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and Yoichi Kobayashi*a,c 

 

We demonstrate that phenoxyl-imidazolyl radical complex (PIC), 

which is a rate-tunable fast photoswitch, can be used as ligands that 

directly coordinate with iridium (III) ion. The iridium complexes 

show the characteristic photochromic reactions originating from 

the PIC moiety, whereas the behaviour of transient species is 

substantially different from that of PIC. 

T-type photochromic reactions that are faster than second 

timescales are often called fast photochromism,1,2 and have 

various potential applications beyond conventional 

photochromic compounds such as dynamic holographic 

materials,3,4 anticounterfeiting materials, and nonlinear 

photofunctional materials that work with weak incoherent 

light.5–7 Among several fast photochromic molecules reported 

so far, phenoxyl-imidazolyl radical complex (PIC) is one of the 

fast T-type photochromic compounds that form biradicals 

reversibly upon light irradiation (Scheme 1a).8,9 PIC can be 

synthesised by simple synthetic procedures, and the 

photochromic reaction exhibits high fatigue resistance against 

repeated light irradiation. Furthermore, the thermal back 

reaction from the photogenerated open-ring isomer to the 

initial closed-ring isomer can be controlled from tens of 

nanoseconds to second timescales by rational design of the 

molecular framework. These characteristics are crucial for the 

abovementioned applications of fast photoswitch molecules. In 

addition, PIC has gained significant attention in biradical 

chemistry because metastable spin-correlated biradical species 

can be repeatedly generated by light irradiation.10,11 

On one hand, PIC has a phenyl-imidazole moiety, which is 

often employed as a ligand for metal complexes.12–14 

Photochromic metal complexes exhibit several characteristic 

photofunctions such as the charge-transfer state between 

ligands and metal ions, and the enhanced spin-orbit 

interaction.15–24 Moreover, the combination of photochromic 

molecules and multidentate ligands enables photochromic 

metal-organic frameworks that selectively capture guest 

molecules depending on light irradiation.25 On the other hand, 

the photochromic metal complexes that have been reported so 

far are limited to P-type or slow T-type photochromic 

molecules. By combining metal complexes with fast 

photoswitches, advanced photofunctional materials can be 

developed such as visible-light-responsive fast photochromic 

molecules that can be synthesized only by coordination of fast 

photochromic molecules with metal ions, and nonlinear 

photochromic metal complexes that work under weak incident 

light.  
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Scheme 1 Photochromic reaction schemes of (a) PIC and (b) PIC-

coordinated iridium (III) complex derivatives. 
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In this study, we developed photochromic dinuclear iridium 

(III) (Ir3+) complexes having PIC derivatives ([Ir(μ-Cl)(PIC)2]2 and 

[Ir(μ-Cl)(tBu-PIC)2]2, Scheme 1b). We chose Ir3+ ion as a metal 

centre because it can be directly coordinated with the phenyl-

imidazole moiety of PIC. Therefore, the photochromic reactions 

of the PIC units are expected to be altered largely by Ir3+ ions. 

We investigated the optical properties of these [Ir(μ-Cl)(PIC)2]2 

and [Ir(μ-Cl)(tBu-PIC)2]2 by time-resolved visible and infrared 

(IR) spectroscopies ranging from sub-picosecond to 

milliseconds and density functional theory (DFT) calculations. 

[Ir(μ-Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2 were synthesised 

by the reaction of IrCl3•nH2O with the corresponding PIC 

derivatives in 1:2 stoichiometry. The resulting complexes were 

characterised by proton nuclear magnetic resonance (1H NMR) 

spectroscopy, electrospray ionization (ESI) mass spectrometry, 

and single crystal X-rays crystallographic analyses (Fig. 1a and 

Fig. S1–S5 ESI†). Due to the difference in coordination structure, 

[Ir(μ-Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2 have structural isomers 

(ΔΔ and ΛΛ forms). Single crystal X-ray diffraction analysis 

revealed that the ΔΔ and ΛΛ isomers are present in equal 

amounts in a crystal and that these complexes are racemic 

compounds (Fig. S6 and S7 ESI†). On the other hand, the 

diastereomer (ΔΛ form) was not observed probably due to 

steric hindrance between the PIC units. In subsequent 

spectroscopic measurements, these isomers were measured 

without optical resolution.  

