. Additionally, a shoulder can be seen around 360 nm. Due to 

poor solubility, the exact value of the molar absorption coefficient (ε) of the lowest absorption band 

could not be determined, but this transition is in the order of a few hundreds L mol-1 cm-1  and 

depends weakly on the substituents.4,14,16 The absorption at 297 nm is ~80 times stronger. In 

comparison to the spectra in cHex, the lowest energy absorption band is blue-shifted in ACN. Despite 

the absence of a permanent dipole moment, tetrazines are slightly solvatochromic.19 In cHex, the 

lowest aborption band shows some vibrational structure. 

The shapes of the absorption spectra of DAT and DTT are very similar to that of DPT (Figure 

1B). The position of the maximum of the absorption peak in cHex around 550 nm of DAT (558 nm) is 

comparable to that of DPT (556 nm), while that of DTT (536 nm) is at shorter wavelengths. This is 

also the case in ACN. The absorption peaks between 300 and 350 nm of DAT (342 nm) and DTT (343 

nm) are red shifted compared to the corresponding band of DPT (297 nm). The UV band is ~ 70 times 

stronger than the visible absorption. In all three compounds, a shoulder is present on the low-energy 

side of this absorption band. The extent of the blue-shift induced by the solvent of the lowest-energy 

absorption peak is comparable for the three molecules.  

 

 
Figure 1: A: normalised absorption spectra of DPT in cyclohexane (red) and in acetonitrile (blue). B: normalised 

absorption spectra of DAT (blue) and DTT (red) in cyclohexane (solid lines) and in acetonitrile (dashed line). 

 

Computational chemistry 

 

Geometry and orbitals 

The electronic structures of compounds DPT, DAT and DTT have been analysed using quantum 

chemical calculations. Firstly, the geometry of the molecules and the molecular orbitals have been 

calculated using the B3LYP hybrid density functional method with the 6-311+G(d) basis set and the 

Polarisable Continuum Model (PCM) solvent model for ACN or cHex. The geometry of DPT has D2h 

symmetry with the phenyl rings in the same plane as the tetrazine ring, in accordance with its crystal 

structure.20 The geometries of DAT and DTT are also planar. Secondly, based on the optimised 
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geometries, the optical transition energies and oscillator strengths were calculated using TD-DFT 

calculations with the same basis set. The orbital energies of these molecules are shown in Figure 2A. 

Similar orbitals are connected with lines. Also representations of five selected orbitals of DPT and 

DTT are shown in Figures 2B and 2C.  

 

The order of occupied molecular orbitals of DAT and DTT is different from that of DPT. First the 

five highest occupied molecular orbitals (HOMOs) are described: the highest occupied molecular 

orbital (HOMO) in DPT is made of the non-bonding lone pairs of the nitrogens in the tetrazine ring 

(n-orbitals); this orbital is depicted in green in Figure 2A. The HOMO-1, depicted in red, the π-orbital 

delocalised over the three aromatic rings, lies close in energy. The HOMO-2 and HOMO-3 of DPT, 

depicted in blue, are degenerate symmetrical and anti-symmetrical π-orbitals localised on the phenyl 

rings. Lastly, the HOMO-4 of DPT is a π-orbital spread over the three rings, similar to the HOMO-1. 

The π-orbitals on the tetrazine that are mixed with the π-orbitals of the substituents are higher in 

energy when the aromatic substituents are more electron rich, which is the case in DAT and DTT. As 

a result, the π-orbitals over the three aromatic rings have become the HOMO instead of the n-orbitals 

on the tetrazine ring. This inversion in orbitals has also been calculated for other tetrazine derivatives 

with electron rich substituents.2 Likewise, the orbital that is the HOMO-4 for DPT becomes relatively 

higher in energy, thus becoming the HOMO-2 for DAT and DTT. 

For all three molecules, the lowest unoccupied molecular orbital (LUMO; orange in Figure 2A) is 

a π* orbital situated only on the tetrazine ring. At somewhat higher energies the LUMO+1 is found, 

depicted in red, which is an antibonding π* orbital delocalised over the three aromatic rings. 

Changing the solvent from cHex to ACN does slightly change the relative energies of the orbitals, 

but not their relative positions with respect to each other. 

