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Abstract 

We have investigated the photophysical properties of alkyl-substituted triphyrin(2.1.1) 

(ATp) and benzotriphyrin(2.1.1) (BTp) by steady-state and time-resolved fluorescence 

spectroscopy. We focused on the effect of NH proton tautomerization, planarity of the 

macrocycles, and substituents on these properties. The fluorescence quantum yields 

(Φy) of ATp did not depend on solvent viscosity, whereas those of BTp increased with 

solvent viscosity, reaching a maximum value of 0.17 in paraffin. Interestingly, analyzing 

Φy showed that the non-radiative rate constant of BTp decreased sharply as the solvent 

viscosity increased. These results suggest that the substituted phenyl groups play a 

crucial role in suppressing molecular distortion, thus leading to decreased non-radiative 

relaxation in triphyrin(2.1.1). The hydrogen bond formed in the inner cavity potentially 

contributes to the suppression of the structural distortion, whereas the pyrrole rings in 

the macrocycle are close, as in porphycene.  
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I. Introduction  

There has been a considerable interest in the photophysical properties of porphyrinoids 

because of their potential applications in dyes, nonlinear optics, and photonic devices.1-3 

To design porphyrinoids with excellent luminescence properties, it is necessary to 

understand the non-radiative relaxation processes to gain insight into the relationship 

between the photophysical properties and structural characteristics, such as the 

substituents, planarity, and macrocyclic geometry. Numerous studies have suggested 

that the non-radiative relaxation of porphyrin is governed by several structural features, 

including the out-of-plane distortion of the porphyrin ring caused by bulky substituent 

groups, and the insertion of metal into the cavity, which enhances internal conversion 

and intersystem crossing.4-7 The enhanced internal conversion is interpreted as arising 

from an enhanced Franck-Condon factor associated with a structural reorganization in 

the excited state.5 The non-planarity of porphyrinoids in the excited state is discussed in 

detail in Refs. 8 and 9. In addition, Waluk et al. suggested that NH proton 

tautomerization contributes to the non-radiative relaxation of porphycene because the 

neighboring nitrogen atoms are close together.10,11 They showed that NH proton 

tautomerization distorts the porphycene macrocycle due to repulsion between the 

neighboring pyrroles. 
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 The porphyrin derivative free-base triphyrin(2.1.1) has recently been synthesized 

and shows very short fluorescence lifetimes.12-14 Free-base triphyrin(2.1.1) has a 

non-planar conformation similar to that of less fluorescent porphyrins and a short 

NH···N distance similar to that in porphycene. Therefore, it is not clear whether the 

non-planarity or the NH proton tautomerization is more important for the non-radiative 

relaxation. According to Kim et al.,15 the fluorescence lifetime of subpyriporphyrin 

depends on temperature and viscosity; it is 8 ps at room temperature and 458 ps at 77 K 

in a viscous environment. This arises from the NH proton tautomerization in the excited 

state, as in porphycene. In contrast, we have suggested that in benzotriphyrin(2.1.1) 

(BTp), the molecular distortion causes the non-radiative relaxation in the excited state, 

because BTp shows no NH proton tautomerization.12 Sung et al. investigated the 

photophysical properties of two types of triphyrins, bicycle[2.2.2]octadiene (BCOD) 

triphyrin(2.1.1) and BTp and concluded that the main factor that affects the excited state 

lifetime is peripheral fused ring moieties.16  

In this work, we investigated the roles of the substituent groups and the NH 

proton tautomerization in the non-radiative relaxation of triphyrin(2.1.1) by steady-state 

and time-resolved fluorescence spectroscopy of alkyl-substituted triphyrin(2.1.1) (ATp) 

and BTp (Figure 1). Both triphyrins show a prominent downfield shift of the inner 
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protons in 1H-NMR spectrum, reflecting a strong hydrogen bond in the small cavity.13,14 

We examined the effect of the substituents by measuring the fluorescence quantum 

yields (Φy) in various solvents. Furthermore, we used steady-state fluorescence 

anisotropy to investigate the NH proton tautomerization in the excited state, and the 

contribution of the NH proton tautomerization to non-radiative relaxation. Intriguingly, 

the dependence of fluorescence quantum yield on viscosity differed between ATp and 

BTp. Our results provide further insight into the role of the substituent groups in the 

non-radiative relaxation dynamics of triphyrin(2.1.1).  

