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Photoinduced processes of a series of phosphorus tetraphenylporphyrin (PTPP) derivatives ([PTPP-
(NHC6H4X)2]+Cl-, X ) OCH3, CH3, H, Cl, CF3, and CN) have been investigated by using femtosecond laser
flash photolysis mainly. PTPP with OH as an axial ligand showed S2 fluorescence upon excitation of the
Soret band. The S2 fluorescence lifetime was estimated to be 1.5 ps. On the other hand, both S2 and S1

fluorescence bands of PTPP-(NHC6H4X)2 were difficult to observe, indicating the existence of an additional
deactivation process such as charge separation (CS). From MO calculation and cyclic voltammetry, PTPP
and the axial ligand are expected to act as an acceptor and a donor, respectively, upon excitation of PTPP.
CS via the S2 state was confirmed during the femtosecond laser flash photolysis by observing the transient
absorption of radical anion of PTPP. Furthermore, CS via the S1 state of PTPP was also observed. The CS
rate via the S1 state was faster than that from the S2 state. The free energy dependence of the electron-transfer
rates was discussed on the basis of Marcus theory.

Introduction

Nowadays, wide attention has been paid to light-energy
conversion systems such as a solar cell sensitized by organic
dyes.1 To improve the efficiency of the device, employment of
organic dye with a large absorption coefficient in a wide spectral
range is essential. Usually, absorption spectra of organic dye
comprise various transitions. Thus, photoabsorption generates
various higher excited states as well as the lowest excited state.
When an electron donor and an acceptor are located at close
proximity, electron transfer occurs from the higher excited state
before the relaxation to the lowest excited state.2 Thus, the
electron transfer from the higher excited state seems be an
important subject to be cleared. However, the number of the
studies on electron transfer from the higher excited state is rather
limited, because of the quite short lifetime of these intermediates.
Intermolecular electron transfer from S2-excited zinc-tetraphe-
nylporphyrin (ZnTPP) to solvent has been reported by Chos-
rowjan et al.3a Some intramolecular charge separation (CS)
systems via the S2 state using ZnTPP have been also reported.3b-g

Recently, Mataga et al. have reported the systematic studies on
the intramolecular CS process of S2-excited zinc-porphyrin
derivatives, in which an electron acceptor is attached at the
meso-position of the porphyrin unit.3d-f Hayes et al. reported
the substitution position dependence of the CS rate for S2-excited
ZnTPP derivatives.3g These results indicate that the higher
excited state is an important intermediate in various photoin-
duced processes, including CS.

In the previous paper, we have investigated the CS and charge
recombination (CR) processes of S2-excited SbTPP derivatives,
in which the donor was attached to SbTPP as an axial ligand,
by using femtosecond spectroscopic measurements.4 CS from
the S2 state was successfully observed for a part of the
compounds, while that from the S1 state was not confirmed.
Thus, a detailed electron-transfer mechanism was not cleared.

In the present paper, we examined the CS and CR processes
in PTPP derivatives (Figure 1). As in the case of SbTPP
derivatives, an axial ligand of PTPP acts as an electron donor,
indicating that the quite fast CS is possible because of the close
proximity of donor and acceptor, even when the excited-state
lifetime is quite short. From the investigation on the CS via the
S1 and S2 states and CR processes, a wide range of driving force
dependence of the electron-transfer rate can be examined. Such
experiment is important, because one can elucidate character-
istics of the electron transfer from the S2 state, which may be
different from that from the S1 state.

Experimental Section

Materials. PTPP derivatives (1a-f) were synthesized as
described in the Supporting Information. Compound2 was
synthesized according to a previously reported procedure.5 All
other chemicals were of the best commercial grades available.

Apparatus. The fluorescence lifetime in the sub-picosecond
regime was measured using a fluorescence up-conversion
method. The second harmonic oscillation (420 nm) of the output
of the femtosecond laser (Spectra-Physics, Tsunami 3941-
M1BB; full width at half-maximum (fwhm), 80 fs; 840 nm)
pumped by a diode-pumped solid-state laser (Spectra-Physics,
Millennia VIIIs) was used to excite the sample in a cell with a
1.0 mm optical path length. The residual fundamental and the
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fluorescence were focused in a BBO type I crystal to generate
a sum-frequency oscillation, which was detected by a photo-
multiplier tube (Hamamatsu Photonics, H8259) and a photon
counter (Stanford Research Systems, SR400) after passing
through a monochromator (Nikon G250). The cross-correlation
time of the apparatus was 200 fs fwhm.

