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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 (Pe£h phthalocyanine (Pc) heterodyad, ZrPc

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, ZrPAnPor), 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 GRQvjgh 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-eZAR®Bc provides

full advantages in efficiencies of the light harvesting and the CS state production.

Introduction revealed that the cation radical was delocalized over the whole

Photoinduced electron transfer (ET) processes following the m-system of the dlmle:j. '{llme;]resdo_lved tranlslent gbf‘orptrllon
excitation energy transfer (ENT) play fundamental and important measurements revealed that the dimer accelerated the charge
roles in the natural photosyntheis. number of investigations separation (CS) rate and deqelerated the charge recomblngtlon
have been performed toward the elucidation of elementary ET (CR) proc_T_?]s Comp?fed \]:wthhthose of t_he corrispondllr;g
processes and the realization of the artificial assemblies whereMonomer. The major factor for these properties was the smaller
the conversion of the light energy takes place with high reorganization energy of the slipped-cofacial dlmer _relatlve to
efficiency?5 Most artificial systems mimicking antenna arrays that.pf the monomer system. These results |nd|c§ted the
and reaction centers employ chemically distinct, covalently 3|gn|f|c_a_nce of the special pair arrangement that co_ntnbutes to
linked chromophores with appropriate redox cofactors. Self- the efficient charge separation n the photo_synthesw. .
assembling of the chromophores, however, takes crucial roles. Notonly CS and CR but also light-harvesting (LH) capability
in the natural systems to provide particular photophysical and S @lso of crucial importance in the natural photosynthetic
redox properties. Construction of the molecular assemblies SySteém. Several porphyrin (Por)/phthalocyanine (Pc) composites
through weak molecular interactions may lead to the compre- '€ of interest because of their efficient light harvesting (LH)
hensive understanding of the natural systems and to thefunctionality in addition to the electron transfer capability. Large
realization of artificial systems with more efficient functiochs.  extinction coefficients at different wavelengths in the visible

On these molecular assemblies through weak interactions, we'€9ion and ideal overlap of emission and absorption spectra
recently reported a complementary slipped-cofacial dimer of predict the efficient and rapid ENT processes, and_varlous motifs
imidazolyl-substituted Zn porphyrin bearing an electron accep- f Por/Pc heterodyads were proposed and investigatédhe

tor In the case of the dimer, the electrochemical measurementsE T Processes in porphyrin (Por)/phthalocyanine (Pc) composites
were, however, rather scarcely detected and no direct proof of
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SCHEME 1: Molecular Structure of ZnPc—2ZnPor(D) and ZnPc—ZnPor(M)
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SCHEME 2: Molecular Structures of Reference Compounds Used
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here the observation of CS species of the Pc radical cation inwhite continuum generated by focusing a fundamental pulse
the Por/Pc system (Scheme 1), where Por and Pc are directlyinto a 10 cm quartz cell containing,D and HO mixture (3:1)
connected so as to increase the electronic coupling between theseas employed as a monitoring light. A sample cell with 2 mm
two moieties, leading to the rapid charge separation even thoughoptical length was used.
the energy gap is margin&l.** In addition, the structure of To investigate the dynamic behavior under femtosecond laser
the slipped-cofacial dimer of ZnPor was adopted to decelerate|ight excitation, a dual OPA laser system for kinetic transient
the CR raté€. These characteristic features of molecular struc- absorption measurements was uied@ihe output of a femto-
ture’through the large dimerization constérectually realized  second Ti:sapphire laser (Tsunami, Spectra-Physics) pumped
rapid CS and slow CR reactions in the ET processes. In the py the SHG of a cw N#:YVO, laser (Millennia V, Spectra-
following, we will present the dynamic behaviors of the ZRPC  physics) was regeneratively amplified with 1 kHz repetition rate
ZnPorQ) system as revealed by ultrafast laser spectroscopic (spitfire, Spectra-Physics). The amplified pulse (1 mJ/pulse
methods. By comparing these results with those in the monomerenergy and 85 fs fwhm) was divided into two pulses with the
model system, we will discuss the factors regulating the electron ggme energy (50%). These pulses are guided into two OPA
transfer reactions in these strongly interacting systems. 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
Picosecond laser photolysis system with a repetitive mode- cover the wavelength region between 300 and 1200 nm with
locked N&":YAG lasef’” combined with handmade optical 1—10 mW output energy and ca. 120 fs fwhm. One of these
parametric generation and amplification (OP&Ayas used for two pulses was used as a pump light and the other one, which
transient absorption spectral measurements. Briefly, two KDP is reduced to<1/5000 output power, was utilized as a
crystals (type II, 3 cm, Elcut) were placed close together and monitoring light. The pulse duration was estimated to be 150
symmetric with respect to their optic axes to compensate the fs from the cross correlation trace at the sample position. The
walk-off effect. The third harmonics (355 nm) was tightly intensities of the monitoring, reference, and pump beams were
focused onto the second crystal in the OPG by a cylindrical respectively monitored by photodiode detectors and sent to the
lens with a 50 cm focal length. To adjust the crystal angle of microcomputer for further analysis. The sample cell with 2 mm
the incident laser pulse, we can cover the wavelength regionoptical length was used and the sample solution was circulated
between 450 and 620 nm with 0.1 mJ/pulse and ca. 16 ps fwhm.during the measurement. Fluorescence dynamics was measured
The 560 and 600 nm were used for the selective excitation of by using a conventional single-photon timing apparatus with a
Por and Pc moieties, respectively. The excitation pulse was diode picosecond laser light as an excitation source (Hamamatsu,
focused into a spot with a diameter of ca. 1.5 mm. Picosecond Picosecond Light Pulser, C4725, 417 nm, 0.02 pJ/pulse, and 1