 

II. Experimental  

ATp and BTp were synthesized according to Refs. 13 and 14, respectively, and were 

purified by recrystallization (CHCl3/water for ATp and CHCl3/MeOH for BTp) and 

HPLC. The purity was checked by confirming that the fluorescence decays were 

described by a single component. All solvents used to prepare the liquid samples were 

spectral grade. Paraffin and 2-methyltetrahydrofuran (2MTHF) were purified before use 

according to the procedures in Ref. 17. For the fluorescence spectral measurements, all 

solutions were prepared at concentrations where the absorbance at the Q-like band 

around 550 nm for ATp and 590 nm for BTp was below 0.1. The fluorescence quantum 
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yield of ATp was measured with a fluorospectrometer (FP-6500, JASCO) and that of 

BTp was measured with an absolute quantum yield measurement system (C9920-02, 

Hamamatsu Photonics). The excitation wavelengths were 340 and 410 nm for ATP and 

BTp, respectively. For ATp, rhodamine 6G (Exciton), which was purified by 

recrystallization (CHCl3/MeOH), was used as a reference (Φy
R = 0.98 in CH2Cl2; 

estimated by the absolute PL quantum yield measurement method described above). Φy 

is given by 

  Φ
y

= Φ
y

R ⋅
n2

n
R

2
⋅

F λ
F( )dλ

F∫
F

R
λ

F( )d λ
F∫
      (1)  

where the subscript and superscript R refer to the reference solution, n is the refractive 

index, and F(λF) is the fluorescence spectrum. The fluorescence spectra were corrected 

by the method published by Valeur.18 Fluorescence decay was measured with a 

time-correlated single-photon counting system. The output from a mode-locked 

Ti:sapphire laser (Tsunami, Spectra-Physics) was passed through a pulse picker 

operating at 2.9 MHz, and the second harmonic (400 nm) was then used to excite the 

samples. The full width at half-maximum of the instrumental response function was 

about 60 ps. The fluorescence decay curve was fitted by a convolution of the 

instrumental response function and a sum of exponential functions. The radiative and 

non-radiative rate constants are estimated by  
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  Φ
y

=
k

r

k
r
+ k

nr

= k
r
⋅τ       (2) 

where kr and knr are the radiative and the non-radiative rate constants, respectively, and 

τ is the fluorescence lifetime. 

 

III. Results and Discussion 

III. A. Steady-State Absorption Spectra and Fluorescence Spectra 

Figure 2 shows the absorption spectra of ATp and BTp measured in eight solvents 

(n-hexane (C6), THF, CHCl3, DMSO, MeCN, EtOH, MeOH, and ethylene glycol (EG)). 

The oscillator strengths of the transition bands calculated by time-dependent density 

functional theory (TD-DFT) with a basis set of cc-pVDZ are also shown. ATp exhibits 

intense B-like (340 nm) and structureless Q-like bands, whereas BTp shows clear B- 

(414 nm) and Q-like (580 nm) absorption bands in C6, similar to porphyrin.19,20 The 

fluorescence spectra in Figure 3 show the emission band attributed to the S1 → S0 

transitions as a mirror image of the Q-like bands. It has been reported that the magnetic 

circular dichroism (MCD) spectrum shows coupled pairs of oppositely signed 

Gaussian-shaped bands for BTp, similar to those observed for the Q and B bands of 

low-symmetry porphyrins.13 The TD-DFT results agreed well with the experimentally 
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obtained absorption and MCD spectra, except for the relative peak positions. In the case 

of BTp, the observed band structures were qualitatively consistent with those predicted 

by the Gouterman four-orbital model of the 14π system, which is similar to the 

porphyrin 18π system.19,20 However, the oscillator strengths for ATp showed many 

transitions in the Q-like band. The energy level diagram calculated by TD-DFT (Figure 

4) shows that close, low-lying molecular orbitals below the HOMO, such as HOMO-1, 

HOMO-2, and HOMO-3, contribute to the electronic transitions to the LUMO, resulting 

in many excited states, as observed in BCOD triphyrin(2.1.1).16  

The spectral shapes of the absorption and fluorescence of BTp were 

independent of the polarities and the protic properties of the solvents. The fluorescence 

spectra of BTp contained the S1 → S0 emission band as a mirror image of the absorption 

spectra, which had similar peak wavelengths irrespective of the solvent polarity. In 

contrast, the ATp absorption band at 490 nm increased and that at 550 nm decreased 

(indicated by arrows) in polar protic solvents, such as MeOH and EG. Because the 

TD-DFT calculation predicted several electronic transitions in this wavelength region, 

the oscillator strengths of these transitions were expected to change in protic solvents. 