The sub-picosecond transient absorption spectra were mea-
sured by the pump and probe method using a regeneratively
amplified titanium sapphire laser (Spectra Physics, Spitfire Pro
F, 1 kHz) pumped by a Nd:YLF laser (Spectra Physics,
Empower 15). The seed pulse was generated by the titanium
sapphire laser mentioned above (800 nm). The second harmonic
oscillation (400 nm, 130 fs fwhm, 8µJ pulse-1) of the output
of the regeneratively amplified titanium sapphire laser was used
as the excitation pulse. The excitation pulse at 550 nm was
generated by optical parametric amplifier (Spectra Physics,
OPA-800CF). A white light continuum pulse, which was
generated by focusing the residual of the fundamental light to
a flowing water cell after a computer-controlled optical delay,
was divided into two parts and used as the probe and the
reference lights, of which the latter was used to compensate
the laser fluctuation. Both probe and reference lights were
directed to a rotating sample cell with 1.0 mm of optical path
and detected with a CCD detector equipped with a polychro-
mator (Solar, MS3504). The pump pulse was chopped by a
mechanical chopper synchronized to half of the laser repetition
rate, resulting in a pair of spectra with and without the pump,
from which the absorption change induced by the pump pulse
was estimated.

Details of the pulse radiolysis are described in a previous
paper.6

The steady-state absorption and fluorescence spectra were
measured using a Shimadzu UV-3100PC and a Hitachi 850,
respectively.

Electrochemical measurements were carried out in a con-
ventional three-electrodes cell employing glassy carbon, plati-
num, and Ag/AgNO3 electrodes as working, counter, and
reference electrodes, respectively. The potential was scanned
at 100 mV s-1 using a potentiostat. All electrochemical
measurements were carried out with an acetonitrile solution
containing 100 mM tetraethylammonium tetrafluoroborate after
Ar bubbling.

Results and Discussion

Absorption and Fluorescence Spectra.Figure 2 shows
absorption spectra of2 and1b. Soret band and Q bands of2
appeared at 423, 549, and 590 nm, respectively. On the other
hand, those of1b were red-shifted to 429 and 568 nm,
respectively. These shifts are attributable to the interaction with
N atom of the axial ligand of PTPP.

Upon excitation of2 at the Q band, fluorescence bands
appeared at 607 and 658 nm. The fluorescence quantum yield
was estimated to be 0.036, which is comparable to that of ZnTPP
(0.04).7 The fluorescence lifetime was 5.4 ns. On the other hand,
upon excitation at 420 nm, which corresponds to the Soret band,
the fluorescence peak was observed at 434 nm, indicating the

fluorescence from the S2 state. Similar S2 fluorescence has been
reported for other metal-including TPPs.8 By using the fluo-
rescence up-conversion measurement, the decay profile of S2

fluorescence was measured as indicated in the inset of Figure
2. The S2 fluorescence of2 decayed according to the single-
exponential function with 6.5× 1011 s-1 of the rate constant.
Thus, the lifetime of the S2 fluorescence of2 in acetonitrile
was estimated to be 1.5 ps. The estimated value is similar to
SbTPP (2.0 ps)4 but shorter than ZnTPP (3.5 ps).3a

In the case of1b, the fluorescence both from S1 and S2 states
was difficult to observe. From the fluorescence up-conversion
measurements, the S2 fluorescence lifetime of1b was estimated
to be 0.16 ps. The substantial decrease of the S2 fluorescence
lifetime indicates that a new process other than internal
conversion is included by introducing the axial ligands including
N-phenyl groups, which have electron-donating nature. As for
the S1 state of1b, the fluorescence lifetime was quite difficult
to measure, because of low signal intensity. The absence of S1

fluorescence also indicates the new deactivation pathway from
the S1-excited state. For other compounds, i.e.,1a and 1c-f,
both S1 and S2 fluorescence bands were not observed. As the
new deactivation pathway, electron transfer from the axial ligand
to porphyrin ring is expected, because the axial ligand has an
electron-donating nature.

MO and Redox Potentials. Figure 3 shows the energy
minimized structure of1b at the B3LYP/3-21G* level.9 PTPP
has a distorted structure, because of the small radius of the
included P atom. LUMO is localized on the TPP ring. HOMO
is on theN-phenyl group. HOMO-1 is on anotherN-phenyl
group of1b, which is energetically degenerated with HOMO.
HOMO-2 of1b corresponds to HOMO of TPP ring. Thus, upon
excitation of the TPP ring, electron transfer from HOMO of
1b, i.e. theN-phenyl group, is expected. That is, PTPP and the
N-phenyl ring are expected to act as an electron acceptor and a
donor, respectively, in the electron transfer.

