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Pentaarylbiimidazole, PABI: An Easily 

Synthesized Fast Photochromic Molecule with 

Superior Durability 

Hiroaki Yamashitaa and Jiro Abe*ab

We report a new type of fast photochromic imidazole dimer, 

pentaarylbiimidazole (PABI), which shows a few µs fast 

photochromism with high fatigue resistance against light 

irradiation. PABI has an unusual spiroconjugated 

imidazoisoindole skeleton and its derivatives can be prepared 

by simple synthetic procedures. 

Hexaarylbiimidazole (HABI) generates the colored radical 

species by UV light irradiation and the colored species gradually 

returns to the initial colorless imidazole dimer when light 

irradiation is stopped.1-5 Inspired from the photochromism of 

HABI, we have developed the bridged imidazole dimers to 

accelerate the thermal back reaction.6-17 The bridged imidazole 

dimers show instantaneous coloration upon UV light irradiation 

and rapid fading in the dark. The half-lives of the colored species 

of the naphthalene-bridged imidazole dimer and the 

[2.2]paracyclophane-bridged imidazole dimer are 830 and 33 ms 

at 25 °C in benzene, respectively.8,16,17 Such fast photochromic 

molecules could be served as excellent probes and triggers to 

reveal and control phenomena which occur under the time scales 

within a few tens of ms. The fast photochromic molecules have 

potentials for the applications such as a holographic display and 

fluorescence switching.18-20 We have broaden the photochromic 

properties such as the half-life and the color of the colored 

species by rational design of the bridged imidazole dimers.6,15 

However, the complicated synthesis procedures and costly 

compounds have been making them the subject of potential for 

widely applicable molecular switching systems. In fact, the 

commonly used photochromic compounds, diarylethenes, 

azobenzenes, spiropyrans and naphthopyrans, are easily 

accessible to many researchers. 

 The simplest architecture to incorporate a couple of 

imidazolyl radicals into a molecule is achieved by using the 

phenylene group as a linker of the imidazolyl radicals. The 

design of a novel photochromic imidazole dimer 1a, 

pentaarylbiimidazole (PABI), in Scheme 1a, was initially 

motivated by the characteristic behavior of its structural isomers, 

2,2’-(m-phenylene)bis(4,5-diphenyl-1-imidazolyl) (2R)21,22 and 

1,4-bis(4,5-diphenylimidazole-2-ylidene)cyclohexa-2,5-diene (3) 

23-25. The π-electronic structures of 1aR, 2R, and 3R are 

considered to be topologically equivalent to those of o-, m-, and 

p-quinodimethanes (o-, m-, and p-QDMs), respectively.26,27 The 

spin states of o-, m-, and p-QDMs obey well-known 
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Ovchinnikov’s rule.28 o- and p-QDMs have the singlet ground 

state and m-QDM has the triplet ground state as predicted by 

Ovchinnikov’s rule. Thus, QDMs are important as the 

fundamental model to understand the nature of the organic 

biradicals. Besides, QDMs are attractive not only in the field of 

physical chemistry but also in synthetic chemistry.29-31 The QDMs 

are highly reactive and undergo the dimerization or 

polymerization characteristic to radicals.32
 However, it is notable 

that only o-QDM undergoes intramolecular cyclization to form the 

benzocyclobutene.15 Thus we came up with an idea that 1aR 

would form a new type of imidazole dimer 1a by the 

intramolecular radical recombination.  

We previously reported the theoretical investigation for the 

electronic structure of 3R which possesses the singlet ground 

state and thermally accessible triplet biradical state.24 Moreover, 

the fluorinated derivative of 3R, where four hydrogen atoms at 

the central phenylene ring are substituted with four fluorine 

atoms, has pronounced biradical character and shows the 

intermolecular radical dimerization reaction to form the colorless 

imidazole dimer.34 The m-isomer 2R also causes the 

intermolecular radical dimerization reaction to lead the formation 

of 2.21,22 The spin state of the ground state of 2R was assigned to 

the triplet biradical state by ESR analysis as would be predicted 

by Ovchinnikov’s rule. These results suggest that the spin states 

of the ground states of 2R and 3R are governed by the topology 

of the π-electron system in the same manner as QDMs. 

