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Introduction 

A long-lived charge-separated (CS) state formed by photoinduced 
electron transfer is indispensable to convert absorbed light 
energy into other energies as observed in photosynthesis,[1] solar 
cells,[2] photocatalysis for material production.[3] For example, 
photoexcitation of a dimer of chlorophylls, so-called the special 
pair, in a well-organized donor and acceptor sequence in 
photosystem II (PS II), triggers a cascade of electron transfer 
(ET) reactions, in which the direction and the rates of ET are 
precisely regulated by metal ions bound to macrocycles and 

quinones.[4] The sequential ET reactions afford the CS state 
showing the lifetime of ~ 1 s to gain chemical energy that finally 
oxidize water to form O2 and reduce the quinone B as the final 
electron acceptor.[4–6] Furthermore, the triplet excited state of the 
special pair, which is formed by back ET of primary ET, is 
quenched effectively by carotenoids before it reacts with the 
ground-state dioxygen in the triplet state to form the highly toxic 
singlet dioxygen.[7] Thus, for establishing effective photocatalytic 
systems, it is necessary for the photocatalysts not only to form a 
long-lived CS state but also to quench a triplet state by 
modulating their energy levels and controlling their 
photodynamics. 

A large number of donor-acceptor (D–A) linked molecules 
mimicking PS II have been synthesized to attain a long-lived CS 
state via multistep electron transfer started from a singlet excited 
state.[8–18] In order to avoid energy loss and synthetic difficulties, 
directly linked D–A dyads have been found to be useful for 
forming long-lived CS states.[19] Another approach to attain a 
long-lived CS state is the formation of a triplet CS state:[20,21] The 
relaxation from the triplet CS state to the singlet ground state is 
spin-forbidden. Smit and Warman have first reported that 
carbazole-tetrachlorophthalimide compounds exhibit the lifetimes 
of the triplet CS states in ca. microsecond range, which are 10 – 
500 times longer than those of the singlet CS states.[20] Electron-
donor-substituted 3-ethoxycarbonylcoumarin (CM) derivatives 
also exhibited over 105 times elongation of the triplet CS state in 
comparison with the lifetime of the corresponding singlet CS 
state.[21] Additionally, the quantum yield of the triplet CS state 
increased in the presence of iodobenzene due to the heavy atom 
effect. Accordingly, fast formation of a triplet excited state 
supported by a metal ion can be a useful strategy to attain a long-
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lived triplet CS state. 
In order to perform photoinduced ET to generate CS states, 

porphyrins and their metal complexes have been serving as 
versatile electron donors exhibiting strong absorptions in the 
visible region. Their redox potentials and physicochemical 
properties are tunable by peripheral substituents and central 
metal ions.[22] Additionally, heavy metal complexes of porphyrins 
(metal = PtII, PdII, etc.) immediately form triplet excited states in 
high quantum yields by photoirradiation due to efficient 
intersystem crossing.[23] Therefore, porphyrins have been linked 
to various kinds of electron acceptors including fullerenes and 
quinones to provide D-A dyads that form CS states upon 
photoexcitation.[8] 

Recently, oxidized forms of flavin derivatives have been 
demonstrated to act as an electron acceptor in photoinduced ET 
to afford a long-lived CS state due to their small reorganization 
energies of ET.[24] Flavins are structurally and functionally diverse 
redox-active coenzymes to perform a variety of thermal and 
photoinduced electron-transfer processes over a wide range of 
redox potentials.[25,26] Furthermore, oxidized forms of flavins are 
known to bind various metal ions, giving rise to a positive shift of 
their one-electron reduction potentials.[27] Although both flavins 
and porphyrins afford relatively small reorganization energies of 
ET,[24,28] the ensembles of porphyrin analogs with flavin 
derivatives have so far been reported to exhibit only short 
lifetimes of singlet CS states to be sub-nanoseconds.[29] Binding 
of metal ions to the electron acceptor moieties, which are linked 
with porphyrins, has been reported to elongate the CS 
lifetimes.[30] However, neither formation of a long-lived triplet CS 
state of metalloporphyrin-flavin complexes nor the effect of metal 
ion binding has so far been reported. 

We report herein design and synthesis of a porphyrin–flavin 
linked dyad and its zinc and palladium complexes (MPor–Fl, 2-M, 
M = 2H, Zn and Pd), their photoinduced ET properties, and the 
effect of binding of scandium ions to the flavin moiety of 2-Pd on 
the photodynamics. The X-ray crystal structure of 2-Pd was 
successfully determined. The energy levels of the CS states of 
the Por–Fl dyads can be controlled by the central metals of the 
porphyrin moiety and also by binding of scandium ions as a 
strong Lewis acid to the flavin moiety. Photodynamics of 2-M was 
examined in detail by femtosecond and nanosecond laser flash 
photolysis measurements. The rate constants of photoinduced ET 
to produce the singlet CS state and the BET reactions to give the 
triplet excited state or the ground state were analyzed in light of 
the Marcus theory of electron transfer. In each case, no triplet CS 
state was produced because only the short-lived singlet CS state 
was formed or the energy of the triplet excited state was higher 
than the triplet excited state of the porphyrin moiety. In contrast, 
when Sc3+ ions are bound to 2-Pd, the energy of the triplet CS 
state became significantly lower than the triplet excited state of 
the porphyrin moiety because of the strong binding Sc3+ ions to 
the flavin moiety, affording the long-lived triplet CS state with the 
lifetime of subsecond (~0.1 s). The reason why the spin-allowed 
intermolecular decay of the triplet CS state was slower than the 
spin-forbidden intramolecular decay was clarified by examining 
the driving force dependence of the rate constants of bimolecular 
electron transfer from ferrocene derivatives to the Fl–(Sc3+)2 
complex.  

Experimental Section 

General. Chemicals were purchased from commercial sources and used as 
received, unless otherwise noted. Benzonitrile (PhCN) was distilled over P2O5. 
Scandium triflate (Sc(OTf)3), Yttrium triflate (Y(OTf)3), zinc triflate (Zn(OTf)2) 
were purchased from Aldrich. Magnesium perchlorate (Mg(ClO4)2) was obtained 
from Wako Pure Chemicals. Tetra-n-butyl-ammonium hexafluorophosphate 
(TBAPF6) was recrystallized from ethanol before use. Tetrakis(3,5-di-tert-butyl-
phenyl)porphyrin (H2Por)[31] was obtained as a by-product in the course of 
syntheses of porphyrin–flavin linked dyads. The PdII complex (PdPor)[32] was 
synthesized with the reaction of H2Por with Pd(OAc)2. 3,5-Di-tert-
butylbenzaldehyde and meso-[3,5-di-(tert-butyl)phenyl]dipyrromethane were 
synthesized by following literature procedures.[33,34] 10-N-Decyl-isoalloxazine 
(DecFl) was prepared in a similar procedure described in the literature.[35] The 
synthetic details of the compounds were described in Supporting Information 
(SI). 