 

The results from our calculations on DTT disagree somewhat with similar DFT studies from 

other groups who used a different basis set (6-31G*) and performed the DFT calculations in 

vacuum.21 In reference 21, the order of the orbitals differs from our results: in our calculations, the 

HOMO and HOMO-1 of DTT are inverted compared to DPT, whereas according to Kurach et al. this 

is not the case. Moreover, these authors state that for DTT, and incidentally also for DPT, that π* 

orbitals on the tetrazine ring are the LUMO+1, while in our calculation this is the LUMO for all three 

studied molecules. Other publications on DPT and on other tetrazine derivatives confirm that this 

particular orbital is the LUMO, regardless of the type of substituent. 



 

 
Figure 2: A: Calculated orbital energies of DPT, DAT and DTT in cyclohexane. Coloured orbitals connected with dotted lines represent similar orbitals. B: plots of calculated 

orbitals of DPT. C: plots of calculated orbitals of DTT. Note the reversal of HOMO-1 and HOMO as compared to DPT. 
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TD-DFT calculations 

The results of the TD-DFT calculations on DPT agree rather well with TD-DFT calculations in 

vacuum that are known in literature.18 The calculated UV-VIS spectrum is also in good qualitative 

agreement with the experimental data, i.e. the three optical transitions that are observed in the 

absorption spectra in the range 270 – 600 nm could be properly reproduced. The calculated 

transitions and the experimental values are included in Table 1. Other ground to excited state 

transitions have also been calculated, but since their oscillation strength is zero or nearly zero, they 

are not shown in the Table. Using the results of TD-DFT calculations, the three main absorption 

transitions in the UV-VIS spectra in the visible region can be properly assigned. The orbitals involved 

in each optically allowed transition are the same for all molecules. The leading configuration of the 

first excited state is an n-π* transition (S0–S1) from the non-bonding orbitals of the nitrogens (HOMO) 

in DPT to the antibonding π* orbitals of the tetrazine ring (LUMO). Since this is a forbidden 

transition, the oscillator strength is very low. This is indeed the case in the experimental results where 

this absorption band is rather weak. Also in DAT and DTT, the n-π* transition (HOMO-1 → LUMO) 

is the lowest in energy. Interestingly, while the relative orbital levels of DTT are in disagreement, the 

TD-DFT calculations reported in reference 21 do agree in terms of the orbitals involved in this 

transition and those in the transition in the range 300 – 350 nm. 

The second transition that is distinguished in the experimental spectra is a weak π-π* transition 

around 400 nm from π-orbitals that are delocalised over the molecule (HOMO-1 → LUMO for DPT; 

HOMO → LUMO for DTT and DAT). Actually, an intermediate transition of DPT is calculated 

which involves an n-π* transition (HOMO → LUMO+1) with oscillator strength of 0. Such transitions 

have also been calculated in the literature for DPT and tetrazine derivatives with pyridine as 

substituent.18 This transition is present for DAT and DTT as the third transition. Nevertheless, for 

consistency, the lowest π-π* transition that is observable in the absorption spectra will hereafter be 

called the S0–S2 transition. Regarding the energy of the excited state corresponding to the shoulder on 

the strong UV absorption band, there is a discrepancy between the calculations and the experimental 

data. For DAT and DTT, this transition should be around 460 – 480 nm according to the calculations, 

whereas in the experimental data the shoulder is observed at 400 nm.  

Lastly, the absorption band in the range 300 – 350 nm arised from a combination of essentially 

two π-π* transitions: primarily from the orbitals on the tetrazine ring and secondly from the orbitals 

on the substituents. In the UV-VIS spectra, this transition gives rise to the most intense absorption of 

the molecules above 270 nm. The calculated oscillator strength of this transition is indeed more than a 

factor 100 larger than that of the first transition. The energy of this transition strongly depends on the 

properties of the substituents, and also the number of this transition varies depending on the 

substituent: in DPT this state is the sixth excited state whereas in DAT it is the fifth, and in DTT the 
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fourth. Since the nature of this excited state is the same for each molecule, it will in the remainder of 

the chapter be called the Sn state, where n = 6 for DPT, n = 5 for DAT and n = 4 for DTT. 

The observed blue shift in the n-π* absorption bands because of increased polarity of the solvent 

is successfully reproduced by the calculations. 