This suggests that the ATp macrocycle may be distorted in protic solvents, because of 

hydrogen bonding between the inner nitrogen atoms and the hydroxyl protons of the 
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solvent molecules (R-OH···N). Furthermore, we assume that BTp is not distorted in 

protic solvents because the phenyl groups, especially at the meso-CH2 carbons, prevent 

distortion.  

We investigated the internal conversion upon photoexcitation from the upper 

excited states, Sn, to the S1 state in the fluorescence excitation spectra. In Figure 5, we 

compare the absorption and excitation spectra of ATp and BTp in CH2Cl2. Because the 

excitation spectra corresponded well to the absorption spectra for both ATp and BTp, 

we conclude that internal Sn → S1 conversion is much faster than the S1 lifetime. For 

BTp, we confirmed this by using time-resolved fluorescence spectroscopy, which 

showed that the internal conversion from the Soret states to the S1 state was complete 

within 150 fs, which is much faster than the S1 lifetime of 140 ps.12 

 

III. B. Viscosity Dependence of Fluorescence Quantum Yields and Lifetimes  

In our previous time-resolved fluorescence study of BTp, we proposed that the excited 

state internal conversion of S1 → S0 is governed not by the NH proton tautomerization 

in the excited state, as it is in porphycene, but by the non-planarity of the macrocycle.12 

According to Sung et al.,16 the S1 lifetime of BCOD triphyrin(2.1.1) in toluene was 

shortened to 6 ps by introducing the bulky BCOD group at β carbons. However, the 
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lifetimes of BCOD triphyrin(2.1.1) and BTp are the same, namely, 3.2 ns, at liquid 

nitrogen temperature, whereas the lifetime of BCOD triphyrin(2.1.1) is 180 ps in 

toluene, which is 1/30th that of BTp at room temperature. They concluded that these 

findings suggest that the flexible motion of the triphyrin(2.1.1) macrocycle ring such as 

doming and ruffling is restricted by the fused moieties.  

We investigated the role of meso-substituted groups in the fluorescence 

properties by comparing ATp and BTp. To assess the effect of the substituents on the 

fluorescence properties, we examined the dependence of fluorescence quantum yield 

and fluorescence lifetime on solvent viscosity. To eliminate the interactions between the 

solute and solvent, such as hydrogen bonding, π-π and dipole-dipole interactions, we 

used hydrocarbons with various alkyl chain lengths. Table 1 shows the values of Φy, τ, 

kr, and knr for ATp and BTp. The viscosity dependence of the fluorescence decays, kr, 

and knr are shown in Figures 6 and 7. For ATp, both kr and knr showed negligible 

dependence on the solvent viscosity. In contrast, for BTp, knr decreased to 1/10th the 

initial value as the solvent viscosity increased from C5 to paraffin, whereas kr was the 

same within experimental error, regardless of the solvent. The viscosity dependence of 

BTp shows that hindering molecular distortion in the excited states suppresses the 

non-radiative relaxation in viscous solvents. Furthermore, the ATp and BTp results 
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suggest that the non-radiative relaxation is suppressed by the phenyl groups at both β- 

and meso-carbons. Although X-ray structures show that both the triphyrins are nearly 

planar (Figure 8),13,14 it is reasonable to expect for BTp that the planarity is maintained 

in the solutions by the size restriction and π-π interactions of the meso-substituted 

phenyl rings.  

X-ray crystal structure analysis revealed that both free-base ATp and free-base 

BTp have nearly planar structures,13,14 but that the pyrrole ring between the two 

methyne carbon atoms is relatively free to undergo flip-flop motion. By inserting a 

metal ion into ATp and BTp, however, the three pyrole rings in the macrocycle remain 

as a dome structure.14,21-24 The reason is that, if we view the three pyrrole rings as an 

isosceles triangle, the two pyroles forming the base are fixed to each other via a 

hydrogen bond but the one at the apex can flip-flop freely. This suggests that the 

tryphirin(2.1.1) macrocycle is structurally flexible and that its planarity can change in 

solution depending on solvent viscosity and substituent groups.  

