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Photoinduced electron transfer (ET) and excitation energy transfer (ENT) reactions in monomer and slipped-
cofacial dimer systems of a directly linked Zn porphyrin (Por)-Zn phthalocyanine (Pc) heterodyad, ZnPc-
ZnPor, were investigated by means of the picosecond and femtosecond transient absorption spectroscopies.
In the dimer dyad system of two heterodyads connected through the coordination bond between two imidazolyl-
substituted ZnPor bearing ZnPc, ZnPc-ZnPor(D), the rapid ENT from the ZnPor to ZnPc in the subpicosecond
time region was followed by photoinduced charge separation (CS) and charge recombination (CR) with time
constants of 47 and 510 ps, respectively. On the other hand in the monomer dyad system, no clear charge-
separated state was observed although the CS with a time constant of 200 ps and CR withe70 ps were
estimated. These results indicated that the dimer slipped-cofacial arrangement of pair porphyrins is advantageous
for the effective production of the CS state. This advantage was discussed from the viewpoint of a decrease
in the reorganization energy of the dimer relative to that of the monomer system. In addition, the electrochemical
measurements indicated that the strong interaction between ZnPc and ZnPor moieties also contributed to the
fast CS process despite the marginal driving force for the CS process. The dimer dyad of ZnPc-ZnPor provides
full advantages in efficiencies of the light harvesting and the CS state production.

Introduction

Photoinduced electron transfer (ET) processes following the
excitation energy transfer (ENT) play fundamental and important
roles in the natural photosynthesis.1 A number of investigations
have been performed toward the elucidation of elementary ET
processes and the realization of the artificial assemblies where
the conversion of the light energy takes place with high
efficiency.2-5 Most artificial systems mimicking antenna arrays
and reaction centers employ chemically distinct, covalently
linked chromophores with appropriate redox cofactors. Self-
assembling of the chromophores, however, takes crucial roles
in the natural systems to provide particular photophysical and
redox properties. Construction of the molecular assemblies
through weak molecular interactions may lead to the compre-
hensive understanding of the natural systems and to the
realization of artificial systems with more efficient functions.6

On these molecular assemblies through weak interactions, we
recently reported a complementary slipped-cofacial dimer of
imidazolyl-substituted Zn porphyrin bearing an electron accep-
tor.7 In the case of the dimer, the electrochemical measurements

revealed that the cation radical was delocalized over the whole
π-system of the dimer. Time-resolved transient absorption
measurements revealed that the dimer accelerated the charge
separation (CS) rate and decelerated the charge recombination
(CR) process compared with those of the corresponding
monomer. The major factor for these properties was the smaller
reorganization energy of the slipped-cofacial dimer relative to
that of the monomer system. These results indicated the
significance of the special pair arrangement that contributes to
the efficient charge separation in the photosynthesis.

Not only CS and CR but also light-harvesting (LH) capability
is also of crucial importance in the natural photosynthetic
system. Several porphyrin (Por)/phthalocyanine (Pc) composites
are of interest because of their efficient light harvesting (LH)
functionality in addition to the electron transfer capability. Large
extinction coefficients at different wavelengths in the visible
region and ideal overlap of emission and absorption spectra
predict the efficient and rapid ENT processes, and various motifs
of Por/Pc heterodyads were proposed and investigated.8-10 The
ET processes in porphyrin (Por)/phthalocyanine (Pc) composites
were, however, rather scarcely detected and no direct proof of
CS species has been presented so far, although the fluorescence
lifetime measurements and redox potential of individual Por and
Pc predicted the ET reaction within Por/Pc heterodyads.10 This
is probably due to a very small energy gap between the S1 state
of Pc and the charge-separated state of Por/Pc, as will be
described later. For the small energy gap, formation of the
charge-separated species may be slower than its reverse reaction,
making the direct observation difficult. Even so, we will report
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here the observation of CS species of the Pc radical cation in
the Por/Pc system (Scheme 1), where Por and Pc are directly
connected so as to increase the electronic coupling between these
two moieties, leading to the rapid charge separation even though
the energy gap is marginal.11-14 In addition, the structure of
the slipped-cofacial dimer of ZnPor was adopted to decelerate
the CR rate.7 These characteristic features of molecular struc-
ture15 through the large dimerization constant16 actually realized
rapid CS and slow CR reactions in the ET processes. In the
following, we will present the dynamic behaviors of the ZnPc-
ZnPor(D) system as revealed by ultrafast laser spectroscopic
methods. By comparing these results with those in the monomer
model system, we will discuss the factors regulating the electron
transfer reactions in these strongly interacting systems.

Experimental Section

Picosecond laser photolysis system with a repetitive mode-
locked Nd3+:YAG laser17 combined with handmade optical
parametric generation and amplification (OPGA)18 was used for
transient absorption spectral measurements. Briefly, two KDP
crystals (type II, 3 cm, 61° cut) were placed close together and
symmetric with respect to their optic axes to compensate the
walk-off effect. The third harmonics (355 nm) was tightly
focused onto the second crystal in the OPG by a cylindrical
lens with a 50 cm focal length. To adjust the crystal angle of
the incident laser pulse, we can cover the wavelength region
between 450 and 620 nm with 0.1 mJ/pulse and ca. 16 ps fwhm.
The 560 and 600 nm were used for the selective excitation of
Por and Pc moieties, respectively. The excitation pulse was
focused into a spot with a diameter of ca. 1.5 mm. Picosecond

white continuum generated by focusing a fundamental pulse
into a 10 cm quartz cell containing D2O and H2O mixture (3:1)
was employed as a monitoring light. A sample cell with 2 mm
optical length was used.