 

Table 1: Excitation energies and oscillator strengths for allowed transitions in cyclohexane and acetonitrile. 

 k a Transition cHex ACN 

   TD-DFT Exp. TD-DFT Exp. 

   eV nm f b nm eV nm f b nm 

DPT 

1 HO → LU 2.10 591 0.0042 558 2.13 582 0.0041 543 

3 HO-1 → LU 3.15 394 0.0059  3.10 400 0.0056  

6 HO-2 → LU 
HO-1 → LU+1 3.76 328 1.1997 297 3.77 329 1.2061 293 

DAT 

1 HO-1 → LU 2.10 590 0.0041 556 2.13 583 0.0041 545 

2 HO → LU 2.67 465 0.0029  2.58 481 0.0027  

5 HO-4 → LU 
HO → LU+1 3.38 367 1.3403 342 3.35 370 1.306 329 

DTT 

1 HO-1 → LU 2.21 562 0.0046 536 2.24 553 0.0045 526 

2 HO → LU 2.75 451 0.0092  2.67 464 0.0084  

4 HO-4 → LU 
HO → LU+1 3.30 376 0.9787 343 3.29 377 0.9076 323 

a: k = number of excited state according to the TD-DFT calculations 

b: f = oscillator strength 

 

Emission spectra 

 

Upon excitation at the first absorption maximum (λexc. ≈ 550 nm) of DPT, very weak fluorescence 

is observed in the region 600 – 750 nm (Φf ≈ 10-4 – 10-3). This is in line with earlier studies on this 

molecule.14 The normalised emission spectra are shown in Figure 3; the spectra are still noisy despite 

the use of wide spectrometer slits and relatively long integration time (See Experimental Details). The 

Raman scattering peak of the solvent, which is typically 3000 cm-1 at lower energy than the excitation 

light is visible in the emission spectra at 645 nm (for λexc. = 540 nm), 660 nm (for λexc. = 550 nm) or 675 

nm (for λexc. = 560 nm). Appreciable fluorescence has been observed for other tetrazine derivatives 

where inversion of orbitals takes place.2 However, for DAT and DTT, the fluorescence quantum 
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yield is hardly higher than for DPT. For DAT we find Φf ≈ 10-3 in cHex and Φf ≈ 1.3 × 10-3 in ACN. 

For DTT in cHex Φf ≈  5.9 × 10-4. For DTT in ACN, no fluorescence was detected. 

 

 
Figure 3: A: Normalised emission spectra of DPT in acetonitrile (λexc. = 550 nm, blue line) and in cyclohexane 

(λexc. = 540 nm, red line). B: normalised emission spectra of DAT in acetonitrile (λexc. = 540 nm, red line) and in 

cyclohexane (λexc. = 560 nm, green line) and of DTT in cyclohexane (λexc. = 540 nm, blue line). Concentrations 

were ~10-3 M in all cases.  The peaks marked with * are due to Raman scattering of the solvent. 

 

The molecules DAT and DTT were further studied with excitation at their second absorption 

maxima (λexc. ≈ 320 – 340 nm), which leads to a higher excited Sn state. An identical emission spectrum 

from the S1 state is obtained, but additionally, emission in the region 370 – 430 nm is observed which 

is attributed to emission from the Sn state. The emission spectra of DAT and DTT are shown in 

Figures 4 and 5, respectively. They are normalised at the emission peak of the S1 emission. In the 

emission spectra, the Raman scattering of the solvent is obviously present around 350 nm (for λexc. = 

320 nm) or 380 nm (for λexc. = 340 nm). The second order peak at 640 nm (for λexc. = 320 nm) or 680 nm 

(for λexc. = 340 nm), shown in the spectra as dotted line, can be blocked when a long-pass cut-off filter 

is put in the emission pathway. For comparison, the absorption spectra of the samples are shown in 

green in the graphs. 
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Figure 4: Normalised emission spectra (in blue) of DTT (~10-5 M) in acetonitrile (A, λexc. = 330 nm) and 

cyclohexane (B, λexc. = 340 nm). For illustration, the absorption spectra of the samples are shown in green. The 

peaks marked with * are due to Raman scattering of the solvent; the peaks marked with ** is the second order of 

the excitation light. 