  

III. C. Effect of NH Proton Tautomerization  

Next, we discuss the effect of the NH proton tautomerization in the excited state, which 

contributes to the photophysical properties of several porphyrinoids.10,11,15 According to 
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Waluk et al.,10,11 the NH proton tautomerization in the excited state contributes to the 

non-radiative relaxation of porphycene, because the cavity of the macrocycle is small. 

As with porphycene, the NH proton tautomerization of triphyrin(2.1.1) may contribute 

to Φy because of the small inner cavity. To assess the contribution, we estimated Φy of 

deuterated and protonated (cationic) triphyrin(2.1.1). Table 2 shows the values of Φy 

and the fluorescence lifetime in MeOD and 10% trifluoroacetic acid (TFA)/THF (1:9 

v/v), and also in the reference solvents MeOH and THF. Figure 9 shows the absorption 

and fluorescence spectra of ATp and BTp in TFA/THF. Unlike porphycene,11 both ATp 

and BTp have values of Φy that are similar in MeOD and MeOH, even though the 

neighboring N···N distances are short (ATp: 2.552 Å; BTp: 2.573 Å).13,14 We also 

obtained the fluorescence anisotropy spectra to determine changes in the transition 

dipole moment caused by NH proton tautomerization in the excited state. For 

porphycene, the anisotropy value for S1 → S0 decreased, even when the rotational 

relaxation was hindered, as observed in glassy solvents.25 Figure 10 shows that both 

ATp and BTp have an anisotropy value of about 0.4 for the S1 → S0 transition, 

indicating that NH proton tautomerization did not occur in glassy solvents, which is 

consistent with the Φy measurements in MeOD. Based on these results, we conclude 

that NH proton tautomerization in the excited states is less important to the 
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non-radiative relaxation of triphyrin(2.1.1). 

Whereas repulsion between hydrogen atoms opposite each other in the cavity 

of porphycene is important for its non-radiative relaxation, the repulsion may play a less 

important role in the triphyrin(2.1.1) cavity. Because triphyrin(2.1.1) has one hydrogen 

in the cavity, the strong NH···N hydrogen bond could help to suppress the molecular 

distortion instead. When triphyrin(2.1.1) is cationized by TFA, Φy decreases sharply, as 

shown in Table 2. In this case, the repulsion between the inner three protons increased 

and triphyrin(2.1.1) became distorted. The triphyrin(2.1.1) distortion may lead to a 

decrease in Φy as it does in porphyrin.4-7  

 

IV. Summary  

We have investigated the role of substituent groups and NH proton tautomerization in 

the non-radiative relaxation of triphyrin(2.1.1) by studying ATp and BTp with 

steady-state and time-resolved fluorescence spectroscopy. The fluorescence lifetime 

measurements showed that the non-radiative relaxation in BTp was strongly suppressed 

in viscous solvents. In contrast, the fluorescence lifetime of ATp did not show viscosity 

dependence. From these results, we conclude that molecular distortion is a major factor 

in suppressing the non-radiative relaxation, and that the phenyl substituents in 
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triphyrin(2.1.1) may contribute to this suppression. Moreover, the fluorescence 

anisotropy and Φy measurements in MeOD suggest that NH proton tautomerization did 

not occur in the excited state lifetime, in contrast to porphycene. Based on these 

observations, we propose that structural distortion is a cause of the increase in 

non-radiative relaxation in triphyrin(2.1.1) and that the hydrogen bond formed in the 

inner cavity may suppress the distortion, unlike in porphycene.
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Table 1. Fluorescence quantum yield, fluorescence lifetime, and radiative and 

non-radiative rate constants of ATp and BTp1 

 Solvent η / cP Φy τ /ns 2 kr /ns-1 3 knr/ns-1 3 

ATp n-pentane (C5) 0.225 1.0 × 10-4 0.024 0.005 42 

  n-hexane (C6) 0.299 1.2 × 10-4 0.031 0.004 32 

  n-heptane (C7) 0.391 1.4 × 10-4 0.026 0.005 39 

 n-octane (C8) 0.515 1.5 × 10-4 0.033 0.005 31 

 n-dodecane (C12) 1.37 0.9 × 10-4 0.029 0.003 35 

 n-pentadecane (C15) 2.57 1.2 × 10-4 0.026 0.005 38 

 Paraffin 91.3 1.7 × 10-4 0.035 0.004 29 

BTp C5 0.225 0.010 0.16 0.05 6.2 

  C6 0.299 0.016 0.20 0.08 4.9 

  C7 0.391 0.019 0.24 0.08 4.1 

  C8 0.515 0.028 0.29 0.10 3.3 

  C12 1.37 0.050 0.51 0.10 1.9 

  

  

C15 2.57 0.070 0.70 0.10 1.3 

Paraffin 91.3 0.17 1.47 0.12 0.6 

1All measurements are performed at room temperature (293 K). 
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2Obtained by fitting fluorescence decay with a single exponential function. 