Experimental Section
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Figure 1. Absorption spectra of ZBus,Pc (-—), ZnPhPorD) (++++*), Figure 2. Time profile of the transient absorbance of ZrRZmPor-
ZnPc-ZnPorM) (=), and ZnPe-ZnPor) (---) system in CHCI, (D) in a CHCI; solution, excited with a 150 fs fwhm, 560 nm laser
solution. The extinction coefficient of the dimer species illustrates as pulse, monitored at 690 nm. Solid line is the calculated curve convoluted
a value per single dyad unit. with the pulse duration.
MHz repetition rate). All the measurements were performed 0.02 .
under Q-free conditions at 22 2 °C. F

. . . . Q r T

Synthetic detail of ZnPeZnPor was reported in the previous g 000 7]
paper® Dichloromethane (Wako, infinity pure grade) was used £ C
as a solvent without further purification. The HOMQUMO 3 0.2
levels were determined by cyclic voltammetry (BAS CV-50W < C
potentiostat) of the corresponding ZnPhPor antBZsPc units 0.04p
illustrated in Scheme 2 in Ci&l, using 0.1 MnBus;NPF; as B O
supporting electrolyte. 5 0 5 10 15 20 25
Time / ps

Results and Discussion Figure 3. Time profile of the transient absorbance of ZrRZmPor-