Absorption spectra were measured on a Hewlett Packard 8453 diode array 
spectrophotometer and a Shimadzu UV-2450 spectrometer at room 
temperature. Fluorescence spectra were recorded on an absolute PL quantum 
yield measurement system (Hamamatsu Photonics, C9920-02). 
Phosphorescence spectra were measured on a Shimadzu RF-5300PC and 
HORIBA Fluorolog spectrofluorophotometers. Samples for phosphorescence 
measurements were prepared according to the following procedure: 2-
methyltetrahydrofuran solution of the PdPor, which was degassed by freeze-
pump-thaw cycles, was introduced into a quartz tube (3 mm) and the sample 
tube was cooled to 77 K in the quartz Dewar cell filled with liquid nitrogen to 
afford the glass state of the sample solution. 1H NMR spectra were measured 
on a JEOL AL-300 and EX270 spectrometers at room temperature and 
chemical shifts were determined by using the residual solvent peak as a 
reference.[36] MALDI-TOF-MS measurements were performed on a Kratos 
Compact MALDI I (Shimadzu corporation) and Bruker BIFLEX III spectrometers. 

X-ray Crystallography on 2-Pd. A single crystal of 2-Pd was obtained by 
recrystallization with slow evaporation of the CHCl3 solution in the presence of 
MeOH as a poor solvent. All measurements were performed at 120 K on a 
Bruker APEXII Ultra diffractometer. The structure was solved by a direct method 
(SIR-97) and expanded with differential Fourier technique. All non-hydrogen 
atoms were refined anisotropically and the refinement was carried out with full 
matrix least squares on F. All calculations were performed using the Yadokari-
XG crystallographic software package.[37] Crystallographic data: C78H80N8O2Pd, 
FW = 1267.90, red-orange, monoclinic, C2/c, a = 39.035(13) Å, b = 9.628(3) Å, 
c = 47.196(16) Å, β = 113.099(4)°, V = 16314(9) Å3, Z = 8, Dcalcd = 1.032 g cm-3, 
F000 = 5328, R1 = 0.0703 (I >2.00σ(I)), wR2 = 0.1751 (all data), GOF = 0.944. 
Highly disordered CHCl3 molecules as the solvent molecules of crystallization 
were deleted using the SQUEEZE program.[38] Crystallographic details are 
available in the cif format as SI. 

Electrochemical Measurements. Cyclic voltammetry (CV), differential pulse 
voltammetry (DPV), and second-harmonic ac voltammetry (SHACV) were 
performed on BAS ALS-630B and ALS-610 electrochemical analyzers in 
deaerated PhCN containing 0.1 M TBAPF6 as a supporting electrolyte at 298 K. 
A conventional three-electrode cell was used with a platinum working electrode 
(surface area of 12 mm2) and a platinum wire as the counter electrode. The Pt 
working electrode (BAS) was routinely polished with BAS polishing alumina 
suspension and rinsed with distilled water and acetone before use. The 
potentials were measured with respect to the Ag/AgNO3 (10 mM) or Ag/AgCl 
wire as a reference electrode. All potentials (vs Ag/Ag+) were converted to 
values vs. SCE by adding 0.29 V,[39] or otherwise ferrocene (E = +0.37 V vs. 
SCE)[40] was used as an internal standard. All electrochemical measurements 
were carried out under an atmospheric pressure of argon. 

Laser Flash Photolysis Measurements. Femtosecond transient absorption 
spectroscopy experiments for PhCN solutions of 2-M (M = 2H, Zn, and Pd) 
were conducted using an ultrafast source: Integra-C (Quantronix Corp.), an 
optical parametric amplifier, TOPAS (Light Conversion Ltd.), and a 
commercially available optical detection system, Helios, provided by Ultrafast 
Systems LLC. The detailed information about femtosecond experiments is given 
in Supporting Information (SI). 

Nanosecond time-resolved transient absorption measurements were carried 
out with the laser system provided by UNISOKU Co., Ltd. Measurements of 
nanosecond transient absorption spectra were performed according to the 
following procedure: A deaerated solution was excited by a Panther optical 
parametric oscillator pumped by a Nd:YAG laser (Continuum, SLII-10, 4–6 ns 
fwhm) at λ = 430 nm. The photodynamics was monitored by continuous 
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exposure to a xenon lamp (150 W) as a probe light and a photomultiplier tube 
(Hamamatsu 2949) as a detector. 

ESR Spectroscopy. The ESR spectra were taken on a JEOL X-band 
spectrometer (JES-RE1XE) or Bruker EMXPlus 9.5/2.7 spectrometer with a 
quartz ESR tube. The simulation of ESR spectra was performed with a WinSim 
software. 

The ESR spectrum of charge-separated state of 2-Pd in frozen PhCN was 
measured under photoirradiation with a high-pressure mercury lamp (USHIO 
LIGHTING USH–1005D) through a water filter focusing at the sample cell in the 
ESR cavity using a liquid helium cryostat before making the spectroscopic 
measurements at 4 K. The g value was calibrated using an Mn2+ marker. 

Theoretical Calculations. Density functional theory (DFT) calculations were 
performed on a 32-processor QuantumCube with Gaussian03 (Revision C.02, 
Gaussian, Inc.).[41] Geometry optimizations were carried out using the B3LYP 
function[42] and 6-31G(d) basis set[43] for 2-H2 and 2-Zn, the LanL2DZ basis 
set[44] for Pd in 2-Pd. Graphical outputs of the computational results were 
generated with the Gauss View software program (ver. 3.09)[45] developed by 
Semichem, Inc. 

 

Scheme 1. Synthesis of porphyrin-flavin linked molecules. 

 

Results and Discussion 

Synthesis and Characterization of Porphyrin–Flavin Dyads 
(2-M, M = 2H, Zn, Pd). A precursor mononitroporphyrin (1-H2) 
was synthesized by condensation of meso-[3,5-di-(tert-
butyl)phenyl]dipyrromethane with 3,5-di(tert-butyl)benzaldehyde 
and 4-nitrobenzaldehyde.[46,47] A target free-base porphyrin–flavin 
linked dyad (H2Por–Fl, 2-H2) was prepared from 1-H2 via a four-
step synthesis that is a general synthetic route for flavin 
derivatives;[48] reduction of the nitro group, coupling with 2-
bromonitrobenzene, reduction of the nitro group, and formation of 
the isoalloxazine ring (Scheme 1). Insertion of the Pd2+ ion into 
the porphyrin core was made by the reaction of the 
mononitroporphyrin with Pd(OAc)2 in toluene. It should be noted 
that the Pd2+ insertion should be done prior to the formation of the 
flavin skeleton to avoid the strong complexation of the Pd2+ ion 
with the flavin moiety.[49] Thus, the PdII mononitroporphyrinate, 1-
Pd, was used as an intermediate to prepare a Pd-porphyrin-flavin 
dyad (2-Pd). As for the ZnII complex of 2-H2, that is a ZnII-
porphyrin-flavin dyad (2-Zn), the ZnII insertion was made 
straightforward by the reaction of 2-H2 with Zn(OAc)2 in a 
CH2Cl2/CH3OH mixed solvent. In this case, the weak 

complexation of the Zn2+ ion with the flavin moiety allowed us to 
obtain the pure dyad by a standard purification procedure. 