3Determined from the relationship between Φy and τ (equation 2). 
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Table 2. Fluorescence quantum yield, fluorescence lifetime, and radiative and 

non-radiative rate constants of ATp and BTp1 

 

 Solvent / phase η / cP Φy τ /ns 2 kr/ns-1 3 
knr/ns-1 3 

ATp CH2Cl2 0.425 5 × 10-5 0.035 0.001 29 

 DMSO 2.00 2 × 10-5 0.031 0.001 32 

 MeOH 0.555 2 × 10-4 0.034 0.006 29 

 MeOD 0.550 1 × 10-4 0.035 0.003 29 

 THF 0.480 9 × 10-5 0.034 0.003 29 

 TFA 10%/THF -  4 × 10-6 <0.03 >0.0001 <33 

BTp CH2Cl2 0.425 0.005 0.078 0.06 13 

 DMSO 2.00 0.012 0.26 0.05 3.8 

 MeOH 0.555 0.007 0.090 0.08 11 

 MeOD 0.550 0.007 0.087 0.08 11 

 THF 0.480 0.008 0.130 0.06 7.6 

 TFA 10%/THF -  0.003  0.044 0.07 23 

1All measurements are performed at room temperature (293 K). 

2Obtained by fitting fluorescence decay with single exponential function. 
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3Determined from the relationship between Φy and τ (equation 2). 
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Figure captions 

Figure 1. Structure of ATp (left) and BTp (right).  

Figure 2. Absorption spectra in C6, THF, CHCl3, DMSO, MeCN, EtOH, MeOH, and 

EG of (a1) ATp and (a2) BTp. Oscillator strengths calculated by using the TD-DFT 

method with the B3LYP/cc-pDVZ basis set for (b1) ATp and (b2) BTp. The inset in (a1) 

compares the absorption spectra of C6 and EG. Arrows indicate spectral changes in 

MeOH and EG. 

Figure 3. Fluorescence spectra in C6, THF, CHCl3, DMSO, MeCN, EtOH, MeOH, and 

EG of (c1) ATp and (c2) BTp. For ATp λex = 340 nm and for BTp λex = 414 nm. 

Figure 4. Frontier molecular orbital diagram and contour plots of occupied and virtual 

orbitals of ATp (left) and BTp (right), calculated by using the TD-DFT method with the 

B3LYP/cc-pDVZ basis set. 

Figure 5. Excitation (solid line) and absorption (dotted line) spectra of ATp (upper) and 

BTp (lower) in CH2Cl2. The detection wavelength was 600 nm for both ATp and BTp. 

The asterisk indicates the Raman band of CH2Cl2. 

Figure 6. Fluorescence decay of ATp (upper) and BTp (lower) in C5 (red), C6 (orange), 

C7 (yellow), C8 (light green), C12 (green), C15 (light blue), and paraffin (blue). λex = 

400 nm, for ATp λem = 560 nm, and for BTp λem = 590 nm. The dashed line is the 
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instrumental response function. 

Figure 7. Viscosity dependence of kr and knr for ATp (upper) and BTp (lower). 

Hydrocarbons of various lengths are used as solvents: C5, C6, C7, C8, C12, C15, and 

paraffin. 

Figure 8. X-ray crystal structures of ATp (left) and BTp (right):13,14 (a) top view and (b) 

side view. 

Figure 9. Normalized absorption and fluorescence spectra of ATp (upper) and BTp 

(lower) in 10% TFA/THF solution. For ATp λex = 340 nm and for BTp λex = 410 nm. 

Figure 10. Fluorescence excitation spectra (a) and anisotropy (b) of ATp (left) and BTp 

(right) measured at 123 K in 2MTHF. For ATp λem = 560 nm and for BTp λex = 590 nm. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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      ATp           BTp 

Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7
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ATP  BTP  (a)  (b)  (a)  (b)  

 

Figure 8.  
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Figure 9.  
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Figure 10. 
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