Consequently, the singlet ground state can be predicted for the 

ground state of 1aR from the analogy with o-QDM. It is of great 

interest that not only the through-bond but also the through-

space radical–radical interactions play important role in the spin 

state of 1aR due to the closely spaced imidazolyl radicals. In 

other words, the competition between the formation of σ-bond 

and π-bond in 1aR would be expected. Thus 1a is attractive 

target for understanding the biradical chemistry and the bond 

formation and breaking processes. In this paper, we developed a 

photochromic imidazole dimer PABI, 1a and its methoxy 

substituted derivatives, 1b and 1c (Scheme 1). PABI derivatives 

are easy to prepare compared with so far developed bridged 

imidazole dimers. We investigated the electronic structures of the 

colored species of PABI derivatives by nanosecond laser flash 

photolysis and ESR measurements. We found that the half-lives 

of the colored species of PABI derivatives are drastically 

changed by introducing the methoxy groups on the phenylene 

group.  

 The precursor (1aL) was prepared by three steps from the 

starting material, 2-bromobenzaldehyde (Scheme 2). A key step 

of the synthetic scheme is the synthesis of 1aL from 

asymmetrically protected o-phthalaldehyde (2-(1,3-dioxolan-2-

yl)benzaldehyde)35 because the direct synthesis of 1aL from o-

phthalaldehyde was unsuccessful due to the side reactions. The 

target compound (1a) was obtained by the oxidation of the 

precursor with aqueous potassium ferricyanide in basic condition. 

The single crystal of 1a suitable for the X-ray crystallographic 

analysis was obtained by recrystallization from 

hexane/dichloromethane. The ORTEP representations of the 

molecular structures of 1aL and 1a are shown in Fig. 1. The 

molecular structure of 1a is unusual and different from previously 

reported bridged imidazole dimers. The main skeleton of 1a is 

the spiroconjugated37,38 5H-imidazo[2,1-a]isoindole. The 

imidazoisoindole moiety and the imidazole ring are almost 

perpendicular orientation. The C−N bond length between the two 

imidazole rings of 1a (1.459 Å) is the shortest value in HABI 

derivatives reported so far owing to the spiroconjugation. For 

example, the C−N bond length of [2.2]paracyclophane bridged 

imidazole dimer, pseudogem-bisDPI[2.2]PC, is 1.488 Å.16  

 The photochromic behavior of HABI is described by the 

photoinduced homolytic cleavage of the C−N bond between the 

imidazole rings and the thermal radical recombination.4,5 It is 

necessary to confirm whether the photochromic reaction of PABI 

proceeds by the same mechanism as that of HABI because of its 

unusual molecular structure. We measured the ESR spectra of 

the benzene solution of 1a at room temperature under UV 

irradiation (365 nm). The ESR signal characteristic to organic 

radicals was observed under irradiation (Fig. S31) and instantly 

disappeared when light irradiation was stopped. This observation 

is clear evidence that the photogenerated species 1aR is a 

radical species with unpaired electrons. The temperature 

dependence of the ESR signal intensity provides the information 

about the spin state of 1aR. The ESR signal intensity (IESR) of 

1aR increases with raising the temperature from −195 to −73 °C 

(Fig. S32), indicating that the colored species of 1a has the 

singlet ground state and the population of the thermally excited 
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triplet state increases with increasing the temperature. This 

behavior is similar to the temperature dependence of the IESR of 

3R.24 Therefore, the electron spins in 1aR anti-ferromagnetically 

couple with each other. On the other hand, the IESR begins to 

decrease sharply due to the radical recombination to form the 

imidazole dimer 1a by raising the temperature above −73 °C. 

 We also synthesized PABI derivatives that have the methoxy 

groups on the phenylene group (1b) and the four phenyl groups 

(1c). As compared with the previously reported bridged imidazole 

dimers, the readily synthetic procedure to introduce the 

substituents on the phenylene group is an attractive feature of 

PABI derivatives. As described above, the colored species of 

PABI derivatives, 1aR, 1bR, and 1cR, have a significant 

contribution from the o-QDM resonance form, indicating that two 

imidazolyl radicals are electronically coupled via the phenylene 

group. Hence, the significant variations of the photochromic 

properties are expected by introducing substituents on the 

phenylene group. 

Transient absorption spectra of the colored species of PABI 

derivatives, 1a, 1b, and 1c are shown in Fig. 2a. As can be 

expected from the large difference in the molecular structures, 

the spectral shapes of the colored species of PABI are quite 

different from those of previously reported bridged imidazole 

dimers. The remarkable features of these spectra are the intense 

absorption band in the 700-800 nm region. These absorption 

bands are attributable to the radical–radical interaction, which is 

supported by the TDDFT calculations (UB3LYP/6-31+G(d,p)) 

(Fig. S35). These intense bands indicate the existence of the 

stronger radical–radical interaction compared with the previously 

reported bridged imidazole dimers. The α- and β-spins in the 

colored species of the [2.2]paracyclophane bridged imidazole 

dimers are localized on each imidazole rings. In that case, 

through-space radical–radical interaction is dominant. On the 

other hand, the through-bond radical–radical interaction is 

considered to play an important role with regard to the colored 

species of PABI derivatives due to the spin delocalization from 

one imidazole ring to another ring via the phenylene group (Fig. 