The formation of 2-M (M = 2H, Zn, and Pd) was confirmed by 
1H NMR and MALDI-TOF mass measurements. Peak 
assignments of the 1H NMR spectra of 2-M are reported in the 
experimental section in Supporting Information (SI). The positive-
mode mass spectra gave peak clusters at m/z = 1165.6 for 2-H2, 
1226.8 for 2-Zn, and 1270.7 for 2-Pd, respectively. Their isotopic 
patterns were consistent with the simulation for positively ionized 
forms of their neutral dyads, allowing us to confirm the successful 
synthesis of the target dyads, as shown in Figure S1 in SI. 
Elemental analysis concreted the evidence of the formation of 
each Por–Fl dyad. 
 
Crystal Structure of 2-Pd. The structure of 2-Pd was explicitly 
established by X-ray crystallography (Figure 1). The porphyrin 
and the flavin moieties were covalently linked via a p-phenylene 
bridge. The porphyrin core is distorted with a ruffle conformation 
with the mean deviation of the 24 atoms of the porphyrin ring is 
0.153 Å. On the other hand, the flavin moiety is almost planar 
with the mean deviation of 0.02 Å. 

 

 
Figure 1. An ORTEP drawing of 2-Pd. The thermal ellipsoids are drawn with 
50% probability. Hydrogen atoms are omitted for clarity, except that attached to 
N6 of the flavin moiety. 

 
The dihedral angle between the porphyrin ring and the 

phenylene bridge is 62.5°, which corresponds to that of a 
freebase tetraphenylporphyrin (64.8°).[50] The dihedral angle 
between the phenylene bridge and the flavin ring is similar to that 
between the porphyrin ring and the phenylene bridge to be 58.8°. 
In consequence, the porphyrin and the flavin moieties are almost 
co-planar and the dihedral angle between them is estimated to be 
3.9° (Figure S2 in SI). 

In the crystal packing, the porphyrin moiety of 2-Pd is stacked 
with the flavin moiety of another vicinal molecule with the π-π 
interaction (Figure S3 in SI). The interplane distance between 
them is 3.44 Å. In addition, CH/π interaction between the 
porphyrin moiety and the phenylene ring of the vicinal molecule 
assisted the Por···Fl interaction. The distance between the 
porphyrin plane and the ortho-carbon of the near side to the Fl 
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moiety is 3.30 Å. As a result of the formation of intermolecular 
Por···Fl interaction, 2-Pd forms a quasi-one-dimensional 
molecular wire in the crystal (Figure S3c in SI). 

 
Spectroscopic and Electrochemical Studies of Porphyrin–
Flavin Dyads. To investigate the interactions between porphyrin 
and flavin moieties, we performed UV-Vis spectroscopic 
measurements, electrochemical studies, and theoretical 
calculations. UV-Vis spectra of the porphyrin-flavin dyads (2-H2, 
2-Zn, and 2-Pd) were measured in PhCN at room temperature 
(Figure S4 in SI). Tetrakis(3,5-di-tert-butylphenyl)porphyrin and its 
ZnII and PdII complexes (MPor, 3-M, M = 2H, Zn, and Pd) were 
employed as references. UV-Vis spectra of the reference 
compounds in PhCN are also displayed in Figure S4 (SI). The 
absorption maxima of 2-M and 3-M (M = 2H, Zn, and Pd) are 
listed in Table 1. Since extinction coefficients of flavins are much 
smaller than those of porphyrins, the absorption bands derived 
from the flavins moiety were not clearly observed and the 
porphyrin moieties were mainly observed in the range between 
400 and 450 nm. Comparing the absorption maxima of 2-M with 
those of reference porphyrins, no shifts were observed. In 
addition, no charge transfer (CT) bands were seen in their 
absorption spectra, indicating the absence of electronic 
interactions between the porphyrin and flavin moieties in the 
ground states. 

Upon photoexcitation of 2-H2 at 427 nm in PhCN, weaker 
fluorescence at 656 and 723 nm (Φ = 0.025) was observed 
relative to that of 3-H2 (Φ = 0.091) (Figure S5a in SI). The 
fluorescence of 2-Zn (λmax = 606 and 656 nm) excited at 430 nm 
was almost quenched (Φ = 0.003), compared to that of 3-Zn (Φ = 
0.035). The emission maxima of fluorescence of 2-H2 and 2-Zn 
also showed no shifts in comparison with those of their reference 
porphyrins, 3-H2 and 3-Zn, respectively. Such remarkable 
quenching of fluorescence of the porphyrin moiety strongly 
suggests that energy or electron transfer from the porphyrin 
moiety of 2-H2 and 2-Zn to the flavin moiety is plausible (vide 
infra). 2-Pd exhibited very weak fluorescence similar to 3-Pd due 
to the fast ISC in 20 ps.[51] Actually, when the emission spectrum 
of 2-Pd was measured at 77 K in 2-methyl-THF under Ar with 
excitation at 525 nm (Figure S6b in SI), a sharp and intense band 
and a weak one were observed at 689 and 767 nm, respectively. 
In the emission spectra of 3-Pd in 2-methyl-THF at 298 K under 
Ar with excitation at 525 nm (Figure S6a in SI), two bands similar 
to those observed for 2-Pd and a weak band were observed at 
696, 763, and 607 nm, respectively: The former two bands were 
mostly quenched, upon replacing the atmosphere from Ar to air, 
whereas the band at 607 nm maintained the intensity (red line in 
Figure S6a in SI). This indicates the former two emissions can be 
ascribed to the phosphorescence of the PdPor moiety and the 
latter is assigned to the fluorescence. 

Electrochemical studies by using cyclic voltammetry (CV) and 
differential pulse voltammetry (DPV) were performed to determine 
redox potentials of 2-M (M = 2H, Zn, Pd) in deaerated PhCN 
containing 0.1 M TBAPF6 as an electrolyte at room temperature. 
The CVs of 2-M (M = 2H, Zn, Pd) exhibited reversible redox 
waves in the range between +0.7 and +1.1 V (vs. SCE), which 
were assigned to those of the first oxidation processes of the 
porphyrin moieties. The half-wave potentials were determined to 
be E1/2 = +1.03 V for 2-H2, +0.69 V for 2-Zn, and +1.03 V for 2-Pd  

Table 1. Absorption maxima of 2-M and the reference porphyrins 
(3-M). 

 Soret band, nm Q band, nm 

2-H2 424 518, 555, 594, 649 

3-H2 424 519, 554, 592, 650 

2-Zn 432 562, 604 

3-Zn 430 559, 600 
2-Pd 421 526, 559 
3-Pd 421 526, 559 

 

Table 2. The first oxidation and reduction potentials of 2-M and 
their references (3-M) in PhCN. 

 Eox, V vs. SCEa Ered, V vs. SCEb 

2-H2 +1.03 –0.69 

2-Zn +0.69 –0.79 

2-Pd +1.03 –0.77 

2-Pd···Sc3+ +1.06 +0.11 

2-Pd···2Sc3+ +1.02 +0.21 

3-H2 +0.95c  

3-Zn +0.64  

3-Pd +0.96  

DecFl  –0.74 
a Half-wave potentials determined by CV. b Peak potentials 
determined by DPV. c Taken from ref. 52.  

 
(Figure S7 in SI). The values were similar to the oxidation 
potentials of the reference porphyrins (Table 2). On the other 
hand, irreversible redox waves were observed in the range from –
0.7 to –0.8 V, which were also similar to the reduction potential of 
10-N-decylisoalloxazine (DecFl; Ered = –0.74 V vs. SCE). The 
reduction potentials of 2-M were determined by DPV to be –0.69 
V for 2-H2, –0.79 V for 2-Zn, and –0.77 V for 2-Pd. Thus, it was 
found that the redox potential of each moiety was affected by the 
metal center of the porphyrin moiety, despite no interaction 
between the porphyrin and flavin moieties before the redox 
process. 