(M) in a CHCI, solution, excited with a 150 fs fwhm, 560 nm laser

Absorption Spectra in the Ground State. Steady state pulse, monitored at 690 nm. Th solid line is the calculated curve based
absorption spectra of ZBusPc and ZnPhPolY) as reference on the exponential function convoluted with the pulse duration.
samples, whose molecular structures are shown in Scheme 2,
ZnPc-ZnPorM), and its dimer ZnPeZnPor) are exhibited 0.39, and 0.40 in toluene, chloroform, and dichloromethane,
in Figure 1. The spectrum of ZnPhPDj(shows a very strong  respectively. From the solvent polarity dependencebgfof
Soret band around 410 nm and Q-bands in the range-630 the dyad systems, fluorescence quenching due to the electron
nm. ZriBu4Pc has strong bands around 350 nm (Soret band) transfer reaction is strongly suggested for both the monomer
and in the range 666700 nm (Q-bands). The constant for self- and dimer dyad systems.
association of ZnPhPor is10'* M~1;16 thus the spectrum of Excitation Energy Transfer Process.Prior to the discussion
ZnPc-ZnPor(M) was measured with 0.1 M 1-methylimidazole on the electron transfer processes, we present the excitation
in CH,ClI, to avoid the self-association. Although the spectrum energy transfer (ENT) dynamics in the dyad system. Figure 2
of ZnPc-ZnPor(M) is close to the superposition of these two shows the time profile of the transient absorbance at 690 nm of
absorption spectra of ZnPhPbt} and ZriBu,Pc, one can find ZnPc-ZnPor) in a CHCl;, solution, following the selective
that the Q-band of Pc and the Soret band of Por of ZnPc excitation of ZnPor moiety at 560 nm with a 150 fs laser pulse.
ZnPorM) system are broadened significantly. These broad Positive absorption around the time origin is ascribed to the S
bands suggest rather strong interaction between Por and Pe— S; absorption of ZnPok} which is replaced with a negative
moieties in this dyad. In the absence of 1-methylimidazole, absorption due to bleaching of ZnPc. The time profile of the

ZnPc-ZnPorM) forms dimer dyad ZnPeZnPorD), which is transient absorbance could be reproduced with a decrease of
composed of two ZnPeZnPor(M)’s coordinated between zinc  the positive absorbance to the negative one with 0.67 +
ion and imidazolyl substituted at the meso positiom addition 0.10 ps, and the recovery process of the negative absorption

to the broadening, the spectrum of the dimer dyad, ZnPc with a much longer time constant. As will be discussed in the
ZnPor), shows the splitting of Soret band at 413 and 437 section of the electron transfer dynamics, this recovery process
nm. This splitting indicates the self-assembled dimerization of was reproduced by the biphasic decay process with25 +
ZnPc-ZnPor%7.15 This splitting is explained by the exciton 5 ps and 690+ 100 ps. The appearance of the negative

splitting theory proposed by Kasha. absorption due to the bleaching of ZnPc could be ascribed to
The fluorescence properties of ZnP2nPor0) and -(M) and the ENT from the ZnPor moiety to the ZnPc moiety.
Zn'BuyPc are depicted in the previous repBrBriefly, the In the time profile of transient absorbance at 690 nm of

fluorescence only from Pc moieties was observed even in theZnPc-ZnPorM) in a CH,Cl, solution excited with 560 nm in
excitation of Por moieties and no fluorescence was observedFigure 3, the negative absorption appears just after the excitation
from the Por part in ZnPeZnPor(M) and -0), suggesting the  due to the bleaching signal of ZnPc and no positive absorption
rapid ENT from the excited Por to the Pc moiety in these immediately after the excitation was observed. This might be
systems. In addition, the fluorescence quantum yiég) (of due to the rather small extinction coefficient of thestate of

the PC moiety decreases with increasing solvent dielectric the ZnPor monomer moiety and faster time constant of the ENT
constant. The&bg values are 0.16, 0.090, 0.025 for ZrPAnPor- process compared to the time profile of the ZrZaPorQ).

(D) and are 0.25, 0.18, 0.12 for ZnPZnPorM) in toluene Actually, the time constant of the appearance of the negative
(e = 2.38), chloroform € = 4.81), and dichloromethane & signal was obtained to be0.5 ps. The recovery process of the
9.08), respectively. These values are much smaller than thosenegative absorption was reproduced by the biphasic decay
for the reference system of BusPc, of which®g are 0.30, process withr = 30 4+ 10 ps and 40Qt 100 ps and will be
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Figure 4. Absorption spectra of ZnPe&ZnPorD) (solid line) and

fluorescence spectra of ZnPhPor (hashed line) excited at 413 nm in a

CH,ClI; solution.

discussed later. Anyhow, the above results indicate that the ENT
processes from ZnPor to ZnPc moieties in these dyad systems

take place with time constantsl ps, as predicted in the steady
state fluorometry>

To evaluate these rapid ENT processes, we estimate the rate

constant in the framework of the'Bter’s modef~24 The rate
constant could be represented by