 Fig. 1b shows the steady-state absorption spectra of the 

synthesised Ir3+ complexes and PIC derivatives in 

dichloromethane. PIC derivatives have absorption only shorter 

than 350 nm. The absorption spectrum of PIC is almost identical 

to that of tBu-PIC.8 [Ir(μ-Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2 are 

very similar to each other as similar to those of PIC and tBu-PIC. 

The absorption bands at ~340 nm of [Ir(μ-Cl)(PIC)2]2 and [Ir(μ-

Cl)(tBu-PIC)2]2 are similar to those of PIC and tBu-PIC although 

the molar absorption coefficients are slightly lower than those 

of four times the values of PIC and tBu-PIC probably due to the 

spectral broadening. On the other hand, the Ir3+ complexes have 

additional absorption bands at 410 and 500 nm (inset of Fig 1b). 

DFT calculations with B3LYP/6-31G(C,H,O,N,Cl)/LANL2DZ(Ir) 

level of the theory suggest that these bands are ascribed to the 

metal-to-ligand charge transfer (MLCT) transitions (Fig. S23 and 

S24 ESI†).  

To investigate the photochromic properties of [Ir(μ-

Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2, laser flash photolysis 

measurements were performed using a 355-nm nanosecond 

laser pulse. The millisecond transient absorption spectra of 

[Ir(μ-Cl)(PIC)2]2 in dichloromethane show a sharp absorption 

band at 360 nm, shoulder band at 410 nm, and broad 

absorption bands at ~520, 800, and 1400 nm immediately after 

the excitation (Fig. 2). These transient absorption bands are 

observed repeatedly. A reference compound that does not have 

photochromic units ([Ir(µ-Cl)(2-phenylpyridine)2]2, see Fig. S11 

ESI† for the molecular structure), does not show any transient 

signals over milliseconds except for the slight photodegradation 

(Fig. S11 ESI†). These results suggest that the photochromic 

reaction of the PIC unit of [Ir(μ-Cl)(PIC)2]2 proceeds as similar to 

PIC. This point is further elucidated by time-resolved IR 

spectroscopies as shown later. Moreover, the transient 

absorption dynamics are not affected by the presence of 

molecular oxygen (Fig. S8 ESI†). It suggests that the 

photochromic reaction of [Ir(μ-Cl)(PIC)2]2 proceeds via the 

singlet excited state, i.e., the triplet excited state is not involved 

in the reaction in spite of the heavy metal complexes. All 

transient absorption bands of [Ir(μ-Cl)(PIC)2]2 decay 

monotonically with a half-life of 1.5 ms (Fig. 2 inset), which is 

more than 2000 times longer than that of PIC (690 ns in 

dichloromethane at room temperature, Fig. S9 ESI†). 

Thermodynamic parameters for the thermal back reaction were 

obtained by the temperature dependence of the transient 

absorption dynamics (the details are shown in the ESI).  

Because [Ir(μ-Cl)(PIC)2]2 has four PIC units in a complex, it 

was initially expected that multiple open-ring isomers are 

 

Fig. 1 (a) Crystal structures of [Ir(μ-Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2. (b) 
Steady-state absorption spectra of [Ir(μ-Cl)(PIC)2]2, [Ir(μ-Cl)(tBu-PIC)2]2, 
PIC and tBu-PIC in dichloromethane at room temperature. ε Indicates the 

molar absorption coefficients, and the inset shows the magnified spectra 
in the visible-light region. 

 

 

Fig. 2 Transient absorption spectra and (inset) dynamics of [Ir(μ-Cl)(PIC)2]2 
in dichloromethane (2.4 × 10−5 M) on sub-millisecond timescales excited 
with a 355-nm nanosecond laser pulse (1.0 mJ pulse−1) under nitrogen 

atmosphere at room temperature. 
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generated in a stepwise manner and intensity-dependent 

photochromic behaviours are observed. However, both 

experimental and theoretical calculations as explained below 

suggest that the photochromic reaction of [Ir(μ-Cl)(PIC)2]2 

involves the bond dissociation of only one PIC unit, instead of 

multiple PIC units. Transient absorption spectra and decay on 

millisecond timescales do not change at all even under intense 

excitation conditions (Fig. S13 ESI†). DFT calculations suggest 

that the absorption spectra of [Ir(μ-Cl)(PIC)2]2 should change 

depending on the number of the open-ring isomer units (Fig. 