To investigate the dynamic behavior under femtosecond laser
light excitation, a dual OPA laser system for kinetic transient
absorption measurements was used.19 The output of a femto-
second Ti:sapphire laser (Tsunami, Spectra-Physics) pumped
by the SHG of a cw Nd3+:YVO4 laser (Millennia V, Spectra-
Physics) was regeneratively amplified with 1 kHz repetition rate
(Spitfire, Spectra-Physics). The amplified pulse (1 mJ/pulse
energy and 85 fs fwhm) was divided into two pulses with the
same energy (50%). These pulses are guided into two OPA
systems (OPA-800, Spectra-Physics), respectively. OPA output
pulses are converted to the SHG, THG, FHG, or sum frequency
mixing with fundamental 800 nm pulse and these pulses can
cover the wavelength region between 300 and 1200 nm with
1-10 mW output energy and ca. 120 fs fwhm. One of these
two pulses was used as a pump light and the other one, which
is reduced to<1/5000 output power, was utilized as a
monitoring light. The pulse duration was estimated to be 150
fs from the cross correlation trace at the sample position. The
intensities of the monitoring, reference, and pump beams were
respectively monitored by photodiode detectors and sent to the
microcomputer for further analysis. The sample cell with 2 mm
optical length was used and the sample solution was circulated
during the measurement. Fluorescence dynamics was measured
by using a conventional single-photon timing apparatus with a
diode picosecond laser light as an excitation source (Hamamatsu,
Picosecond Light Pulser, C4725, 417 nm, 0.02 pJ/pulse, and 1

SCHEME 1: Molecular Structure of ZnPc-ZnPor(D) and ZnPc-ZnPor(M)

SCHEME 2: Molecular Structures of Reference Compounds Used
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MHz repetition rate). All the measurements were performed
under O2-free conditions at 22( 2 °C.

Synthetic detail of ZnPc-ZnPor was reported in the previous
paper.15 Dichloromethane (Wako, infinity pure grade) was used
as a solvent without further purification. The HOMO-LUMO
levels were determined by cyclic voltammetry (BAS CV-50W
potentiostat) of the corresponding ZnPhPor and ZntBu4Pc units
illustrated in Scheme 2 in CH2Cl2 using 0.1 MnBu4NPF6 as
supporting electrolyte.

Results and Discussion

Absorption Spectra in the Ground State. Steady state
absorption spectra of ZntBu4Pc and ZnPhPor(D) as reference
samples, whose molecular structures are shown in Scheme 2,
ZnPc-ZnPor(M ), and its dimer ZnPc-ZnPor(D) are exhibited
in Figure 1. The spectrum of ZnPhPor(D) shows a very strong
Soret band around 410 nm and Q-bands in the range 510-650
nm. ZntBu4Pc has strong bands around 350 nm (Soret band)
and in the range 600-700 nm (Q-bands). The constant for self-
association of ZnPhPor is∼1011 M-1;16 thus the spectrum of
ZnPc-ZnPor(M ) was measured with 0.1 M 1-methylimidazole
in CH2Cl2 to avoid the self-association. Although the spectrum
of ZnPc-ZnPor(M ) is close to the superposition of these two
absorption spectra of ZnPhPor(M ) and ZntBu4Pc, one can find
that the Q-band of Pc and the Soret band of Por of ZnPc-
ZnPor(M ) system are broadened significantly. These broad
bands suggest rather strong interaction between Por and Pc
moieties in this dyad. In the absence of 1-methylimidazole,
ZnPc-ZnPor(M ) forms dimer dyad ZnPc-ZnPor(D), which is
composed of two ZnPc-ZnPor(M )’s coordinated between zinc
ion and imidazolyl substituted at the meso position.15 In addition
to the broadening, the spectrum of the dimer dyad, ZnPc-
ZnPor(D), shows the splitting of Soret band at 413 and 437
nm. This splitting indicates the self-assembled dimerization of
ZnPc-ZnPor.6,7,15 This splitting is explained by the exciton
splitting theory proposed by Kasha.20

The fluorescence properties of ZnPc-ZnPor(D) and -(M ) and
ZntBu4Pc are depicted in the previous report.15 Briefly, the
fluorescence only from Pc moieties was observed even in the
excitation of Por moieties and no fluorescence was observed
from the Por part in ZnPc-ZnPor(M ) and -(D), suggesting the
rapid ENT from the excited Por to the Pc moiety in these
systems. In addition, the fluorescence quantum yield (ΦF) of
the PC moiety decreases with increasing solvent dielectric
constant. TheΦF values are 0.16, 0.090, 0.025 for ZnPc-ZnPor-
(D) and are 0.25, 0.18, 0.12 for ZnPc-ZnPor(M ) in toluene
(ε ) 2.38), chloroform (ε ) 4.81), and dichloromethane (ε )
9.08), respectively. These values are much smaller than those
for the reference system of ZntBu4Pc, of whichΦF are 0.30,

0.39, and 0.40 in toluene, chloroform, and dichloromethane,
respectively. From the solvent polarity dependence ofΦF of
the dyad systems, fluorescence quenching due to the electron
transfer reaction is strongly suggested for both the monomer
and dimer dyad systems.