~9000In 10:k*®;, 8.8 x 10 kD,
" 1287°nNr R n*r R

wherex? is the orientation factoidp is the donor fluorescence
quantum yield in the absence of acceptdris the overlap
integral, n is the index of refraction of the solvenl is
Avogadro’s numbergzp is the donor fluorescence lifetime in
the absence of acceptor, aRds the interchromophoric distance
(in cm). The overlap integral (cmf mol™?) is given by

I= [To) ea) v dv 2)

wherefp(v) is the normalized fluorescence spectra of the donor,
ea(v) is the absorption spectrum of the energy acceptor with
molar extinction coefficient (M! cm™2). The value of) = 1.11

x 10712 cmf mol~! was obtained from eq 2 on the basis of the
absorption and emission spectra of reference Por and-ZnPc
ZnPor) 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

1)

Ry between the two molecules such that the energy transfer

probability equals the fluorescence probability is defined by the

following equation.
6
8.8 x 107 2> k> Py-J
n4

©)
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Figure 5. Time-resolved transient absorption spectra of ZrRPePor-
(D) in a CH.CI; solution, excited with a 16 ps fwhm laser pulse at 600
nm. The solution concentrations are (a) 44.0~° mol-dm~ and (b)
1.0 x 10~* mol-dm™3.

of the ZnPe-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?® In any event, the above estimation indicates that
the very rapid excitation energy transfer is predicted even in
the framework of Foster mechanism. The energy transfer rate
constant in the ZnPeZnPor(M) system is faster than that in
the ZnPe-ZnPorD) system from transient kinetic measure-
ments, in accord with the indication that the interaction between
Por and Pc is stronger in ZnP&nPorM) than in ZnPe-ZnPor-
(D), judged by the broader absorption line width of the former
Pc moiety compared with the latter (60@40 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 ZnP&nPorD) in CHCI, 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 ZnP&nPorD) 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

The critical distance thus estimated in the present ZnPor andradical of ZnPc (ZnP¢) on the basis of the absorption

ZnPc pair was 48 A, which is comparable to otherPor dyad
systemgo

The energy transfer rate constant was calculated tk:fpe
= 2.00x 10%2s71 (500 fs)t, with ®p = 0.1415n = 1.42 for
dichloromethan&® 7p, = 2.5 ns?* andR = 12 A (center-to-

maximum and spectral band shape of the reference speétrum.

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

center distance estimated by the PM3 calculation), even undertakes place in the few tens of picoseconds time region. It should

the condition that the? value is assumed to & (random
orientation). In additiornk? could be to be estimated 3.06 (where
k%= (cosOr — 3 cosh; cosh))?, 6 = 120°) andkent = 9.18 x
1012 s71, (110 fsy!, by taking into account the transition

be mentioned that the absorptfdf 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

moments of porphyrin and phthalocyanine, which are consideredSoret band on the positive signal of ZnPomprohibits the