 

 
Figure 5: Normalised emission spectra (in blue; λexc. = 320 nm) of DAT (~10-5 M) in acetonitrile (A) and 

cyclohexane (B). For illustration, the absorption spectra of the samples are shown in green. The peaks marked 

with * are due to Raman scattering of the solvent; the peaks marked with ** is the second order of the excitation 

light. 

 

Fluorescence lifetime measurements 

 

The fluorescence lifetimes of DTT and DAT were measured with the TC-SPC setup in both cHex 

and ACN, using λexc. = 323 nm and λdet. = 600 nm. With this excitation energy, the molecules are 

excited to the Sn state and we detect the fluorescence from the S1 state. The fluorescence decay curves 

could be properly fitted when a rise time of about 15 ps was taken into account (Figure 6). This value 

is close to the system response of the measurement system (FWHM ~ 20 ps) and there may thus be 

some uncertainty in its precise value. The fluorescence decay time is 200 – 500 ps for DTT, and 600 – 

900 ps for DAT (Table 2). Due to very poor fluorescence signal from the sample of DTT in ACN, the 

data could not be fitted very accurately. However, here also a rise time is apparent. 
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Table 2: Fluorescence lifetime constants of DAT and DTT in acetonitrile and cyclohexane (λexc. = 323 nm, λdet. = 

600 nm). 

 Solvent τ1 (ps) b τ2 (ns) c χ2 

DAT 
ACN 15 0.98 0.978 

cHex 16 0.59 1.012 

DTT 
ACN a 8 0.54 0.818 

cHex 15 0.28 1.322 
a Because of the very weak signal, the fit cannot be considered reliable 
b Rise time 
c Decay time. Relative amplitudes of the rise and decay are in all cases 

approximately equal. 

 

 
Figure 6: Fluorescence time profile (λexc. = 323 nm, λdet. = 600 nm) of DAT in acetonitrile. A: monoexponential fit; 

B: biexponential fit. 

 

Femtosecond transient absorption spectra 

 

To further understand the occurrence of the Sn emission and the complex fluorescence time 

profile of the S1 emission, femtosecond transient absorption measurements were performed on DAT 

and DTT. With these measurements, the rate of internal conversion from the Sn state to the S1 state 

can be measured with better time resolution than with the fluorescence lifetime measurements. Due 

to poor solubility in cHex, DAT could only be studied in ACN. The samples have been excited to 

their Sn state (λexc. = 323 nm) and the detection range was from 360 nm to 790 nm. The transient 

absorption difference spectra of DTT in ACN are shown in Figure 7. The time evolution at certain 

detection wavelengths is shown in Figure 8. The datasets were analysed using global analysis with 

the program Glotaran, version 1.0.1.22 To interpret the data, a sequential model is used, in which 

vibrational relaxation of the Sn state, internal conversion from Sn to S1 and transition from S1 to the 

ground state are considered to be the only processes following excitation. With this model, the data of 
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all three samples could be fitted reasonably well and the spectra of the components as well as the 

rates of the fast processes could thus be determined accurately. 

 

 
Figure 7: Transient absorption difference spectra of DTT in acetonitrile (λexc. = 323 nm).  

 

 
Figure 8: Time evolution of DTT in acetonitrile at selected probe wavelengths (A: λdet. = 384 nm; C: λdet. = 453 

nm; B: λdet. = 413 nm; D: λdet. = 502 nm). 

 

The transient absorption difference spectra of the various components obtained with the global 

fits are shown in panels A – C in Figure 9 for DTT in ACN, DTT in cHex and DAT in ACN, 

respectively. The spectrum of DTT in ACN directly after excitation (green spectrum in Figure 8A) 
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shows a broad positive absorption band from 370 – 450 nm. The bleached ground state absorption  

(< 350 nm) falls outside of the detection range. The initial component undergoes vibrational 

relaxation with a time constant τ1 of about 1.5 ps, accompanied by narrowing of the spectral features 

(Table 3). The subsequent conversion of the Sn to the S1 state is a rather slow process: while usually 

internal conversion is on a picosecond time scale, a time constant (τ2) of 20 – 30 ps was found. The 

third process, transition of the S1 state to the ground state, has a lifetime of 1 – 2 ns. The time window 

used for the transient absorption measurements was 2.5 ns, and also because of the weak signal of the 

spectra at longer time intervals, the time constant τ3 could not be measured accurately, but it is in 

qualitative agreement with the fluorescence lifetime measured more reliably with the TC-SPC set up. 