Excitation Energy Transfer Process.Prior to the discussion
on the electron transfer processes, we present the excitation
energy transfer (ENT) dynamics in the dyad system. Figure 2
shows the time profile of the transient absorbance at 690 nm of
ZnPc-ZnPor(D) in a CH2Cl2 solution, following the selective
excitation of ZnPor moiety at 560 nm with a 150 fs laser pulse.
Positive absorption around the time origin is ascribed to the Sn

r S1 absorption of ZnPor,14 which is replaced with a negative
absorption due to bleaching of ZnPc. The time profile of the
transient absorbance could be reproduced with a decrease of
the positive absorbance to the negative one withτ ) 0.67 (
0.10 ps, and the recovery process of the negative absorption
with a much longer time constant. As will be discussed in the
section of the electron transfer dynamics, this recovery process
was reproduced by the biphasic decay process withτ ) 25 (
5 ps and 690( 100 ps. The appearance of the negative
absorption due to the bleaching of ZnPc could be ascribed to
the ENT from the ZnPor moiety to the ZnPc moiety.

In the time profile of transient absorbance at 690 nm of
ZnPc-ZnPor(M ) in a CH2Cl2 solution excited with 560 nm in
Figure 3, the negative absorption appears just after the excitation
due to the bleaching signal of ZnPc and no positive absorption
immediately after the excitation was observed. This might be
due to the rather small extinction coefficient of the S1 state of
the ZnPor monomer moiety and faster time constant of the ENT
process compared to the time profile of the ZnPc-ZnPor(D).
Actually, the time constant of the appearance of the negative
signal was obtained to bee0.5 ps. The recovery process of the
negative absorption was reproduced by the biphasic decay
process withτ ) 30 ( 10 ps and 400( 100 ps and will be

Figure 1. Absorption spectra of ZntBu4Pc (-‚-), ZnPhPor(D) (‚‚‚‚‚),
ZnPc-ZnPor(M ) (-), and ZnPc-ZnPor(D) (---) system in CH2Cl2
solution. The extinction coefficient of the dimer species illustrates as
a value per single dyad unit.

Figure 2. Time profile of the transient absorbance of ZnPc-ZnPor-
(D) in a CH2Cl2 solution, excited with a 150 fs fwhm, 560 nm laser
pulse, monitored at 690 nm. Solid line is the calculated curve convoluted
with the pulse duration.

Figure 3. Time profile of the transient absorbance of ZnPc-ZnPor-
(M ) in a CH2Cl2 solution, excited with a 150 fs fwhm, 560 nm laser
pulse, monitored at 690 nm. Th solid line is the calculated curve based
on the exponential function convoluted with the pulse duration.
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discussed later. Anyhow, the above results indicate that the ENT
processes from ZnPor to ZnPc moieties in these dyad systems
take place with time constants<1 ps, as predicted in the steady
state fluorometry.15

To evaluate these rapid ENT processes, we estimate the rate
constant in the framework of the Fo¨rster’s model.21-24 The rate
constant could be represented by

whereκ2 is the orientation factor,ΦD is the donor fluorescence
quantum yield in the absence of acceptor,J is the overlap
integral, n is the index of refraction of the solvent,N is
Avogadro’s number,τD is the donor fluorescence lifetime in
the absence of acceptor, andR is the interchromophoric distance
(in cm). The overlap integralJ (cm6 mol-1) is given by

wherefD(ν) is the normalized fluorescence spectra of the donor,
εA(ν) is the absorption spectrum of the energy acceptor with
molar extinction coefficient (M-1 cm-1). The value ofJ ) 1.11
× 10-12 cm6 mol-1 was obtained from eq 2 on the basis of the
absorption and emission spectra of reference Por and ZnPc-
ZnPor(D) shown in Figure 4, suggesting the strong dipole-
dipole interaction between ZnPc and ZnPor through the overlap
of ZnPor emission and ZnPc absorption. The critical distance
R0 between the two molecules such that the energy transfer
probability equals the fluorescence probability is defined by the
following equation.

The critical distance thus estimated in the present ZnPor and
ZnPc pair was 48 Å, which is comparable to other Pc-Por dyad
systems.10b

The energy transfer rate constant was calculated to bekENT

) 2.00× 1012 s-1, (500 fs)-1, with ΦD ) 0.14,15 n ) 1.42 for
dichloromethane,25 τD ) 2.5 ns,24 and R ) 12 Å (center-to-
center distance estimated by the PM3 calculation), even under
the condition that theκ2 value is assumed to be2/3 (random
orientation). In addition,κ2 could be to be estimated 3.06 (where
κ2 ) (cosθT - 3 cosθi cosθj)2, θ ) 120°) andkENT ) 9.18×
1012 s-1, (110 fs)-1, by taking into account the transition
moments of porphyrin and phthalocyanine, which are considered
to direct along trans meso positions and trans phenyl groups,
respectively. This value is roughly in agreement with the
experimental result of the time profile of transient absorbance

of the ZnPc-ZnPor system excited with 560 nm. In addition,
the directly connected systems may induce the electronic
exchange interaction by direct or indirect overlap of wave
functions.25 In any event, the above estimation indicates that
the very rapid excitation energy transfer is predicted even in
the framework of Fo¨rster mechanism. The energy transfer rate
constant in the ZnPc-ZnPor(M ) system is faster than that in
the ZnPc-ZnPor(D) system from transient kinetic measure-
ments, in accord with the indication that the interaction between
Por and Pc is stronger in ZnPc-ZnPor(M) than in ZnPc-ZnPor-
(D), judged by the broader absorption line width of the former
Pc moiety compared with the latter (600-740 nm in Figure 1).