S25 ESI†). Moreover, the Gibbs free energies of [Ir(μ-Cl)(PIC)2]2 

are different depending on the number of open-ring isomer 

units. It indicates that the decay kinetics should change if 

multiple open-ring isomers are formed in [Ir(μ-Cl)(PIC)2]2 (Fig. 

S26 ESI†). In addition, DFT calculations also suggest that the 

LUMO of [Ir(μ-Cl)(PIC)2]2 having the open-ring isomer unit is 

localized at the open-ring isomer unit. It suggests that the open-

ring isomer unit may suppress the stepwise photochromic 

reaction (Fig. S27 ESI†).  

 [Ir(μ-Cl)(tBu-PIC)2]2 does not show any transient 

absorption signals in the microsecond-to-millisecond timescales. 

In tBu-PIC (Scheme 1a), the rate of the thermal back reaction is 

greatly accelerated as compared to that of PIC due to the steric 

hindrance by the tert-butyl groups (Fig. S10 ESI†). Moreover, in 

the PIC-coordinated Ir3+ complexes, the coordination bonds 

between the Ir3+ ion and the PIC unit are expected to interfere 

with the structural change of the PIC unit after the bond 

breaking. These results suggest that the steric hindrance by tert-

butyl groups and the coordination bonds with Ir3+ ion suppress 

the formation or largely destabilize the stable open-ring isomer 

of [Ir(μ-Cl)(tBu-PIC)2]2.  

To further investigate the photochromic reactions of [Ir(μ-

Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2, the transient absorption 

spectra from sub-picosecond to nanosecond were measured 

using a 347-nm excitation laser pulse. In [Ir(μ-Cl)(PIC)2]2 in 

dichloromethane (Fig. 3a), sharp transient absorption bands at 

465, 570 nm and a broad transient absorption band over visible 

to near-infrared light region are observed at 0.5 ps after the 

excitation. These transient absorption bands are tentatively 

ascribed to the S1 state of the closed-ring isomer or the 

transient state just after the bond breaking. The transient 

absorption bands at 450–600 nm decay on a timescale of 

picoseconds, and another broad transient absorption band 

appears at 800 nm. The spectral shape does not change after 

100 ps and is similar to that of the open-ring isomer observed 

on millisecond timescales. It indicates that the open-ring isomer 

is generated within tens of picoseconds. The signal decreases 

gradually on a timescale of nanoseconds (>10 ns). Actually, the 

decay of the transient signals is also observed until hundreds of 

nanoseconds in addition to the millisecond decay component 

(Fig. S8 ESI†). The fact that transient signals associated with the 

open-ring isomer are observed over millisecond timescales 

indicates that a portion of the open-ring isomer persists after its 

decay on nanosecond timescales. Detailed discussions of the 

decay are shown in the ESI.  

Interestingly, the transient absorption spectra of [Ir(μ-

Cl)(tBu-PIC)2]2 in dichloromethane on sub-picosecond to 

nanosecond timescales are very similar to those of [Ir(μ-

Cl)(PIC)2]2 (Fig. 3b). It indicates that a similar photochromic 

reaction occurs in [Ir(μ-Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2 on a 

timescale of nanoseconds. On the other hand, the relative 

amplitude of the open-ring isomer of [Ir(μ-Cl)(tBu-PIC)2]2 is 

smaller than that of [Ir(μ-Cl)(PIC)2]2. Moreover, the open-ring 

isomer of [Ir(μ-Cl)(tBu-PIC)2]2 decays faster than that of  [Ir(μ-

Cl)(PIC)2]2, and completely decays with a time constant of 3.0 ns 

(Fig. S12 ESI†). This result suggests that the nanosecond decay 

is probably due to the thermal back reaction of the open-ring 

isomer of [Ir(μ-Cl)(tBu-PIC)2]2. This result clearly shows the 

reason why [Ir(μ-Cl)(tBu-PIC)2]2 does not show any signals on 

millisecond timescales.  

The photochromic reaction of [Ir(μ-Cl)(PIC)2]2 and [Ir(μ-

Cl)(tBu-PIC)2]2 can be also initiated by a 410-nm pulse, which 

selectively excites the MLCT band (Fig. S19 and S20 ESI†). 