Table 1 summarizes the reduction potentials of1a-f as well
as the oxidation potentials of the corresponding aniline deriva-
tives estimated by cyclic voltammetry. The oxidation potentials
of 1a-f were difficult to measure because of instability upon
oxidation. The oxidation potential varies according to the
electron-donating or -accepting nature of the substituent group
at the 4-position of theN-phenyl group. On the other hand,
variation of the reduction potential is rather small. The reduction
potential of the compounds corresponds to the reduction of the
TPP ring, while the oxidation potential is attributable to that of
the N-phenyl group.

From the oxidation and reduction potentials listed in Table
1, free energy changes for CS (∆GCS) upon S1 and S2 excitation
were evaluated as listed in Table 1. For S1 excitation,-0.22 to
-0.76 eV of∆GCS are expected. For all compounds, CS is an

Figure 1. Molecular structure of PTPP derivatives in this study.

Figure 2. Normalized absorption spectra of2 (black) and1b (blue)
and fluorescence spectra of2 (red) in acetonitrile. Inset: S2 fluorescence
decays of2 (red) and1b (blue). Bold lines are fitted curves.
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exothermic process. Upon S2 excitation,-1.58 to-1.04 eV of
free energy change is expected. A larger free energy change
for S2 excitation can be attributed to the larger excitation energy
of the S2 state. Table 1 also listed the free energy changes for
the CR process (∆GCR), which are slightly larger than the∆GCS

values from the S2 state. Thus, by estimating these rate constants,
a relatively wide range of free energy change dependence of
the electron-transfer rate can be examined.

Radical Anion of PTPP.As discussed in the above sections,
the PTPP ring is expected to act as an electron acceptor upon
photoexcitation of the PTPP ring. To confirm CS upon excita-
tion, observation of the radical anion of PTPP is essential,
although the absorption spectrum of the radical anion of PTPP
has not been reported. Thus, we tried to observe the radical
anion of PTPP by transient absorption measurement during the
pulse radiolysis, because the reducing agent generated during
the pulse radiolysis is quite strong. Figure 4 shows the transient
absorption spectra of2 in dimethylformamide (DMF) obtained
during the pulse radiolysis. Immediately after the electron pulse
irradiation, the transient absorption showed quite broad absorp-
tion attributable to solvated electron in DMF. At 5µs after the
electron pulse, the absorption band showed a peak around 690
nm, which can be assigned to the radical anion of PTPP, which
is generated by capturing an electron from the solvent.

Although the report on the radical anion of TPP is limited,
the observed radical anion of PTPP is quite similar to that of
SbTPP, which shows absorption around 710 nm.4,10 Thus, the
present absorption change would be a common spectral feature
for the radical anion of TPP.

Electron Transfer from the S2 State. The photoinduced
process upon excitation to the S2 state of PTPP was examined
by measuring the transient absorption spectra during the laser
flash photolysis using a femtosecond laser at 400 nm. Figure 5
shows transient absorption spectra of1b in acetonitrile during
the laser flash photolysis. Upon excitation, a transient absorption
peak appeared at 700 nm with (0.15 ps)-1 of rate constant, with
the ground-state bleaching at 565 nm. The absorption band
around 700 nm indicates the generation of radical anion of
PTPP, that is, the charge-separated state of1b, because the
observed peak agreed well with that observed during the pulse
radiolysis (Figure 4). The observed spectral shape is quite
different from that of the excited state of PTPP, which is shown
in the Supporting Information. Furthermore, the generation rate
agreed well with the S2 fluorescence decay rate indicated in
the above section. These results indicate that CS occurred from
the S2 state,

The rate constant of CS from the S2 state (kCS2) was estimated
according to

wherekobsandτS2,2 are the observed generation rate of the radical
anion of PTPP and the S2 fluorescence lifetime of2, respec-
tively, based on the assumption that the internal conversion rate
and radiative rate of the S2-excited-state of1a-f are the same
as those of2. Furthermore, the quantum yield for CS from the
S2 state (ΦCS2) was estimated by

The estimatedkCS2 andΦCS2 values are listed in Table 2. The
formation of the CS state from the S2 state was also confirmed
for 1a and1c-f in acetonitrile. Except for1e, the CS from the
S2 state is a rather efficient pathway. The present fast CS from
the ligand can be attributed to high electron density at N of the
ligand in HOMO. The close proximity of the portion with high
electron density in HOMO to the PTPP enables the fast CS via
the S2 state in spite of a quite short S2 lifetime.