Time-Resolved Detection of the Electron Transfer Dy-
namics. To directly clarify the electron transfer dynamics,
transient absorption spectroscopy was applied by using pico-
second laser pulses at 560 and 600 nm. Figure 5 shows transient
absorption spectra of ZnPc-ZnPor(D) in CH2Cl2 solution
excited with a 16 ps laser pulse at 600 nm. The wavelength at
600 nm corresponds to the selective excitation of the ZnPc
moiety. To detect reatively weak positive absorption signals, a
concentrated solution of ZnPc-ZnPor(D) was used in Figure
5b. A negative absorption band with a maximum at 690 nm
appearing within the response function at 600 nm is safely
ascribed to the bleaching signal of the ZnPc in the ground state.
In the few tens of picoseconds time region, a positive absorption
around 850 nm and dip signals around 570 and 620 nm gradually
appear. The absorption around 850 nm is ascribed to the cation
radical of ZnPc (ZnPc•+) on the basis of the absorption
maximum and spectral band shape of the reference spectrum.26

On the other hand, the dip signals around 570 and 620 nm are
ascribable to the bleaching signal of ZnPor in the ground state.
The evolution of these absorption signals indicates that the
charge separation (CS) between the excited ZnPc and ZnPor
takes place in the few tens of picoseconds time region. It should
be mentioned that the absorption27 of ZnPor•- around 450 nm
is not clearly observed. This may be due to the strong absorption
of the Soret band as shown in Figure 1. Namely, the superim-
position of the negative signal due to the bleaching of the strong
Soret band on the positive signal of ZnPor•- prohibits the
detection of the absorption of ZnPor•-. With an increase in the
delay time after the excitation, the absorption due to ZnPc•+

and dip signals around 570 and 620 nm gradualy decay and

Figure 4. Absorption spectra of ZnPc-ZnPor(D) (solid line) and
fluorescence spectra of ZnPhPor (hashed line) excited at 413 nm in a
CH2Cl2 solution.

Figure 5. Time-resolved transient absorption spectra of ZnPc-ZnPor-
(D) in a CH2Cl2 solution, excited with a 16 ps fwhm laser pulse at 600
nm. The solution concentrations are (a) 4.4× 10-5 mol‚dm-3 and (b)
1.0 × 10-4 mol‚dm-3.

kENT )
9000‚ln 10‚κ2ΦD

128π5n4NτDR6
J )

8.8× 10-25‚κ‚ΦD

n4τDR6
J (1)

J ) ∫fD(ν) εA(ν) ν-4 dν (2)

R0 ) x6
8.8× 10-25‚κ2‚ΦD‚J

n4
(3)
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weak positive absorption remains with a negative signal at ca.
700 nm at 6 ns following the excitation. This spectrum is
assigned to Tn r T1 absorption of the ZnPc28,29on the basis of
the spectral band shape. This result implies that the recombina-
tion of the CS state resulted partly in the intersystem crossing,
but the contribution seems less significant. If anything, the fact
indicates that the energy level of the CS state is higher than
that of the triplet state of ZnPc-ZnPor(D).

Figure 6 shows the time profiles of ZnPc-ZnPor(D) in CH2-
Cl2 solution monitored at 850 and 690 nm after the picosecond
600 nm laser excitation. The time profile at 850 nm (Figure
6a), which corresponds to ZnPc•+ shows the appearance of the
positive absorbance in the several tens of picoseconds region,
followed by the decay in the subnanosecond-nanosecond time
region. The solid line is a curve calculated on the basis of the
durations of the exciting and monitoring pulses and time
constants of rise and decay components of 25( 5 and 690(
100 ps, respectively.

The time profile of the recovery of the ground state bleaching
at 710 nm is shown in Figure 6b. The negative absorption
appearing with the response function of the apparatus is followed
by the biphasic recovery with time constants ofτ ) 25 ( 5
and 690( 100 ps. The fast decay of 25( 5 ps may be
interpreted as due to the difference of the extinction coefficients
between ZnPc* and ZnPc•+. Namely, the extinction coefficient
of ZnPc•+ may be larger than that of ZnPc* around 690 nm. In
addition, the decrease of the stimulated emission of the S1 state
of ZnPc by the monitoring light can lead to the decay of the
negative absorption signal with the CS state production. On the
other hand, the longer decay time of 690( 100 ps was almost
the same with the decay time constant observed at 850 nm,
indicating that the recovery of the bleaching is due to the CR
process. The offset component with 10% remaining until 6 ns
is ascribed to the triplet state of ZnPc. The residual signal of
the triplet implies that part of the CR process leads to the

intersystem crossing, as stated in the explanation of Figure 5.
The same temporal evolution in the picosecond to nanosecond
time region confirmed also in the case that the picosecond laser
pulse at 560 nm was employed for the selective excitation of
the ZnPor moiety, indicating that the electron transfer reactions
actually took place after the rapid ENT.