The Sn state (blue spectrum in Figure 9A) and the S1 state (red spectrum in Figure 9A) have an 

absorption band in the range 350 – 450 nm which peaks around 380 nm. In the region 450 – 570 nm 

the first two components show a very broad unstructured absorption band, and the last component 

has two positive absorption bands at 475 nm and 550 nm. Since no literature data is available on 

tetrazine derivatives, it is not possible to conclusively determine which transitions are involved in the 

induced absorption bands. 

 

The spectra of the three components of DTT in cHex (Figure 9B) look similar to those in ACN in 

the range 350 – 450 nm, but here no obvious absorption above 500 nm is detected. Instead, the S1 state 

shows a negative band from 580 – 700 nm, which may be due to stimulated S1 emission. Compared to 

DTT, the absorption bands of the Sn state and the S1 state in DAT in ACN (Figure 9C) are shifted to 

shorter wavelengths. Likewise, here also a negative band is present from 560 – 700 nm, consistent 

with emission from the S1 state. The time constants τ1 – τ3 are listed in Table 3. The lifetimes of DTT 

are similar in ACN and cHex. The relatively lower Sn emission compared to S1 emission for DAT 

compared to DTT is consistent with the rate of internal conversion process of Sn state to S1 state (τ2) 

which is faster for DAT (20 ps). For clarity, the kinetic profile of the components is shown in Figure 

7D. In this graph, an assumption has been used that an equal amount of the Sn state population goes 

to the S1 state as to the ground state.  
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Table 3: Time constants from the transient absorption measurements. 

  τ1 (ps) τ2 (ps) τ3 (ns) 

DTT 
ACN 1.5 29 1.2 

cHex 2.6 35 1.4 

DAT ACN 1.6 20 1.7 

 

 
Figure 9: Evolution associated decay spectra of DTT in acetonitrile (panel A), DTT in cyclohexane (panel B) and 

DAT in acetonitrile (panel C), and the kinetic profile of DTT in acetonitrile (panel D). 

 

Discussion 
 

The studied molecules DPT, DAT and DTT have three electronic transitions that can be discerned 

in the UV/VIS spectra in the range 270 – 600 nm. These transitions could be properly reproduced and 

assigned by TD-DFT calculations. The lowest excited state is an n-π* transition (S0–S1) from the non-

bonding orbitals of the nitrogens to the π* orbitals of the tetrazine ring. The other two transitions are 

both π-π* transitions.  

Very weak fluorescence from the S1 state of these molecules is observed. In contrast, tetrazine 

derivatives with chlorine or methoxy groups as substituents show substantial fluorescence from the 

S1 state; for example, dichlorotetrazine has a fluorescence quantum yield of 0.11 and a fluorescence 

lifetime of 58 ns.4 This implies a radiative lifetime of 530 ns, close to the reported value for DPT of 660 

ns.14 A large range of substituted tetrazines, with widely varying fluorescence quantum yields, show 
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similar radiative lifetimes. The weak fluorescence of the aromatic substituted tetrazines studied in the 

present work fits perfectly into this picture. The lifetime of S1 emission is < 1 ns and the fluorescence 

quantum yield is ≤ 0.001.23 The excited decay times of the S1 state are longer for DAT than for DTT, 

and longer in ACN than in cHex. The emission quantum yields are all low, and were not measured 

accurately in the present work, but they clearly follow the same trend. 

Upon excitation to the Sn state, the molecules show dual emission, not only from the S1 state but 

also from a higher Sn state. Based on the energy gap law, relaxation from the Sn to the S1 state can be 

expected to be a slow process.24 Emission from a higher excited state is probable when there is a large 

energy difference between Sn and S1, which is more than half of the gap between S1 and S0: 

( ) ( )
011

21 SSSS EEEE
n

−≈− . It can therefore be expected that radiative decay from the Sn state may 

compete with internal conversion to the S1 state, also since the oscillator strength of the S0–Sn 

transition is a factor 100 larger than that of S0–S1. Direct emission can thus compete with this process 

leading to observable emission for a higher excited state. This emission is significant and 

even stronger than the S1 emission in the steady state fluorescence measurements. It should be noted 

that TD-DFT calculations show that some states are present between the Sn state and the S1 state, 

which should facilitate non-radiative decay via intermediate electronic states with smaller energy 

gaps.  It is thus somewhat surprising that emission occurs from the Sn state. This higher excited state 

emission has also been observed for DPT, both in our measurements, and in reference 14, but it is 

much weaker than in the cases of DAT and DTT. 