The generated radical ion pair decayed according to the
single-exponential function. After the decay of the charge-
separated state, transient absorption attributable to other species
was not confirmed. Thus, it was indicated that, after the CS,
the generated charge-separated state decayed to the ground state
by CR. The CR rate (kCR2) was summarized in Table 2. The
lifetime of the charge separated state was 0.52-4.8 ps.

Electron Transfer from the S1 State.By using the 550 nm
femtosecond laser pulse, the photoinduced process from the S1

state of PTPP derivatives was investigated. Figure 6 is the
transient absorption spectra of1b obtained during the laser flash
photolysis using the 550 nm laser pulse, which excites at the
Q-band of PTPP. Upon excitation,1b shows a transient
absorption band attributable to the radical anion of PTPP at 700
nm. It is notable that the radical anion appeared quite rapidly
within almost the pulse duration of the excitation laser (∼100

Figure 3. HOMO and LUMO of1b calculated at the B3LYP/3-21G*
level.

[PTPP(NHC6H4CH3)]
+(S2)-NHC6H4CH3 f

[PTPP(NHC6H4CH3)]
•-(NHC6H4CH3)

•+ (1)

kCS2
) kobs- 1/τS2,2

(2)

ΦCS2
) kCS2

/kobs (3)
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fs). For comparison, kinetic traces of∆OD at 700 nm upon S2
and S1 excitation are indicated in Figure 6B. This result indicates
faster CS from the S1 state than that from the S2 state. Quite
fast CS from the S1 state was also confirmed with other PTPP
derivatives. The rate constant (kCS1) and quantum yield (ΦCS1)
for the CS via the S1 state were estimated by manners similar
to those in eqs 2 and 3, respectively. Because of the quite fast
CS, theΦCS1 is unity for all compounds.

After the CS, the charge-separated state showed decay due
to CR generating the corresponding ground state.kCR1 was
summarized in Table 2. ThekCR1 values are essentially the same
as thekCR2 values.

Free Energy Change Dependence of Electron-Transfer
Rate. The observed electron-transfer rates, i.e.,kCS and kCR,

are discussed on the basis of the Marcus theory.11 In Figure 7,
the observed electron-transfer rates are plotted against the free
energy changes. Usually, the electron-transfer rate depends on
the free energy change according to

TABLE 1: Oxidation and Reduction Potentials and Free Energy Changes for Charge Separation and Recombination of PTPP
Derivatives ([PTPP-(NHC6H4X)2]+Cl-)

X Eox.
a,b/V Ered.

a/V -∆GCS1
c/eV -∆GCS2

c/eV -∆GCR/eV

1a OCH3 0.34 -0.94 0.76 1.58 1.28
1b CH3 0.52 -0.92 0.60 1.42 1.46
1c H 0.68 -0.91 0.45 1.27 1.59
1d Cl 0.72 -0.86 0.46 1.28 1.58
1e CF3 1.00 -0.82 0.22 1.04 1.82
1f CN 1.03 -0.74 0.27 1.09 1.77

a V vs Ag+/Ag. b Oxidation potential of corresponding aniline derivatives.c ∆GCS values are estimated using∆GCS ) Eox. - Ered. - E0, whereE0

is excitation energy. As S1 and S2 energies, those of2 (2.04 and 2.86 eV, respectively) were employed, because of the absence of S1 and S2

fluorescence of1a-f. Subscripts 1 and 2 of free energy changes denote the S1 and S2 excitation, respectively.

Figure 4. Transient absorption spectra of2 in DMF during the pulse
radiolysis. The black and red lines are the spectra at 0 ns and 5µs
after the electron pulse, respectively.

Figure 5. (A) Transient absorption spectra at-0.1, 0, 0.1, 0.2, 0.3,
and 0.4 ps of1b in acetonitrile during the laser flash photolysis using
400 nm laser pulse (fwhm, 100 fs). (B) Kinetic trace of∆OD at 700
nm during the laser flash photolysis.

TABLE 2: Charge Separation (kCS1 and kCS2) and
Recombination (kCR1 and kCR2) Rate Constants of PTPP
Derivatives Observed by S1 and S2 Excitationsa

10-12kCS1
b/s-1 10-12kCR1/s

-1 10-12kCS2
b/s-1 10-12kCR1/s

-1

1a 13 (1.0) 2.6 6.4 (0.90) 1.9
1b 7.9 (1.0) 2.1 6.1 (0.90) 1.7
1c 14 (1.0) 0.57 3.5 (0.83) 0.70
1d 9.3 (1.0) 0.93 4.0 (0.83) 1.2
1e 10 (1.0) 0.21 1.0 (0.59) 0.24
1f 7.3 (1.0) 0.25 3.5 (0.83) 0.21

a Subscripts 1 and 2 of rate constants denote the S1 and S2 excitation,
respectively.b Numbers in parentheses are quantum yields for charge
separation (ΦCS1 andΦCS2).