To explore the dynamic behaviors more precisely, the
temporal evolution of the fluorescence was also investigated.
Figure 7 shows the time profile of the fluorescence of ZnPc-
ZnPor(D) in CH2Cl2 solution, excited with a 417 nm picosecond
laser light and monitored the emission of ZnPc moiety in the
wavelength region>700 nm. The time profile was analyzed
by triphasic decay process. Time constants and amplitude factors
for the curve in Figure 7 were 40 ps (69%), 600 ps (28%), and
4.5 ns (3%), respectively. The longest time constant was set to
be the same with the time constant of the free ZnPc moiety
without ZnPor, meaning that the small amount of the ZnPC
was involved in the present measurement.30 Because the
instrumental response function (IRF) of the picosecond light
pulse in the present measurement was 80 ps (fwhm of the laser
pulse), the time constant and the amplitude factors may be less
reliable compared to those in the transient absorption spectros-
copy. The time profile of the fluorescence, however, indicated
that the major component of the fluorescence decay was 40 ps,
and this fast decay was followed by the component of 600 ps.
From the iterative simulation for the time profile, the fast and
the second time constant were estimated to be 40( 10 and
630 ( 30 ps, respectively, and these time constants were
consistent with those obtained by the transient absorption
spectroscopy, 25( 10 and 690( 50 ps. As will be mentioned
later, the energy level of the CS state is estimated to be very
close to the S1 level of of ZnPc. Hence, the above results indicate
that the excited state of ZnPc moiety and the charge-separated
state are in the rapid equilibrium.

For the system with equilibrium between the locally excited
(LE) state and charge-separated (CS) state (Scheme 3), the
dynamic behaviors of the LE state and CS state can be
represented by the following equations.14,31

Here,kCS is the rate of CS,k-CS the rate of reverse electron
transfer to generate LE state, andkf the fluorescence lifetime
of the ZnPc moiety (4.5 ns)-1. The CS and CR time constants
corresponding to (kCS)-1 and (kCR)-1 were respectively obtained
to be 47( 10 and 510( 50 ps by the analysis of the time
profile of the fluorescence on the basis of the above scheme
and equations. In addition, the time constant of the back CS
reaction in the excited state, (k-CS)-1, was 120( 30 ps.

Figure 6. Time profile of the transient absorbance of ZnPc-ZnPor-
(D) in a CH2Cl2 solution, excited with a 16 ps fwhm, 600 nm laser
pulse, and monitored at 850 nm (a) and 690 nm (b). The inset shows
the expanded time profile until 800 ps after the excitation. The solid
line of the inset is the convolution curve calculated on the basis of the
pulse widths of the pump and the probe pulse (16 ps) and 25 ps rise
and 690 ps decay time constants, and the solid line of (b) is calculated
by biphasic decay with time constants of 25 and 690 ps.

[LE(t)] )
[LE(0)]
â - R

[(â - µ)‚exp(-Rt) + (µ - R)‚exp(-ât)] (4)

[CS(t)] )
kCS

â - R
[exp(-Rt) - exp(-ât)] (5)

R ) 1
2

{(ν + µ)2 - x(ν - µ)2 + 4kCSk-CS} (6)

â ) 1
2

{(ν + µ)2 + x(ν - µ)2 + 4kCSk-CS} (7)

µ ) kf + kCS (8)

ν ) kCR + k-CS (9)
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Figure 8 shows transient absorption spectra of the monomer
dyad, ZnPc-ZnPor(M ), in CH2Cl2 solution, excited with a
picosecond 600 nm laser pulse. The monomer dyad was
prepared by the addition of excess 1-methylimidazole (Im, 0.1
M) into the CH2Cl2 solution15 of ZnPc-ZnPor(D) to break the
coordination between ZnPor’s. As was observed in the dimer
system of ZnPc-ZnPor(D), negative absorption around 700 nm
due to the bleaching of the ZnPc in the ground state appears
immediately after the excitation with a response of the laser
pulse, together with the appearance of the positive absorption
bands in the wavelength region<620 nm and a negative dip
signal at 780 nm. The positive signals shorter than 620 nm can
be assigned to the Sn r S1 absorption9eof ZnPc and the negative
absorption signal at 780 nm is ascribable to the stimulated
emission of ZnPc. The transient absorption spectra in the early
stage after the excitation indicate that the main component of
the transient species is the excited singlet state of ZnPc and the
positive absorption around 850 nm due to ZnPc•+ was not
observed in the ZnPc-ZnPor(M ) system. as indicated in Figure
8b, where the transient spectra of the dimer dyad and the
monomer dyad at 80 ps after the excitation were plotted. With
an increase in the delay time after the excitation, these absorption
signals decay and a weak transient absorption remains at 6 ns
after the excitation. The positive absorption around at 6 ns is
ascribed to the Tn r T1 transition of the ZnPc.28

The time profile of the ground state recovery of ZnPc-ZnPor-
(M ) monitored at 710 nm is shown in Figure 9. The solid line
is the curve calculated on the basis of the biexponential function
with τ ) 30 ( 10 and 400( 100 ps. As stated in the previous
sections, the solvent polarity dependence of the fluorescence
intensity in ZnPc-ZnPor(M ) strongly suggested the electron
transfer quenching process. The transient absorption spectra,
however, did not indicate the CS state although the decay of
the S1 state was much faster than the decay of the monomer
system without ZnPor. This result strongly implies that the CR
process is much faster than the production of the CS state. To
elucidate the dynamic behaviors more precisely, the time profile
of the fluorescence was also measured by the single-photon
timing.