To gain further information on the electronic structures of 
porphyrin–flavin dyads, we performed theoretical calculations. 
The optimized structure of 2-H2 and the HOMO and LUMO 
distributions, calculated by DFT methods at the B3LYP/6-31G(d) 
level of theory, are shown in Figure S8a (SI). The HOMO was 
localized on the porphyrin moiety, whereas the LUMO was 
completely localized on the flavin moiety without leaking. Similarly, 
the HOMO and LUMO of 2-Zn and 2-Pd were separated on the 
porphyrin and the flavin moieties, respectively (Figure S8b and c 
in SI, respectively). These results suggest that the photoinduced 
ET occurs from the porphyrin moiety to the flavin moiety upon 
photoexcitation of each Por–Fl dyad. 
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The Effect of Binding of Metal Ions to the Flavin Moiety on 
the Redox Potentials. We performed UV-vis titration to estimate 
the binding constants of four kinds of metal ions (Sc3+, Y3+, Mg2+ 
and Zn2+) to the flavin moiety.[39] Since the absorption of porphyrin 
moiety is too large to determine the binding constant from the 
change of the absorbance of the flavin moiety, 10-N-decyl-
isoalloxazine (DecFl) was used instead of the Por–Fl dyads. 
Upon adding Sc(OTf)3 to the PhCN solution of DecFl (100 µM), a 
two-step spectral change was observed as depicted in Figure 2. 
In the course of titration in PhCN, the Sc3+ ion should bear OTf– 
ions in the light of the strongly hard-acid character that favors the 
binding of OTf– as a hard base rather than that of PhCN as a soft 
base.[53] In the first step, the absorption band at 439 nm 
decreased simultaneously with increasing the absorption band at 
364 nm, exhibiting an isosbestic point at 409 nm (Figure 2a). In 
the second step, concurrently with increasing the absorption band 
at 422 nm, the absorption band at 364 nm increased, exhibiting 
an isosbestic point at 461 nm (Figure 2b). The absorption maxima 
at 439, 365 and 422 nm correspond to the absorption of DecFl, 
the singly Sc3+ ion-bound DecFl (DecFl···Sc3+), and the doubly 
Sc3+ ion- bound DecFl (DecFl···2Sc3+), respectively (Scheme 2).  
 

 
Figure 2. Absorption spectral change in the course of the titration of DecFl (100 
µM) with Sc(OTf)3 in PhCN at room temperature. a) 0–200 µM, b) 0.4–3 mM. c) 
Plots for the first equilibrium of complexation of DecFl with Sc(OTf)3 in PhCN at 
room temperature monitored at 365 nm. d) Plots for the second equilibrium of 
complexation of DecFl···Sc3+ with Sc(OTf)3 in PhCN at room temperature 
monitored at 422 nm. 
 

 
Scheme 2. Plausible binding modes of Sc3+ ions in the complexation with a 
flavin derivative. 

 
Titration experiments were also performed using the other 

three metal salts (Y(OTf)3, Mg(ClO4)2 and Zn(OTf)2) (Figure S9 in 
SI). As well as the case of titration with Sc(OTf)3, the absorption 
bands of DecFl at 439 nm decayed upon addition of solutions of 
the other three metal salts. However, the spectral changes for 
titration with Y3+, Mg2+, or Zn2+ ions, appeared as a one-step 
process and the subsequent changes as observed in the titration 

with Sc(OTf)3 were not observed. This indicates that the most 
strongly Lewis-acidic Sc3+ ion[54] only can doubly bind to DecFl, 
whereas no second binding of less Lewis-acidic ions such as Y3+ 
ion occurred. The isosbestic points of the spectral changes were 
observed at 433 nm for Y(OTf)3, 493 nm for Mg(ClO4)2, and 480 
nm for Zn(OTf)2, respectively. Absorbance change in the course 
of the titration was analyzed by using Equations (1) [55] and (2)[56] 
to determine the first and the second binding constants, K1 and K2, 
respectively, as defined by Equations (3) and (4), respectively. 

Herein, A0, A∞, and A’∞ are the initial absorbance, the final 
absorbance for the first and second binding of the metal ions, 
respectively. On the basis of the change in absorbance at 365 nm 
for Sc3+, 362 nm for Y3+, Mg2+ and Zn2+, the K1 values were 
determined to be 2.2 × 105 M–1 for Sc3+, 1.2 × 103 M–1 for Y3+, 3.2 
× 102 M–1 for Mg2+, 6.1 × 102 M–1 for Zn2+, respectively (Figure S9 
and Table S1 in SI). The analysis of absorbance change at 422 
nm for the titration of Sc3+ ion afforded K2 as 1.8 × 103 M–1. The 
intercept of the plot on the basis of Equation (2) afforded the 
absorbance (A0’) of the 1:1 complex of flavin with Sc3+ ion (Figure 
2d). 

The protonated form of the 2-H2 dyad, represented as 
[H4Por2+–Fl], was obtained by adding Sc(OTf)3 to the PhCN 
solution of 2-H2 and 2-Zn. The protonation occurred probably due 
to proton release from residual water in PhCN through its 
interaction with the strongly Lewis-acidic Sc3+ ion. In sharp 
contrast, 2-Pd was stable without demetallation upon addition of 
Sc(OTf)3 in PhCN. Therefore, spectroscopic and electrochemical 
studies on the effect of the metal ions were performed only on 2-
Pd. 

Phosphorescence spectra of 2-Pd were measured during the 
titration with Sc(OTf)3 in the PhCN solution (Figure S10 in SI). 
The addition of the Sc3+ ion caused decrease in the intensity of 
the phosphorescence of 2-Pd, indicating that photoinduced ET 
from the PdPor moiety to the Fl moiety was enhanced by the Sc3+ 
binding at the Fl moiety (vide infra). 

Figure 3 shows the results of DPV measurements on 2-Pd in 
deaerated PhCN under Ar atmosphere in the course of addition of 
Sc(OTf)3. Since the redox waves of Sc3+-bound 2-Pd species 
were quasi-reversible in the CV measurements, the reduction 
potentials were determined by DPV measurements. No change 
was observed for the oxidation potential or the reduction potential 
of the porphyrin moiety. For instance, the reduction potential at –
1.39 V remained the same in the presence of various 
concentrations of Sc3+ as shown in Figure 3. This observation  
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Figure 3. DPVs of 2-Pd (1.0 mM) in the presence of 0 eq a), 0.5 eq b), 1.0 eq c), 
1.5 eq d), 2.0 eq e) and 20 eq f) of Sc3+ ion in PhCN containing TBAPF6 (0.1 M) 
at room temperature. 
 
