
 

 
 

Figure 1. Single-molecule magnetic property switching in 

porphyrin–Tb double-decker complex. 
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Abstract – Based on the finding that the single-molecule magnetic (SMM) 

property of porphyrin–Tb
III

 double-decker complexes can be switched by simple 

protonation and deprotonation, a theoretical consideration of the photo-induced 

switching of SMM in a porphyrin–quinone dyad was carried out. By using density 

functional theory (DFT)-based calculations, it was found that in the excited state, 

the proton transferred structure (*por-QH) is only 1.26 kcal/mol higher in energy 

than that of the starting structure (*porH-Q), which suggests that proton transfer is 

possible in the excited state. 

Single-molecule magnets (SMMs) are a unique class of compounds that show superparamagnetic 

behavior on the single-molecule scale. They have been attracting much attention because of the potential 

they have for applications such as 

nanoscale memory devices or quantum 

computers.
1
 In particular, a family of 

phthalocyanine (Pc)-based Tb
III

 

double-decker compounds is known to 

have a high blocking temperature (~50 

K) and these compounds are therefore 

regarded as the most promising set of 

molecules.
2
  

We have previously reported the 
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synthesis of protonated and deprotonated 

(anionic) forms of porphyrin–Tb
III

 double-decker 

complexes. Their X-ray crystallographic 

structures were determined for the first time, and 

their SMM properties were studied.
3
 The 

essential coordination structure of a porphyrin 

double-decker complex is similar to that of the 

Pc analog.  The most significant finding is that 

only the deprotonated form of the porphyrin 

double-decker complex showed single-molecule   

magnetism (Figure 1). This result indicates that 

the SMM property can be controlled by merely 

manipulating a single proton. Although the 

reason has not been clarified yet, high symmetry 

for the local environment of the Tb ion is 

important to show SMM property for the 

double-decker complexes.  

Here, the porphyrin–quinone dyad shown in 

Figure 2 is proposed for achieving 

photo-stimulated SMM switching by forming a 

double-decker complex with Tb. In this dyad, the 

porphyrin is an electron donor and the quinone 

works as an acceptor, therefore photo-induced 

electron transfer from the porphyrin to the quinone 

occurs.
4
 In addition, there is the possibility that 

proton-coupled electron transfer (PCET) or 

excited-state intramolecular proton transfer 

(ESIPT) can result.
5,6

 If ESIPT is possible in the 

porphyrin–quinone dyad, SMM switching in the corresponding Tb double-decker complex can be 

expected. Although there are several experimental and theoretical papers reporting on ESIPT,
6d

 its 

occurrence in the molecular system proposed here has so far been unconfirmed.  

In this work, density functional theory (DFT)-based calculations were performed relating to the molecular 

system shown in Figure 2. The structure in ground states were optimized with DFT, and those in the  

 

 
 

 

Figure 2. Energy level diagram before (porH-Q) 

and after (por-QH) ESIPT and the transition state 

(por···H···Q) of the porphyrin–quinone dyad. 

 
 

Figure 3. Structure of the optimized transition 

state in the ground state obtained by 

UB3LYP/6-311G++. 
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excited state were performed using CI-Singles (CIS) calculations to reveal their S1 states with the 

keywords “opt ucis=(nstates=6.root=1)”. All calculations were performed using the Gaussian09 software 

package,
7
 and the graphics were generated with the help of the Gauss View software. 

Five structures were optimized with (U)B3LYP/6-311G++, and shown in Figure 2, along with the 

corresponding energies.  PorH-Q and por-QH indicate the ground states before and after ESIPT, 

respectively, and *porH-Q and *por-QH represent the excited states before and after ESIPT, respectively.  

Por···H···Q indicates the transition state between porH-Q and por-QH, which was obtained by the QST2 

procedure in the Gaussian09 program package, and optimized for the transition state. The assignment of 

the transition structure was confirmed by the presence of one imaginary harmonic frequency in the force 

calculation. 

 

Figure 3 shows the calculated optimized structure of the transition state.  As shown, the N–H distance is 

2.20 Å, the O–H distance is 1.01 Å, and the angle formed by N–H–O is 157°.  This structure indicates 

that the transition state is more similar to por-QH than to the starting porH-Q. 

 
 

Figure 4. B3LYP/6-311G++ calculated frontier HOMO and LUMO orbitals of (a) ground state of 

porH-Q, (b) excited state of porH-Q, (c) ground state of por-QH, and (d) excited state of por-QH. 
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Figure 4 illustrates the highest 

occupied molecular orbitals 

(HOMOs) and lowest unoccupied 

molecular orbitals (LUMOs) of the 

four states of the 

porphyrin–quinone dyads.  Figure 

4(a) shows the ground state before 

ESIPT (porH-Q).  The HOMO can 

be assigned to the -orbital located 

mostly on the porphyrin of the dyad, 

and the LUMO to the -orbital 

located entirely on the quinone of 

the dyad.  Figure 4(b) shows the excited state before ESIPT (*porH-Q).  Here, the HOMO -orbital 

was located entirely on the porphyrin of the dyad, but the LUMO -orbital was partially placed on the 

quinone.  Figures 4(c) and (d) show the ground and excited states after ESIPT has occurred (por-QH and 

*por-QH).  The electron was spread over the entire porphyrin–quinone dyad.  

The most probable process in the excited state is PCET, which will possibly generate neutral diradical 

centered at the nitrogen atom in the porphyrin moiety and the oxygen atom of the quinone part as marked 

“*” in the molecular structure in Figure 2. However, in this calculation, there is no clear difference 

between  spin orbitals from those of  spin in *por-QH nor por-QH, which means that they are closed 

shell structures. The most reasonable electronic structure deduced from the calculations can be depicted 

as the resonance structures shown in Figure 5. The resonance structure has double bonding character 

between the porphyrin ring and the quinone ring, which is consistent with the calculated dihedral angles 

shown in Table 1. In porH-Q, two planes cross almost perpendicularly to each other mainly because of the 

sterical hindrance. In contrast, ground state structure of por-QH has smaller dihedral angle, which is the 

consequence of the double bonding character of the bond between the porphyrin ring and the quinone 

ring. 

In the ground state, the structure after the ESIPT (por-QH) is 59.7 kcal/mol less stable than the starting 

structure (porH-Q).  However, in the excited state, the energy difference decreases to only 1.26 kcal/mol, 

which can be easily overcome by thermal activation at room temperature.  The activation energy for the 

backward reaction in the ground state was estimated from the energy of the transition state (por···H···Q) 

to be 1.90 kcal/mol.  

The above energy estimations mean that although the por-QH is less stable than the starting porH-Q, the 

PCET can readily proceed as a result of photo-excitation, and the ground state of por-QH has some 

 
 

Figure 5. Possible resonance structure of the por-QH. 

 

 

Table 1. Dihedral angles between two planes of the porphyrin 

and the naphthoquinone moieties. 

 

 porH-Q por-QH 

Excited state 94.7° 92.3° 

Ground state 94.5° 64.7° 
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life-time because of the activation energy of 1.90 kcal/mol. If this activation energy can be increased by 

molecular design, the por-QH state could have a long enough life-time to be used as an optical memory 

molecule. Moreover, in our previous research, using infrared (IR) spectroscopy, it was shown that the 

strength of the N–H bond of the porphyrin double-decker was weaker than that of a single porphyrin 

molecule.
3
  In combination, these results suggest that SMM switching in the solid state can be expected 

for this Tb
III
–porphyrin double-decker complex using a porphyrin–quinone dyad. 
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