Figure 10 shows the fluorescence time profile of the ZnPc-
ZnPor(M) in CH2Cl2 solution, excited with a 417 nm picosecond
laser light and monitoring the emission of the ZnPc moiety in

the wavelength region>700 nm. The time profile was analyzed
by the triphasic decay process in the same manner as for the
dimer dyad. The time constants and amplitude factors for the
curve in Figure 10 were 30 ps (8%), 400 ps (77%), and 4.5 ns
(15%), respectively. From the iterative simulation for the time
profile, the fast and the second time constant were estimated to
be 30( 10 and 400( 30 ps. These time constants were almost
identical to those obtained by transient absorption spectroscopy
(Figure 9). The energy level of the LE state of the ZnPc moiety
and the CS state at ZnPc-ZnPor(M ) are also nearly the same,
implying the rapid equilibrium between the LE state and the
CS state. However, the time profile of the fluorescence for the

Figure 7. Fluorescence decay of ZnPc-ZnPor(D) in CH2Cl2 solution
excited with 417 nm laser light and monitored at>700 nm. The dotted
line is the scattering of the 417 nm laser light, and the solid line is the
result based on the triphasic decay (see text).

SCHEME 3: Diagram of the CS State near the LE State

Figure 8. (a) Time-resolved transient absorption spectra of ZnPc-
ZnPor(M ) in a CH2Cl2 solution, excited with a 15 ps fwhm laser pulse
at 600 nm. (b) Time-resolved transient absorption spectra of ZnPor-
ZnPC(D) (solid line) and ZnPor-ZnPC(M ) (dotted line) in a CH2Cl2
solution, observed at 80 ps after the excitation with a 16 ps fwhm, 600
nm laser pulse.

Figure 9. Time profile of the transient absorbance of ZnPc-ZnPor-
(M ) monitored at 710 nm. The solid line indicates the calculated curve
by a double exponential function with time constants of 30 and 400
ps. Inset: an expanded time profile until 800 ps after the excitation.
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ZnPc-ZnPor(M) system indicated that the fast 30 ps component
of fluorescence decay has a small contribution, and the main
component is the subsequent time constant with 400 ps. The
ratio of ca. 1/10 for pre-amplitudes of the fast (30 ps) and the
slow (400 ps) components of ZnPc-ZnPor(M ) system matches
the indication that the rate constant of CR is faster than that of
CS even in the case where the electron transfer process is
responsible for the quenching of the monomer dyad. The CS
and CR time constants corresponding to (kCS)-1 and (kCR)-1

were estimated to be 200( 20 and 66( 10 ps, respectively,
by the analysis of the time profile of the fluorescence on the
basis of the above scheme assuming the equilibrium between
ZnPc* and CS states.

Energy Gaps for the Electron Transfer Reactions.Energy
gaps for the electron transfer,-∆GCS and-∆GCR of ZnPhPor
dimer, ZnPhPor and ZntBu4Pc monomers in CH2Cl2 were
estimated from the 0-0 transition energy gap (ES) between the
lowest excited state and the ground state, the oxidation potential
(Eox.), and the reduction potential (Ered.) as listed in Table 1.
This standard potential did not shift even if 1-methylimidazole
was added.

The driving force-∆GCR for intramolecular CR process from
the ZnPor radical anion to the ZnPc radical cation was calculated
from the following equations.32

Here, RDA is the distance of ion pair,ε and ε0 are dielectric
constants of the solvent and of the vacuum, respectively, ande
stands for elementary charge. In the present system,∆GS was
obtained as-0.134 eV withε ) 8.39 (dichloromethane at 298
K) and RDA ) 1.2 Å. The driving force-∆GCS for the
intramolecular CS process from ZnPc to ZnPor was roughly
estimated by eq 12, and these results were summarized in Table
1.

Oxidation and reduction potentials (Eox. and Ered.) of self-
assembled the ZnPhPor dimer unit were+0.63 and-1.52 V
(vs Ag/AgCl), respectively.Eox. of ZntBu4Pc was obtained as
+0.4 V. The energy gap of charge recombination,∆GCR, from
the CS state to the ground state of ZnPc-ZnPor(D) is -1.79
eV, and the 0-0 transition energy of zinctBu4Pc, ES, is 1.8
eV. The energy level diagram estimated by the electrochemical
and spectroscopic data of the ZnPc-ZnPor system is sum-
marized in Scheme 4 with time constants and quantum yields.
ZnPc-ZnPor(D) has large extinction coefficients in the almost
entire visible wavelength region. Thus, the visible light energy
is captured effectively by the porphyrin and phthalocyanine
moieties. The energy captured by the porphyrin part is trans-
ferred into the phthalocyanine part almost quantitatively with a
time constant of 0.7 ps. Therefore, all of the light energy
captured by ZnPc-ZnPor(D) is converged in the excited
phthalocyanine. Subsequently, the excited ZnPc*-ZnPor(D) is
converted into the CS state, ZnPc•+-ZnPor•-(D), via electron
transfer in a 93% yield, which is estimated by 1- ΦF/ΦF°,
where ΦF and ΦF° are the fluorescence quantum yields of
ZnPc-ZnPor(D) and ZntBu4Pc (0.40). It is noted that-∆GCR