However, since the absorption coefficient in the visible-light 

region is much smaller than that in the UV-light region, it is 

difficult to detect the transient signals of the open-ring isomer 

in the millisecond transient absorption measurements using a 

532-nm nanosecond laser pulse.  

To prove that the photochromic reactions of the PIC-

coordinated Ir3+ complexes originate from the C–N bond 

dissociation of the PIC units, picosecond time-resolved IR 

spectra of [Ir(μ-Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2 in 

deuterated dichloromethane were measured using a 355-nm 

femtosecond laser pulse as excitation pulse. Because the 

carbonyl group of the PIC moiety gives the intense and 

characteristic absorption band and the peak frequency of the 

carbonyl group is shifted depending on the radical property of 

the phenoxyl unit, the carbonyl group can be used as an 

efficient marker for the C–N bond dissociation of the PIC 

moiety.  

In [Ir(μ-Cl)(PIC)2]2 (Fig. 4a), broad featureless transient 

absorption bands are observed at ~1400, 1520, and >1660 cm−1 

at 2 ps after the excitation. The broad absorption bands are 

probably assigned to the superposition of the S1 state and the 

structurally unrelaxed biradical form formed just after the bond 

dissociation. Subsequently, these positive transient absorption 

bands gradually sharpened on a timescale of tens-to-hundreds 

of picoseconds, and distinct transient bands are observed at 

1384, 1420, 1549, and 1584 cm−1. Notably, the most intense 

 

Fig. 3 Femtosecond to nanosecond transient absorption spectra of (a) 

[Ir(μ-Cl)(PIC)2]2 and (b) [Ir(μ-Cl)(tBu-PIC)2]2 in dichloromethane (1.2 × 

10−4 and 1.5 × 10−4 M, respectively) excited at 347 nm (300 nJ pulse−1) at 

room temperature.  
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band at 1549 cm−1 is well consistent with the stretching 

vibrational mode of the phenoxyl radical of the open-ring 

isomer of PIC in deuterated dichloromethane (Fig. S21 ESI†). 

[Ir(μ-Cl)(tBu-PIC)2]2 also exhibits a similar signal at 1545 cm−1, 

although the signals are smaller than those of [Ir(μ-Cl)(PIC)2]2 

probably due to the large steric hindrance (Fig 4b). It clearly 

indicates that the C–N bond of the PIC moiety was dissociated, 

and this reaction is the origin of the photochromic reaction of 

[Ir(μ-Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2. The time profile of the 

ground-state bleach signal at 1680 cm−1 gradually recovers on 

hundreds of picoseconds, which is qualitatively consistent with 

the transient absorption dynamics in the visible light region (Fig. 

S22 ESI†). On the other hand, the IR band at ~1550 cm−1 

gradually increases on a timescale of hundreds of picoseconds. 

In PIC and pentaarylbiimidazole (PABI),26 which is a derivative 

of PIC, the spin-spin interaction between two radicals 

dynamically evolved by rotation of the radical moieties on tens 

to hundreds of picoseconds after the bond dissociation. The 

gradual increase in the ~1550 cm−1 may indicate that the spin-

spin interaction between the imidazolyl and phenoxyl radicals 

gradually increase on hundreds to picosecond timescales.  

In conclusion, novel oxygen-independent photochromic Ir3+ 

complexes, [Ir(μ-Cl)(PIC)2]2 and [Ir(μ-Cl)(tBu-PIC)2]2, were 

synthesised and their photochromic properties were 

investigated. The half-life of the thermal back reaction of [Ir(μ-

Cl)(PIC)2]2 is 1.5 ms, which is more than 2000 times longer than 

that of PIC used as a ligand. The combination of fast 

photoswitch molecules and metal complexes further expands 

the versatility of advanced photofunctional materials such as 

photoresponsive supramolecular radical cages27,28 based on PIC 

framework.  
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Fig. 4 Picosecond time-resolved IR spectra of (a) [Ir(μ-Cl)(PIC)2]2 and (b) 
[Ir(μ-Cl)(tBu-PIC)2]2 in deuterated dichloromethane (~5 × 10−3 M) excited 

with a 355-nm femtosecond laser pulse at room temperature. 
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