indicates that Sc3+ does not bind to the porphyrin moiety. In sharp 
contrast, a peak due to the reduction of the Fl moiety of 2-Pd 
observed at –0.77 V in the absence of Sc3+ was gradually 
degraded with adding Sc(OTf)3 in portions up to 1 eq relative to 2-
Pd, and instead a new reduction DPV peak was observed at 
+0.11 V. In the titration experiments, the Sc3+-free and Sc3+-
bound 2-Pd always exhibited two different reduction waves, 
which never merged into one wave, and the electrical current for 
each process gradually changed as increasing the amount of the 
Sc3+ ion added to the solution (Figure S11 in SI). This indicates 
that the Sc3+-binding is very strong and the rate of the exchange 
reaction between the Sc3+-free and Sc3+-bound 2-Pd molecules is 
slow relative to that of electron transfer on the electrode surface. 
The large positive shift should be derived from the Sc3+ binding to 
the 4a-oxygen and the 5-nitrogen (Scheme 2). When the amount 
of Sc(OTf)3 increased to 2 eq relative to 2-Pd, new large and 
small peaks were observed at –0.30 and +0.21 V, respectively, in 
addition to the reduction wave at +0.11 V, ascribable to the 1e––
reduction of one-Sc3+-bound Fl moiety in 1-Pd. The new peak at –
0.30 V may result from the catalytic reduction of proton, which is 
produced by the Sc3+ ion from the residual water in PhCN. Upon 
increasing the amount of the Sc3+ ion to 20 eq, the wave at +0.21 
V became dominant and that at +0.11 V ascribable to the Sc3+-
bound Fl reduction disappeared. Therefore, the wave at +0.21 V 
can be assigned to the reduction of the Fl moiety bound to two 
Sc3+ ions (2-Pd···2Sc3+). 

To investigate the electronic characteristics of 1e–-reduced 
species of 2-Pd bound to two Sc3+ ions, we measured an ESR 
spectrum of a reduction product of 2-Pd with use of 1 eq of 
decamethylferrocene (Fc*) in PhCN at 298 K in the presence of 
Sc(OTf)3 (Figure S12 in SI). A signal was observed at g = 2.005 
and the hyperfine splitting was analyzed by computer simulation 

(red line in Figure S12 in SI) on the basis of DFT calculations 
(Figure S13 in SI). DFT calculations on the 1e–-reduced 10-
phenyl-flavin (PhFl) revealed that the spin densities were mainly 
localized on 5-N, 10-N, 6-C and 9a-C (Figure S14 in SI). Based 
on the density map obtained from the DFT calculations, we 
simulated the ESR spectrum to confirm that two nitrogens (5-N 
and 10-N) and three hydrogens bonded to 6-C, 8-C and 9-C 
strongly contributed to the hyperfine splitting.[57] The agreement of 
the simulated spectrum based on the DFT calculations with the 
experimental result strongly suggests that two Sc3+ ions bind to 
the flavin moiety of 2-Pd. 
 
Photodynamics of Intramolecular Photoinduced Electron 
Transfer in the Absence of Sc3+. The energy levels of the 
singlet and the triplet excited states (ES and ET) were determined 
from the absorption, fluorescence and phosphorescence maxima 
using Equations (5) and (6), respectively. Here, λAbs is the longest 
wavelength of the absorption maxima, λFl is the longest 
wavelength of the fluorescence maxima, and λPhos is the shortest 
wavelength of the phosphorescence maxima. The energies of the 
charge-separated state (ECS) were determined on the basis of the 
one-electron oxidation potentials of the porphyrin moiety and the 
one-electron reduction potentials of the Fl moiety in 2-M using 

Equation (7). The ES, ET and ECS values are summarized in Table 
3.  
 
Table 3. Energies of the singlet, triplet and charge-separated 
states of 2-M (M = 2H, Zn, Pd). 

 ES, eV ET, eV ECS, eV 

2-H2 1.90 1.44a 1.72 

2-Zn 2.06 1.57a 1.48 

2-Pd 2.13 1.62b 1.80 

2-Pd···Sc3+ ––– ––– 0.95 

2-Pd···2Sc3+ ––– ––– 0.81 

a The values were determined from the phosphorescence maxima of free-base 
and zinc tetraphenylporphyrin referred in the literature (ref. 57). b Phospho-
rescence maximum of 2-Pd (696 nm, excitation at 524 nm in 2-methyl-THF at 
77 K) was used for calculation. 
 

Femtosecond (fs) laser flash photolysis was conducted in 
deaerated PhCN to elucidate the photodynamics of a series of 
Por–Fl dyads. After laser illumination at 430 nm to a deaerated 
PhCN solution of 2-H2, the transient absorption spectrum was 
observed at 3 ps with four breaching bands, which correspond to 
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the Q band of the porphyrin moiety at 514, 555, 600 and 650 nm, 
as shown in Figure 4a. The initial excited state of 2-H2 should be 
the singlet excited state of the porphyrin component, 1[H2Por]*–Fl. 
The absorption due to a free-base porphyrin radical cation, 
H2Por•+, has been reported to be observed as a broad band in the 
range of 600 – 700 nm.[58] As can be seen in Figure 4a, 2-H2 also 
exhibited a broad absorption band in the range, suggesting the 
formation of a [H2Por•+] moiety. On the other hand, at 300 ps, a 
bleaching at 455 nm increased (Figure 4a). Since the flavin 
moiety exhibits an absorption at 450 nm, the bleaching at 455 nm 
can be ascribed to the disappearance of the absorption to form 
the Fl•– species.[24] Together with the formation of the [H2Por•+] 
segment in 2-H2, ET from the porphyrin moiety to the flavin 
moiety should occur to form the CS state of 2-H2, H2Por•+-Fl•–. 
The absorption maximum of the reduced flavin moiety is out of 
the range of our measurements (cf. λmax = 370 nm for MeFl•–),[24] 
and thus, no transient positive absorption band derived from the 
Fl•– moiety was observed. The nanosecond (ns) transient 
absorption spectrum of 2-H2 at 10 ms after photoexcitation and 
the reference 3-H2 at 20 ms are shown in Figures 4c and 4d, 
respectively. There was no bleaching due to the absorption of the 
flavin moiety at around 450 nm, and the transient absorption 
spectrum of 3-H2 was quite similar to that of the triplet excited 
state of 3-H2 (3H2Por*) as shown in Figure 4d. Therefore, we 
conclude that the final stage of the photochemical events of 2-H2 
is the formation of 3[H2Por]*–Fl, which returns to the ground state. 
Bi-exponential curve fitting of the decay of the absorbance at 630 
nm allowed us to determine the rate constants for the CS process 
from 1[H2Por]*-Fl to H2Por•+ and the CR process to form 3[H2Por]*-
Fl. The rate constants of the forward and backward electron 
transfer in 2-H2 were determined to be 1.2 × 1010 s–1 and 1.2 × 
109 s–1, respectively (Figure 4b). 