andES are nearly the same, leading the marginal driving force
for charge separation, because the energy gap of the CS and
CR reactions is shared in the S1 state energy of 1.8 eV. Even
with such a small energy gap, a rapid electron transfer is
achieved very efficiently. Because of the smallest energy gap
of -∆GCS, the maximum energy level is maintained at the CS
state, from which charge recombination occurs with a time
constant of 510( 50 ps. The high energy level of the CS state
offers distinct advantages in terms of the eficient utilization of
photoexcitation energy and depressing of the CR rate by the
energy gap law. Actually, because the CR process is more than
10 times slower than the CS process, enough opportunity arises
to use the high energy ion pair as a photovoltaic system.

Analysis of kCS and kCR in the Framework of the
Nonadiabatic ET Reaction. As estimated in the previous
section, the energy gap for the CR,-∆GCR (1.79 eV), and 0-0
transition energy,ES (1.8 eV), are nearly the same, leading to
the marginal driving force for charge separation. On the factors
enabling the CS rate constant of∼2 × 1010 s-1 for such a small
energy gap for the CS process, we first discuss these electron
transfer rate constants in the ZnPc-ZnPor system within the
framework of the nonadiabatic electron transfer theory. The
well-known expression in the above framework is given in eqs
13-15.33,34 Here,V is the electronic coupling matrix element,

S ) λv/p〈ω〉 is the electron-vibration coupling constant,λv is
the reorganization energy associated with the averaged angular
frequency〈ω〉, and λs is the solvent reorganization energy.
Figure 11 shows semilogarithmic plots ofkCS andkCR against
∆GCSand∆GCR for the ZnPc-ZnPor systems and the calculated

Figure 10. Fluorescence decay of ZnPc-ZnPor(M ) in CH2Cl2 solution
excited with 417 nm laser light and monitored at>700 nm. The dotted
line is the scattering of the 417 nm laser light, and the solid line is the
result based on the triphasic decay (see text).

TABLE 1: Oxidation Potential ( Eox.), Reduction Potential
(Ered.), 0-0 Transition Energy Gaps (ES), and Energy Gaps
of Charge Separation (-∆GCS) and Recombination (-∆GCR)
of ZnPhPor and ZntBu4Pc in CH2Cl2

Eox./V Ered./V ES/eV -∆GCS/eV -∆GCR/eV

ZnPhPor(D) A- +0.63 -1.52 2.0 very small 1.84
ZntBu4Pc D+ +0.40 ND 1.8 (-0.04)
ZnPhPor(M ) A- +0.56 -1.52 2.0 very small 1.95
ZntBu4Pc(Im) D+ +0.56 ND 1.8 (-0.14)

-∆GCR ) Eox. - Ered. + ∆GS (10)

∆GS ) -e2

4πε0εRDA
(11)

-∆GCS ) ES - ∆GCR (12)

kET ) x π

p2λskBT
|V|2∑

0

∞ (e-SSn

n! ) ×

exp[-
(λs + ∆G + np〈ω〉)2

4λskBT ] (13)

S)
λv

p〈ω〉
(14)

λs ) e2( 1
2rA

+ 1
2rD

- 1
R)( 1

n2
- 1

ε) (15)
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curves by eq 13 in CH2Cl2 (n ) 1.42, ε ) 8.93 at room
temperature26). In this plot, the CS and CR time constants of
the monomer dyad were respectively set to 200 and 30 ps. We
used a value of 1500 cm-1 for 〈ω〉 on the basis of the porphyrin
macrocycle CdC double-bond frequency, and theλv value of
0.3 eV, obtained for the CS reaction of the porphyrin-imide
dyad systems.14 The energy gap dependence of the ET rate
constants in ZnPc-ZnPor(M ) and -(D) were analyzed by
adjusting only theλs value with other parameters fixed; the
results forλs ) 0.42 eV for ZnPc-ZnPor(M ) and λs ) 0.32
eV for ZnPc-ZnPor(D) are shown by the dotted and solid lines
in Figure 11. Theλs value for ZnPc-ZnPor(M ) is estimated
by eq 15 withrA ) 5.0 Å, rD ) 7.5 Å, andrDA ) 11.0 Å. The
λs value for ZnPc-ZnPor(D) is lower than that for ZnPc-
ZnPor(M ) by approximately 0.1 eV, which was estimated from
the analogy in the previous paper on the dimer dyad of the
porphyrin-imide system,7 where it was revealed that the dimer
porphyrin delocalizes the cationic state leading to the decrease
of the reorganization energy and facilitating the rapid CS and
slow CR rates. The present result in Figure 11 strongly suggests
that not only the cation but also the anion radical are delocalized
over two porphyrinπ-orbitals to favor the CS state.