From the fluorescence lifetime and femtosecond transient absorption measurements, a 

quantitative picture of the photophysical behaviour of the analysed tetrazine derivatives can be 

constructed (Figure 10). It is found that when the compounds are in the Sn state they can undergo 

either internal conversion to the S1 state or direct emission to the ground state. Relaxation to the S1 

state has been shown to be an exceptionally slow process with time constants of 20 ps for DAT and 30 

ps for DTT due to a large energy gap between the Sn and S1 states. Normally this process would be 

on a timescale of a few picoseconds, but as mentioned before in these molecules the internal 

conversion to the S1 state is rather slow, and is also observed as a short rise time of the S1 emission in 

the fluorescence time profile.  
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Figure 10: Photophysical behaviour of the tetrazine derivatives. 

 

The slow internal conversion is unusual but not unique; for example azulene has an energy gap 

between the S2 and S1 state (~14,000 cm-1) similar to that of the studied tetrazine derivatives, and 

shows S2 emission due to very slow internal conversion.25 The fluorescence lifetime of this molecule 

has been determined as 1.6 ns.26 Likewise, in studies on trans-1,2-diarylethenes, it has been shown 

that with relatively slow S2 – S1 conversion, other relaxation pathways become competitive, leading to 

S2 emission with lifetimes in the 100-800 ps range.27 In case of alkoxy-substituted phthalocyanines, 

weak emission from a higher state along with the S1 emission is observed; this emission has an 

unusual long luminescence lifetime and was attributed to ligand-centred triplet states.28 Other 

examples of compounds that exhibit (weak) higher excited state emission also show slow relaxation 

to the S1 state from the emitting state, which is in the order of a few picoseconds.29 

Even then, in the tetrazine derivatives studied here, TD-DFT calculations have found that several 

states in between the emitting Sn state and the S1 state. Thus, a sequence of rapid nonradiative decays 

between electronic states with a small energy gap should be possible, which renders emission from 

the Sn state a surprising observation. To explain the occurrence of this higher order emission, it may 

be assumed that relaxation to the S1 state of these compounds does not proceed via intermediate 

states and is the dominant non-radiative relaxation channel. 

 

Conclusion 
 

The photophysical properties of three 1,2,4,5-tetrazine derivatives with aromatic substituents 

have been studied. Their absorption spectra have been compared with TD-DFT calculations, which 
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are in quite good agreement. Very weak fluorescence from the S1 state is observed, since it involves a 

forbidden n-π* transition.  

 The large variation between the fluorescence quantum yields of different tetrazine derivativesis 

rather surprising.2  It has been observed that the orbital ordering is important in determining the 

fluorescence efficiency of substituted tetrazines: when the HOMO is calculated to be a n-orbital, 

fluorescence is efficient, when it is a π-orbital fluorescence is weak or absent.11 The case of DPT 

studied here appears to be an exception to this rule. The n-π* state, however, is invariably the lowest 

excited state of tetrazines, regardless of their emission efficiency and regardless of the orbital 

ordering and the S1–S0 involves the same forbidden n-π* transition independent of the substituents 

Thus the emission quantum yield is not controlled by the radiative process, but completely 

determined by the as yet unknown nonradiative decay pathway. Therefore, we propose that the 

orbital ordering is correlated with the ordering of excited states of higher energy than the n-π* state, 

which are involved in the nonradiative decay channel. In particular, a high-energy π-MO naturally 

gives rise to a relatively low-energy π-π* state, which is absent in the highly fluorescent tetrazines. 