Time-resolved fs-transient absorption spectra of 2-Zn at 1.5, 3, 
15, and 100 ps are shown in Figure 5a. The transient absorption 
maximum at 630 nm observed at 1.5 and 3 ps was shifted to 621 
nm at 15 ps. At the same time, a new bleaching at 452 nm, 
assigned to the absorption of the flavin moiety, was observed.[24] 
Moreover, the shape of the observed spectra is similar to the 
difference spectrum of a solution containing ZnPor•+–Fl generated 
by chemical oxidation by [RuIII(bpy)3](PF6)3 (bpy = 2,2’-bipyridine), 
showing the absorption maximum at 625 nm (Figure S15 in SI). 
After 100 ps, all absorption and bleaching almost vanished, and 
nothing was observed by ns laser flash photolysis. These results 
indicate that formation of the singlet excited state of 2-Zn 
(1[ZnPor]*–Fl) by photoexcitation results in electron transfer from 
1ZnP* to Fl to generate the singlet CS state of 2-Zn (ZnPor•+–Fl•–), 
followed by the charge recombination (CR) of ZnPor•+–Fl•– to 
recover the ground state. To confirm this, we analyzed the time 
profiles of absorptions at 548 and 630 nm. Since an isosbestic 
point was observed at 548 nm in the spectral change from 2-Zn 
to ZnPor•+–Fl (∆Abs = 0 in Figure S15 in SI), we could determine 
the rate constant of the formation of the CS state from 1[ZnPor]*–
Fl by using the time profile at the isosbestic point without 
contribution of the absorbance of the CS state. The rate constant 
of the formation of the CS state from 1[ZnPor]*–Fl was determined 
to be 1.6 × 1011 s–1 by using a single-exponential curve for the 
absorbance change at 548 nm (Figure 5b, upper). Based on this 
value, time-course of the absorbance at 630 nm was analyzed by 
using a biexponential curve to obtain the CR rate constant of 6.5 
× 1010 s–1 (Figure 5b, lower). 

 
Figure 4. a) Femtosecond transient absorption spectra of 2-H2 (7 µM) in 
deaerated PhCN at room temperature taken at 3 ps, 300 ps, and 3000 ps. b) 
Time profile of the absorption at 630 nm for (a). Solid lines are the least-squares 
fitting curves using biexponential decay functions. c) Nanosecond transient 
absorption spectrum of 2-H2 (1 µM) in deaerated PhCN at room temperature at 
10 µs. d) Nanosecond transient absorption spectrum of the reference free-base 
porphyrin (3-H2) in deaerated PhCN at room temperature at 20 µs. 
 

 
Figure 5. a) Femtosecond transient absorption spectra of 2-Zn (5 µM) excited 
at 430 nm in deaerated PhCN at room temperature taken at 1.5 ps, 3 ps, 15 ps, 
and 100 ps. b) Time profiles of the absorptions at 548 nm (top) and 630 nm 
(bottom). Solid lines are the least-square fitting curves by single-exponential 
(548 nm) and bi-exponential (630 nm) decay. 

 
The transient absorption spectrum observed in the fs-laser 

flash photolysis of 2-Pd (10 µM) in deaerated PhCN at 1 ps after 
photoexcitation at 390 nm exhibited three absorption bands at 
500, 590 and 640 nm, accompanied by bleaching bands at 540 
and 560 nm (Figure 6a), which were assigned to the Q-bands of 
the PdPor moiety (vide supra). The former two bands (500 and 

 7 



 
DOI: 10.1002/chem.201xxxxxx 

 
Figure 6. a) Femtosecond transient absorption spectra of 2-Pd (10 µM) excited 
at 390 nm in deaerated PhCN taken at 1.0, 10, and 100 ps. b) Time profile of 
the absorption at 634 nm. 
  
590 nm) were assigned to that derived from the triplet excited 
state of the PdPor moiety (3[PdPor]*-Fl) and the latter (640 nm) 
was to that of the singlet excited state (1[PdPor]*-Fl) from the 
transient absorption spectra of the reference compound (3-Pd) in 
deaerated PhCN  (Figure S16a in SI). At 5.8 ps, a new and 
relatively sharp absorption band appeared at 634 nm. Since the 
1e–-oxidized species of 3-Pd by using an aminyl radical as an 
oxidant displayed the relatively sharp absorption band at 627 nm 
(Figure S17 in SI), the band observed at 634 nm can be ascribed 
to that of the 1e–-oxidized PdPor moiety in the CS state of 2-Pd 
(PdPor•+-Fl•–). The time profile for the absorbance at 634 nm in 
the transient absorption spectra up to 6 ps was analyzed by 
single-exponential curve fitting to afford the rate constant of 2.1 × 
1011 s–1. Thus, we ascribed this rate constant to that of the 
intramolecular electron transfer to form the singlet CS state. In 
the transient absorption spectrum at 60 ps, only the broad 
absorption of 3[PdPor]*-Fl was observed with the bleach derived 
from the Q-bands of the PdPor moiety and the spectrum survived 
at 3000 ps (Figure 6a). The singlet CS state observed at 5.8 ps 
diminished at 60 ps, and the decay profile at 634 nm was 
analyzed with a single exponential to give the rate constant of 5.1 
× 1010 s–1. Since the 3[PdPor]*-Fl state was lower in energy than 
the CS state and the driving force to form the triplet excited state 
from the CS state was estimated to be 0.1 eV (vide supra), the 
CR process from the CS state to 3[PdPor]*-Fl may be relatively 
slow. Thus, the decay of the CS state should proceed with CR to 
the ground state rather than to 3[PdPor]*-Fl. The direct 
intersystem crossing from 1[PdPor]*-Fl to 3[PdPor]*-Fl with a rate 
constant of ca. 1011 s–1 (Figure S16b in SI) may compete with the 
CS and CR processes. The ns-transient absorption spectrum of 
2-Pd excited at 526 nm exhibited only absorption bands derived 
from the 3[PdPor]*-Fl species, accompanying the bleaching of the 
Q-bands of the PdPor moiety (Figure 7a). The analysis of the 
time profile of the absorbance at 450 nm with single exponential 
afforded the decay rate constant of 3[PdPor]*-Fl as 1.1 × 104 s–1 
(Figure 7b). The decay rate constant is well matched with that for 
3-Pd (Figure S18 in SI). 
 
Photodynamics of Intramolecular Photoinduced Electron 
Transfer in the Presence of Sc3+. In the presence of 2 eq (20 
µM) of Sc(OTf)3, 2-Pd (10 µM) forms a 1:1 complex, 2-Pd···Sc3+ 
in PhCN as a major species judging from the binding constant (K1 
= 2.2 × 105 M–1) determined by the spectral titration in Figure 2 
(vide supra). The fs laser flash photolysis of 2-Pd···Sc3+ in the 
presence of 2 eq of Sc(OTf)3 in deaerated PhCN exhibited an 
enhanced absorption band at 634 nm assigned to the PdPor•+ 

 
Figure 7. a) Nanosecond transient absorption spectra of 2-Pd (25 µM) excited 
at 526 nm in deaerated PhCN taken at 4, 20, and 70 µs. b) The absorption time 
profile at 450 nm. 