S34). Furthermore, the singlet biradical index (y) of 1aR was 

estimated to be 29% from the LUMO occupation number by the 

CASSCF(8,8)/6-31G(d)//B3LYP/6-31+G(d,p) level of the theory.  

The decay profiles at 25 °C of the colored species of PABI 

derivatives in benzene measured at 710 nm are shown in Fig. 2b. 

All decays follow the first-order kinetics and are well fitted with a 

single exponential function. The half-lives of 1aR, 1bR, and 1cR 

are 2.0, 101, and 3.6 µs at 25 °C, respectively. The thermal back 

reactions of PABI derivatives proceed in the µs time scale. It is 

noteworthy that the half-life of the colored species is drastically 

changed by introducing the methoxy groups on the phenylene 

group. On the other hand, the half-life remains nearly unchanged 

when the methoxy groups are introduced on the phenyl groups. 

These results can be explained by the spatial distribution of the 

frontier molecular orbitals. The HOMO and LUMO of 1aR are 

mainly located on the imidazole–phenylene–imidazole moiety 

(Fig. S33). Therefore, the introduction of either electron-donating 

or electron-withdrawing groups on the phenylene group are 

effective to alter the electronic structure of 1aR. The LUMO of 

the 1a is localized on the 2H-imidazole ring. Thus, only the 

colored species is stabilized by introducing the methoxy groups 

on the phenylene group, leading to the decrease in the change in 

Gibbs free energy, ∆G0, between the colored and colorless 

species. Consequently, increasing in the free energy of activation, 

∆G‡, is expected from the linear free energy relationship. We 

conducted the measurements of the decay profiles in the 

temperature ranges between 5 and 40 °C and obtained the 

activation parameters (∆H‡, ∆S‡, and ∆G‡) by using the Eyring 

equation (Table 1). No significant differences in ∆S‡ were found 

between the derivatives, suggesting that structural changes from 

the colored species to the transition states are almost same in 

Table 1 Decoloration Reaction Rates, Half-Lives at 25 °C, and 
Activation Parameters of the Colored Species of 1a, 1b, and 1c in 
Degassed Benzene 

 k  

[s−1] 
τ1/2 

 [µs] 
∆H‡  

[kJ/mol] 
∆S‡  

[J/mol·K] 
∆G‡  

[kJ/mol] 
1aR 3.5×105 2.0 35.4 −20.0 41.4 
1bR 6.9×103 101 46.0 −16.8 51.0 
1cR 1.9×105 3.6 37.7 −17.0 42.8 
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1aR, 1bR, and 1cR. The difference in ∆G‡ between 1aR and 

1bR is attributable to the difference in ∆H‡. This result indicates 

that the introduction of the methoxy groups on the phenylene 

group affects the enthalpy term of ∆G‡. The high fatigue 

resistance against light irradiation is required for practical 

application. We evaluated the fatigue resistance of 1a, 1b, and 

1c. The decay profiles of the colored species and UV–vis 

absorption spectra of the colorless species were measured for 

the fresh samples and the samples after 13,000 shots of the 355 

nm laser pulses (the pulse duration and the power is 5 ns and 4 

mJ). No significant differences are found between the fresh 

samples and the laser-irradiated samples for all of the decay 

profiles and the spectra, indicating that PABI derivatives have 

high fatigue resistance (Figs. S17, S20, S22, S25, S27, S30). 

Furthermore, we confirmed that the presence of molecular 

oxygen has no influence on the half-life of the colored species of 

1a and only a slight influence on the fatigue resistance as shown 

in Fig. 3.  

 In conclusion, we developed a new type of fast photochromic 

imidazole dimer, PABI. PABI derivatives are easy to synthesize 

and show fast photochromism in µs time scale.  It was revealed 

that the electronic structures of the colored species of PABI 

derivatives are similar to that of o-QDM. This is the first report of 

reversible generation of the o-QDM structure, which is an 

important species in physical and synthetic chemistry. We found 

that the introduction of the electron-donating methoxy groups on 

the phenylene effectively stabilizes the colored species, resulting 

in the prolonged half-life of the colored species 1bR. Moreover, 

PABI derivatives have the high fatigue resistance against light 

irradiation. We believe that PABI derivatives become a widely 

applicable photoswitching system in the field of fundamental 

research and practical applications. 
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