The parameterV ) 16 meV for both ZnPc-ZnPor(M ) and
-(D) indicates that the electronic interaction in the present
systems is considerably large compared to other intramolecular
porphyrin-electron donor/acceptor systems.35 The largeV value
might account for the short D-A distance through direct
connection. Actually, theV value of the directly connected
porphyrin-imide system14 was reported to be 14 meV and
comparable to that for the present system. The above discussion
indicates that largeV values and smaller reorganization energy
in the dimer system allow the rapid CS process in the dimer
dyad.

Although several Por/Pc heterodyad systems have been
reported,8-10 no direct observation of the ET reaction between
Por and Pc has been presented. The reason for the lack of the

direct detection of the CS state is probably due to the rather
low energy of the S1 state of Pc (∼1.8 eV), leading to the
restrictions for the optimization of the redox factor for the energy
gaps in the electron transfer processes. Namely, the large energy
gap for the charge separation (CS) decreases the energy gap
for the charge recombination (CR). The largest rate for the CS
process is expected to be observed at the condition that the
energy gap for the CS is around the reorganization energy.
Because the typical reorganization energy in polar or medium
polar environments is ca. 0.5-1.0 eV, the energy gap for the
fast CS rate also corresponds to the fast CR rate for the electron
transfer processes in Pc systems. On the other hand, the large
energy gap for the CR process reduces both the CS and CR
rate constants, leading to the difficulty in the observation of
the CS state in the dynamic measurement. The present system
overcomes the incompatibility problem by accelerating the CS
process of very small energy gap.

ET Dynamics with Stronger Interchromophore Electronic
Interaction. As discussed in the previous section, the rather
large electronic interaction between ZnPor and ZnPc and the
decrease in the reorganization energy by the dimerization lead
to the acceleration of CS and deceleration of CR. In addition,
the broadening of the absorption spectra in the ground state and
the rapid energy transfer from ZnPor to ZnPc suggest the
presence of other favorable factors enabling the efficient and
fast CS (kCS > ∼1010) even in the marginal driving force,∆GCS

∼ 0. Namely, the broadened absorption in the ground state of
ZnPor-ZnPC(D), as was shown in Figure 1, strongly suggests
the CT interaction. In addition, the rapid excitation energy
transfer also suggested the strong interaction between the excited
states of ZnPc and ZnPor by the direct connection of these
moieties. The presence of strong interaction through the CT as
well as excited states may lead to the acceleration of the
production of the CS state as exciplexes such as pyrene-N,N-
dimethylaniline and anthracene-N,N-dimethylaniline in nonpolar
solvents. In these systems, the charge-separated species are
produced with large bimolecular rate constants as comparable
as the diffusion-limited rate even though the energy level of
the CS state estimated by electrochemical data is much higher
than the S1 state level.36,37 For this rapid production of the
charge-separated state, the strong interaction through the charge
resonance and exciton resonance has been considered to take
an important role.38 Although the present system does not have
a geometry as in the exciplex systems in nonpolar solvents
(sandwich-type between twoπ-planes), the direct connection
of electron donor and acceptor and the overlap of the emission
of ZnPor moiety and the strong absorption of ZnPc in the present
case may allow the strong interaction through the electron
exchange, leading to the acceleration of the CS reaction.

Concluding Remarks

The following observations were obtained: (1) ZnPc-ZnPor-
(D) is an efficient light-harvesting complex, in which all four
chromophores absorb a wide range of visible light with large
extinction coefficients. (2) Excitation energy on the ZnPor part
is transferred to the ZnPc moiety almost quantitatively. (3) CS
takes place with a 93% efficiency to the ZnPor dimer from the
ZnPc directly excited or after ENT process. (4) The high free
energy state of the CS species associated with the long lifetime
is ideal for maximum use of the light energy for photovoltaic
cell application.

The present results indicate that the strong electronic interac-
tion in the D-A pair and the small reorganization energy in
the ET reactions are properties essential to the rapid CS for the

SCHEME 4: Energy Level Diagram of ZnPc-ZnPor(D)

Figure 11. Energy gap dependence ofkCS andkCR for ZnPor-ZnPc
dyads. The curves were calculated by eq 13, withT ) 295 K,λv ) 0.3
eV, V ) 16 meV,p〈ω〉 ) 0.15 eV, andλs ) 0.42 (dotted line) and
0.32 eV (solid line) for ZnPor-ZnPc(M ) and ZnPor-ZnPc(D),
respectively.
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ZnPc-ZnPor dyad system of small energy gap. The equilibrium
between the LE and CS state of the comparable energy levels
results in the effective elongation of the time constant of the
CS state for D-A pair. These findings serve as a new strategy
for designing efficient artificial photosynthetic systems. Al-
though the presentkCS and kCR rate constants with a large
electronic coupling matrix element ofV ) 16 meV could be
interpreted by the nonadiabatic electron transfer theory with
∆GCS ∼ 0, the exciton-exciton interaction and/or charge
resonance interaction between Por and Pc were suggested. The
unique structures including slipped-cofacial ZnPor dimer and
direct linking of Pc and Por moieties serve as important factors
for both efficient charge separation and maximum use of photon
energy.
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