   

 
Figure 8. Femtosecond transient absorption spectra of 2-Pd (10 µM) in the 
presence of Sc3+ ion [a) 20 µM, c) 10 mM] obtained by excitation at 430 nm in 
deaerated PhCN taken at 0.5 ps, 1 ps, and 100 ps. Time profiles of the 
absorbance at 634 nm in the presence of Sc3+ ion [b] 20 µM, d] 10 mM].  
 
moiety (Figure 8a). The CS and CR rate constants were 
estimated to be 9.9 × 1011 and 4.1 × 1011 s–1, respectively, by 
time-profile analysis using bi-exponential curve-fitting of the 
absorbance change at 634 nm (Figure 8b). In the presence of 
large excess Sc3+ (10 mM), similar transient absorption spectra 
were observed as shown in Figure 8c and the CS rate constant 
(1.4 × 1012 s–1) is larger than that in the presence of 20 µM Sc3+ 
(1.1 × 1012 s–1), whereas the CR rate constant (3.4 × 1011 s–1) is 
smaller than that in the presence of 20 µM Sc3+ (5.7 × 1011 s–1) as 
shown in Figure 8d. The acceleration of the CS process as 
compared with that in the absence of Sc3+ (2.1 × 1011 s–1) is 
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caused by the stabilization of the 1e–-reduced state of the Fl 
moiety by the binding of Sc3+ ion, which results in increase of the 
driving force of electron transfer (–∆GET) to form the CS state 
from the 1[PdPor]*-Fl state to be 1.18 eV, which is larger by +0.86 
eV relative to that of Sc3+-free 2-Pd (–∆GET = 0.32 eV). Similar 
acceleration of the CS process was also observed for 2-Pd 
complexes with Y3+, Mg2+ and Zn2+ (Table S1 and Figure S19 in 
SI). The CR process of the CS state of 2-Pd···Sc3+ (1CS-Sc) is 
also accelerated because of the much larger driving force of the 
CR process to the ground state (0.95 eV) than that to the triplet 
excited state in the absence of Sc3+ (0.19 eV). It should be noted 
that the significant portion of the CS state in the presence of 20 
µM and 10 mM Sc3+ remained after the initial fast decay as shown 
in Figure 8b and 8d, respectively. 

The existence of the long lived CS state was confirmed by ns-
laser flash photolysis as shown in Figure 9a, where the 
absorption bands at 450, 630 and 820 nm due to the CS state 
remained at 800 µs (Figure 9a). The latter two bands at 630 and 
820 nm were ascribed to the absorption of the 1e–-oxidized PdPor 
moiety on the basis of comparison with the spectrum of 
chemically oxidized 3-Pd, which exhibited the absorptions at 627 
and 813 nm (Figure S16 in SI). The absorption band at 450 nm 
with bleaching at the shorter wavelength can be assigned to that 
of 1e–-reduced Fl moiety, since the 1e–-reduced species of Sc3+-
bound Dec-Fl with decamethyferrocene as the reducing reagent 
exhibits an absorption band at 480 nm (Figure S20 in SI). In the 
fs-transient absorption spectra, the CS state did not display the 
absorption of the 1e–-reduced Fl moiety, because the absorption 
band was overlapped with the strong absorption of the 3[PdPor]*-
Fl species which is absent at 0.4 ms after the excitation. The 
absorption bands observed in the ns-laser flash photolysis in 
Figure 9a agree with those observed in the fs-laser flash 
photolysis in Figure 8a. Thus, we conclude that the spectrum  

 

 
Figure 9. a) Nanosecond transient absorption spectra of 2-Pd (25 µM) excited 
at 526 nm in PhCN in the presence of Sc(OTf)3 (50 µM) taken at 0.4, 100, and 
250 ms. b) The time profile of absorption at 630 nm. 

observed in the ns-laser flash photolysis at 0.4 ms is ascribed 
due to a triplet CS state (3CS) of 2-Pd···2Sc3+ (3CS-2Sc; see the 
next section). Formation of such a long-lived 3CS was not 
observed in the cases of the other metal ions (Y3+, Mg2+, Zn2+). 
On the basis of the time profile of the absorption at 630 nm 
(Figure 9b), the lifetime of the 3CS state was determined to be 
110 ms (kCR = 9.1 s–1). To the best of our knowledge, this is the 
longest lifetime ever reported for CS states formed in dyads 
containing porphyrins at room temperature.[30,59] 

The lifetime of the CS state is independent of the laser power 
of the excitation light, and thus, confirming that the decay of the 
triplet CS state occurs intramolecularly, not intermolecularly 
(Figure S21 in SI). The triplet CS state (3[PdPor•+-Fl•–···Sc3+], 3CS-
Sc) may be formed through the triplet excited state [3[PdPor]*-
Fl···Sc3+]. The 3CS-Sc state may live long enough to react with 
another Sc3+ ion to form 3[PdPor•+-Fl•–···2Sc3+] (3CS-2Sc), which 
should exhibit the longer lifetime to be 110 ms, via the 
intramolecular ET. This claim is supported by the fact that triplet 
CS states have been reported to show longer lifetimes than the 
corresponding singlet CS states.[60] 

In order to confirm the triplet spin state of the long-lived CS 
species, we measured ESR spectrum of 2-Pd in the presence of 
2 eq of Sc3+ in frozen PhCN at 4 K as shown in Figure 10. The 
sample was frozen with liq. He during the light illumination. A 
typical triplet ESR signal was observed at g = 4.03, which was 
assigned to the signal due to a spin-forbidden transition (∆ms = 
±2), as well as an intense signal due to the ∆ms = ±1 transition at 
g = 1.998, accompanying a fine structure derived from the zero-
field splitting. The zero-field splitting parameter D (G) was 
estimated to be 510 G, allowing us to determine the distance (r, 
Å) between the two spin centers on the basis of Equation (8).[61] 

The r value was 3.8 Å, which was consistent with the distance 
between two radical centers bridged by a phenylene group as 
estimated on the basis of the crystal structure of 2-Pd (Figure 
S22 in SI).[62] 

 

 
(8) 

 
Figure 10. An ESR spectrum of 2-Pd (0.5 mM) in the presence of 2eq of Sc3+ in 
frozen PhCN at 4 K during photoirradiation (λ > 340 nm). 

 
Mechanism to Elongate the Lifetime of the CS state in Sc3+-
bound 2-Pd to Sub-second Region. Analysis on the rate 
constants of intramolecular photoinduced electron transfer and 
back electron transfer was made using a non-adiabatic Marcus 
equation (Equation (9)), where V is the electronic coupling matrix 
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(9) 

element, h is the Planck constant, T is the absolute temperature, 
∆GET is the free energy change of electron transfer and λ 
represents the reorganization energy of electron transfer. Driving-
force dependence of the rate constants obtained for the dyads 
was analyzed by using Equation (9) to obtain a Marcus plot as 
depicted in Figure 11.[62] The λ value for the Por-Fl dyads was 

 

 
Figure 11. Driving force dependence of log kET and log kBET (Marcus plot) at 
298 K. filled circles: CS, filled squares: CR. The fitting curve was provided using 
Equation (9). 
 
determined to be 0.90 eV and the V value to be 75 cm–1.[64,65] The 
zinc insertion into the porphyrin caused an increase in the driving 
force for the charge separation (–∆GET = 0.18 eV for 2-H2 to –
∆GET = 0.58 eV for 1-Zn: See Table S1 in SI). The energy of the 
CS state of 2-H2 is higher than that of the triplet excited state of 

the porphyrin when the charge recombination afforded the triplet 
excited state (–∆GET = 0.28 eV for 2-H2) as shown in Figure 12a, 
whereas the energy of the CS state of 2-Zn is lower than that of 
the triplet excited state when the charge recombination occurs to 
produce the ground state (–∆GET = 1.48 eV for 2-Zn) as shown in 
Figure 12b. 