We note that the decay appears to be directly to the ground state, as no indication for long-lived 

transient states such as triplet states has been observed in the fs-TA measurements. 
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Experimental details 
 

Computational chemistry 

 

The quantum-chemical calculations have been performed with Gaussian 09, Revision A.02.30 All 

calculations were performed using the B3LYP/6-311+G(d) method. Vibrational frequency 

calculations were performed at the same level used for the geometry optimisation. The absence of 

imaginary frequencies showed that the planar structures were true energy minima. 

 

UV/Vis and fluorescence spectroscopy 

 

The UV/Vis absorption spectra were recorded on a double beam Varian Cary 3E 

spectrophotometer, spectral range 190 to 900 nm with bandwidths down to 0.2 nm. The spectra were 

recorded in rectangular 10 mm quartz cuvettes. The fluorescence excitation and emission spectra 

were recorded on a Spex Fluorolog 3 spectrometer, equipped with double grating monochromators 

in the excitation and emission channels. The excitation light source was a 450W Xe lamp and the 

detector a Peltier cooled Hamamatsu R636-10 photomultiplier tube. To obtain a moderate signal-to-

noise ratio, the slit in the excitation channel was set at a bandpass of 7 nm, the slit in the emission 

channel at 4 nm and relatively long integration times of 3 seconds per point (increment 1 nm) were 

used. For comparison: typical settings for routine emission measurements of brightly fluorescent 

molecules (ΦF ≥ 0.3) with excellent S/N ratio is a slit width in both channels of 2 nm and an 

integration time of 0.5 seconds per point. The fluorescence spectra were corrected for the wavelength 

response of the detection system. For the measurement of quantum yields, Perylene Orange in 

toluene (ΦF = 0.99) 31 was used as a reference. In order to overcome the large difference in emission 

intensities of sample and reference, the reference signal was attenuated using a calibrated neutral 

density filter in the excitation channel. Fluorescence decay times were measured using time 

correlated single photon counting (TC-SPC; λexc. = 323 nm from a frequency-doubled cavity-dumped 

DCM dye layer) on a set-up that has been described elsewhere.32 

 

Femtosecond transient absorption  

 

Femtosecond transient absorption spectra were obtained using a setup in our laboratory.33 The 

laser system is based on a Spectra Physics Hurricane Ti-sapphire regenerative amplifier system. The 

optical bench assembly of the Hurricane includes a seeding pump laser (Mai Tai), a pulse stretcher, a 

Ti-sapphire regenerative amplifier, a Q-switched pump laser (Evolution) and a pulse compressor. 
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The output of the laser is at 800 nm (fwhm = 130 fs) at a repetition rate of 1 kHz. The pump probe 

setup employed a full spectrum setup based on an optical parametric amplifier (Spectra-Physics 

OPA) as a pump. The residual fundamental light (150 μJ/pulse) from the pump OPA was used for 

the generation of white light. The OPA was used to generate excitation pulses at 323 nm (fourth 

harmonic signal of the OPA). The polarisation of the pump-light was controlled by a Berek 

Polarisation Compensator (New Focus). The Berek-polariser was always included in the setup to 

provide magic angle conditions. The probe light was passed over a delay line (Physik Instrumente, 

M-531DD) that provided an experimental time window of 2.5 ns with a maximum resolution of 0.6 

fs/step. The white light generation was accomplished by focussing the fundamental (800 nm) into a 

calcium fluoride plate. The angle between the pump and the probe beam was typically 7 – 10°. 

Samples were prepared in quartz cuvette (l = 2 mm) to have an optical density of 2.0 at the excitation 

wavelength and were stirred with a “stirring finger” to avoid heating and sample decomposition by 

the laser beams. For the white light/CCD setup, the probe beam was coupled into a 400 μm optical 

fibre after passing through the sample, and detected by a CCD spectrometer (Ocean Optics, PC2000). 

The chopper, placed in the excitation beam, provides I and I0 depending on the status of the chopper 

(open or closed). Typically, 2000 excitation pulses were averaged to obtain the transient at a 

particular delay time. Due to wavelength dependence of the speed of light in a medium with 

refractive index n > 1 there is a difference in arrival times of 1 ps between the blue and red 

components of the white light (chirp). A polynomial correction for the chirp was used in the global 

analysis of the datasets, which was performed using the TIMP package with the graphical interface 

program Glotaran, version 1.0.1.22 
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