Figure 6. (A) Transient absorption spectra at-0.1, 0, 0.1, and 0.2 ps
of 1b in acetonitrile during the laser flash photolysis using 550 nm
laser pulse (fwhm, 100 fs). (B) Kinetic trace of∆OD at 700 nm during
the laser flash photolysis. Triangles indicate the kinetic trace obtained
by 400 nm excitation.

kET ) x π

p2λSkBT
|V|2∑

m

(e-S(Sm/m!)) ×

exp(-
(λS + ∆G + mp〈ω〉)2

4λSkBT ) (4)

λS ) e2( 1
2rD

+ 1
2rA

- 1
r)( 1

n2
- 1

εS
) (5)
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In eq 4,λS is the solvent reorganization energy given by eq
5, V is the electronic coupling,S is the electron-vibration
coupling constant given by eq 6,〈ω〉 is the averaged angular
frequency. In eq 5,rD, rA, r, andn are donor radius, acceptor
radius, center-to-center distance, and refractive index, respec-
tively. In eq 6,λV is the internal reorganization energy. From
Figure 3, therD, rA, andr values were estimated to be 2.1, 4.2,
and 3.0 Å, respectively. Using these values, theλS value was
estimated to be 0.18 eV. In Figure 7, eq 4 was calculated as a
red line by assumingλV, V, andp〈ω〉 are to be 0.57, 0.035, and
0.15 eV, respectively. The calculated curve well-reproduced the
kCS1, kCR1, andkCR2 values. That is, CS from the S1 state is in
the top region, while CRs in the inverted region. On the other
hand, although thekCS2 values are located at close position to
the red line,kCS2 values become larger as the-∆GCS value
increases, indicating that thekCS2 values are in the normal region
of another parabola. This fact suggests that the total reorganiza-
tion energy for CS from the S2 state is larger than that from the
S1 state, probably because of a difference in molecular structure
in the S1 and S2 states, which causes a difference in theλV value.
The large difference in theλS value cannot be expected. In
Figure 7, the blue curve was obtained by just changing theλV

value to be 1.65 eV, while other parameters are the same as the
red line. The good fit supports the above consideration.

As indicated in the Introduction, the papers on the electron
transfer from the S2 state of porphyrins are limited.3 Mataga et
al. investigated free energy change dependence of the electron-
transfer rate from the S2-excited zinc porphyrin derivatives, in
which zinc porphyrin acts as an electron donor.3d-f They showed
that the observed electron-transfer rates were well-reproduced
by the Marcus theory assuming 0.3 eV ofλV, which is much
smaller than the value employed in this study. Although they
have not examined CS from the S1 state of the same compounds,
the λV values for electron transfer from the various S1-excited
zinc porphyrin derivatives have been reported to be 0.3-0.6
V,12 which is similar to theλV for electron transfer from the S2

state reported by Mataga et al. Thus, the zinc porphyrin
derivatives, which have a planar structure, do not have large
structural differences between the S1 and S2 states. On the other
hand, the present PTPP derivatives have a distorted structure
in the ground state, as indicated in Figure 3. The excited PTPP
possibly takes different structures depending on the excited state
from the ground state, in order to reduce instability in the excited
state. Such structural change causes the difference in theλV

values.

Estimation of the molecular geometry in the excited state is
a quite difficult task both in the experimental and theoretical
methods. Although we tried to estimate the molecular geometry
in the excited states by using theoretical calculation, these
attempts failed, even for simplified molecular structures. The
reliable calculation of the large molecule in the higher excited
states will be a future target. Still, the present experimental
results indicate that the electron transfer in the higher excited
state should be treated by a different manner from that from
the lowest excited state.

Conclusion

Upon excitation of the Soret band of the PTPP derivatives,
the charge-separated state was generated efficiently in spite of
the quite short lifetime of the S2 state. Efficient CS can be
attributed to the high electron density of the N atom of the
ligand. The CS rate via the S1 state was faster than that from
the S2 state. Furthermore, the CS rate from the S2 state was
explained on the basis of a differentλV value from that of the
S1 state. This result possibly indicates a different molecular
structure in the S2 state from that in the S1 state.
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