The energy of the CS state of 2-Pd is also higher than that of 
the triplet excited state of the porphyrin when the charge 
recombination afforded the triplet excited state (–∆GET = 0.19 eV 
for 2-Pd) as shown in Figure 12c. However, binding of a metal ion 
such as Sc3+ ion to the Fl moiety of 2-Pd stabilized the CS state 
due to the strong interaction between the metal ion and the 
reduced state of the Fl moiety. As a result the energy of the CS 
state of 2-Pd···Mn+ becomes lower than that of the triplet excited 
state of the porphyrin as shown in Figure 12d. The singlet CS 
state of 2-Pd···Sc3+ (1CS-Sc) produced via the singlet excited 
state of the porphyrin exhibited short lifetime (τ = 2.4 ps), 
because the driving force of the CR process (–∆GET = 0.95 eV) is 
at the top region of the Marcus parabola (Figure 11). In contrast, 
the triplet CS state of 2-Pd···Sc3+ (3CS-Sc) formed via the triplet 
excited state of the porphyrin exhibited a remarkably long lifetime 
(vide supra) and the rate constant was much smaller than the 
fitting curve in the Marcus plot in Figure 11. The intersystem 
crossing from the singlet excited state to the triplet excited state 
followed by rapid electron transfer to produce 3CS-Sc may 
compete with the formation of 1CS-Sc (Figure 12d).[66] 

It is well known that triplet CS states exhibit long lifetimes, 
whose elongation ratios exceed over 2.5 × 105 times relative to 
the corresponding singlet CS state.[67] Judging from the binding 
constants estimated by the UV-vis titration experiments (vide 
supra), the Fl moiety of 2-Pd holds one Sc3+ ion at the ground 
state under the conditions employed. The singlet CS state of 2-
Pd···Sc3+ (1CS-Sc) formed from the singlet excited state 
(1[PdPor]*-Fl···Sc3+) quickly decays to the ground state before the 
Fl•– moiety takes one more Sc3+ ion. In contrast, the triplet CS 

 
Figure 12. Energy diagrams and photodynamics of the Por-Fl dyads: 2-H2 a), 2-Zn b), 2-Pd c), and Sc3+-bound 2-Pd d). The ISC rate constants (kISC) of 2-
Pd (c) and 2-Pd•••Sc3+ d) were estimated from that of 3-Pd in Figure S16b (SI). 
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state of 2-Pd···Sc3+ (3CS-Sc) formed from the triplet excited state 
(3[PdPor]*-Fl···Sc3+) has a lifetime long enough to bind the 
second Sc3+ ion at the Fl•– moiety, forming 3[PdPor•+-Fl•–···2Sc3+] 
(3CS-2Sc) as shown in Figure 12d.[68] In the case of other metal 
ions (Y3+, Mg2+ and Zn2+), no binding of the second metal ion 
occurred to produce the long-lived CS state (vide infra). The long 
lifetime of 3CS-2Sc results from the spin-forbidden CR to produce 
the singlet ground state. The intersystem crossing to the singlet 
CS state (1CS-2Sc) may be prohibited due to the relatively large 
S-T gap of the dyad with short linkage. 

Although intramolecular charge recombination in 3CS-2Sc is 
spin-forbidden, intermolecular charge recombination between two 
3CS-2Sc molecules is spin-allowed. Such an intermolecular 
charge recombination may be retarded by a large reorganization 
energy of electron transfer of the flavin moiety binding two Sc3+ 
ions. To confirm this hypothesis, we determined the 
reorganization energy (λ) of DecFl binding two Sc3+ ions. The 
rates of electron-transfer reduction of DecFl by three kinds of 
ferrocene derivatives [ferrocene: Fc (Eox = +0.37 V vs. SCE), 1,1-
dimethylferrocene: Me2Fc (Eox = +0.26 V vs. SCE) and 1,2,3,4,5-
pentamethylferrocene: Me5Fc (Eox = +0.10 V vs. SCE)] were 
determined by monitoring the rise of the absorbance due to 
DecFl•–···2Sc3+ at 480 nm in PhCN at 298 K. 

The rate constants were analyzed using Equation (10),[24] 
where kdiff and k–diff are the diffusion and dissociation rate 
constants in the encounter complex and parameter Z is defined 
with Equation (11). The rate constants were plotted against the  

 

driving forces (–∆GET) of ET from ferrocences to DecFl (Figure 
S26 in SI). By fitting the plot using Equations (10) and (11), the 
reorganization energy (λ) was estimated to be 1.95 eV. Thus, the 
reorganization energy of electron transfer of two-Sc3+-bound 
flavin is much larger than that of Fl without Sc3+ (0.68 eV).[24] On 
the basis of the Marcus plot in Figure S26 (SI), we could estimate 
the rate constant for a putative intermolecular CR process to be 1 
× 108 M–1 s–1 at –∆GET = 0.81 eV. The first-order rate constant of 
the intermolecular process at a concentration of the CS state 
(~10–7 M), which corresponds to the initial concentration in Figure 
9b,[69] is estimated to be ~10 s–1. This rate constant is comparable 
to that determined from Figure 9b (9.1 s–1). However, the 
intermolecular CR of two triplet (S = 1) molecules afford spin 
states of S = 2, 1 and 0 with the ration of 5:3:1. Thus, only 1/9 
leads to the singlet ground state. In such a case, the 
intermolecular CR (second-order) process should be, if any, 
negligible, in comparison with the intramolecular CR (first-order) 
process. This is consistent with the independency of the lifetime 
from the laser power of excitation as mentioned above (see 
Figure S21 in SI). 
 

Conclusion 

We have synthesized a porphyrin–flavin linked dyad and its zinc 

and palladium complexes with clear localization of the HOMO on 
the porphyrin moiety and the LUMO on the flavin moiety as 
demonstrated by DFT calculations. Spectroscopic and 
electrochemical studies revealed that the energy levels of the CS 
states and the triplet excited states of Por–Fl dyads can be 
controlled by a metal center of the porphyrin moiety. Especially, 
the PdII insertion to the porphyrin moiety results in not only 
lowering the energy level of the CS state but also the 
enhancement of ISC to afford the triplet excited state. In addition, 
Sc3+ ion that is a strong Lewis acid binds to the Fl moiety of the 
dyads in a stepwise manner to afford a large anodic shift of the 
reduction potential of the Fl moiety to stabilize the CS state and a 
larger reorganization energy of ET to retard the ET reaction. In 
the case of the palladium(II) complex of the dyad (2-Pd), the Sc3+-
binding to the Fl moiety allowed us to observe two kinds of CS 
states formed by photoinduced electron transfer from the PdPor 
moiety to the Fl part: one is the singlet CS state, which is mainly 
formed from the singlet excited state of 2-Pd···Sc3+ and quickly 
decays to the ground state, and the other is the triplet CS state, 
which exhibits the longest lifetime (τ = 0.11 s) for CS states in 
dyads having porphyrin moieties reported so far. This remarkable 
elongation of the lifetime for the CS state results from the triplet 
spin state of the CS state and the second Sc3+-binding to form 
3[PdPor•+-Fl•–···2Sc3+] (3CS-2Sc) to enlarge the reorganization 
energy of intermolecular charge recombination. Thus, the control 
of the spin state of an electron donor-acceptor dyad by site-
specific binding of appropriate metal ions may be a versatile 
strategy to gain an extremely long-lived CS state.  
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