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

,detection of the absorption of ZnPorWith an increase in the
delay time after the excitation, the absorption due to ZhPc
and dip signals around 570 and 620 nm gradualy decay and
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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
20 400 600 800 actually took place after the rapid ENT.
Time / ps . To explore the dynamic behaviors more precisely, the
3 temporal evolution of the fluorescence was also investigated.
Figure 7 shows the time profile of the fluorescence of ZnPc
ZnPoD) in CH.CI, solution, excited with a 417 nm picosecond
laser light and monitored the emission of ZnPc moiety in the
wavelength regior>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 measurem@&Because the
E instrumental response function (IRF) of the picosecond light
030 Byl b i e 1 A pulse in the present measurement was 80 ps (fwhm of the laser
o 1+ 2 3 4 5 6 pulse), the time constant and the amplitude factors may be less
Time /ns reliable compared to those in the transient absorption spectros-
Figure 6. Time profile of the transient absorbance of ZrRZmPor- copy. The time profile of the fluorescence, however, indicated
(D) in a CHCI; solution, excited with a 16 ps fwhm, 600 nm laser  that the major component of the fluorescence decay was 40 ps,
pulse, and monitored at 850 nm (a) and 690 nm (b). The inset shows , s tast decay was followed by the component of 600 ps.
the expanded time profile until 800 ps after the excitation. The solid From the iterative simulation for the time profile, the fast and
line of the inset is the convolution curve calculated on the basis of the ¢ ] p !
pulse widths of the pump and the probe pulse (16 ps) and 25 ps risethe second time constant were estimated to bet400 and
and 690 ps decay time constants, and the solid line of (b) is calculated630 + 30 ps, respectively, and these time constants were
by biphasic decay with time constants of 25 and 690 ps. consistent with those obtained by the transient absorption
spectroscopy, 25 10 and 690t 50 ps. As will be mentioned
weak positive absorption remains with a negative signal at ca. |ater, the energy level of the CS state is estimated to be very
700 nm at 6 ns following the excitation. This spectrum is close to the Slevel of of ZnPc. Hence, the above results indicate
assigned to T<— Ty absorption of the ZnP&2°on the basis of  that the excited state of ZnPc moiety and the charge-separated
the spectral band shape. This result implies that the recombina-state are in the rapid equilibrium.
tion of the CS state resulted partly in the intersystem crossing,  For the system with equilibrium between the locally excited
but the contribution seems less significant. If anything, the fact (LE) state and charge-separated (CS) state (Scheme 3), the
indicates that the energy level of the CS state is higher than dynamic behaviors of the LE state and CS state can be
that of the triplet state of ZnPenPor(). represented by the following equatiots!
Figure 6 shows the time profiles of ZnPZnPorD) in CH,-
Cl, solution monitored at 850 and 690 nm after the picosecond [LE(t)] =
600 nm laser excitation. The time profile at 850 nm (Figure [LE(0)]
6a), which corresponds to ZnPcshows the appearance of the ﬂ——a[(ﬁ —u)expat) + (u — a)-exp(=pt)] (4)
positive absorbance in the several tens of picoseconds region,
followed by the decay in the subnanosecendnosecond time Ke
region. The solid line is a curve calculated on the basis of the [CSH)] = S [exp(—at) — exp(—p1)] (5)
durations of the exciting and monitoring pulses and time B—a
constants of rise and decay components oft25 and 690+ 1
100 ps, respectively. oa=={(v+u)?—+/(v—u?+ak.k_ 6
The time profile of the recovery of the ground state bleaching 2{( “ \/( “) Kedcd ©)
at 710 nm is shown in Figure 6b. The negative absorption
appearing with the response function of the apparatus is followed = 1-{ v+ u)?®+ \/(v — u)? + MK o 7
by the biphasic recovery with time constantszof= 25 + 5 2 -
and 690+ 100 ps. The fast decay of 2& 5 ps may be

AAbsorbance

AAbsorbance

interpreted as due to the difference of the extinction coefficients u =K+ Keg 8)
between ZnPc* and ZnPt Namely, the extinction coefficient
of ZnPc™ may be larger than that of ZnPc* around 690 nm. In v =K+ K cs (9)

addition, the decrease of the stimulated emission of {rstee

of ZnPc by the monitoring light can lead to the decay of the Here, kcs is the rate of CSk_cs the rate of reverse electron
negative absorption signal with the CS state production. On thetransfer to generate LE state, akdthe fluorescence lifetime
other hand, the longer decay time of 620100 ps was almost  of the ZnPc moiety (4.5 ns}. The CS and CR time constants
the same with the decay time constant observed at 850 nm,corresponding tokcs) ™t and kcr)~t were respectively obtained
indicating that the recovery of the bleaching is due to the CR to be 47+ 10 and 510+ 50 ps by the analysis of the time
process. The offset component with 10% remaining until 6 ns profile of the fluorescence on the basis of the above scheme
is ascribed to the triplet state of ZnPc. The residual signal of and equations. In addition, the time constant of the back CS
the triplet implies that part of the CR process leads to the reaction in the excited statek s) ™%, was 1204 30 ps.
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Figure 8 shows transient absorption spectra of the monomer o 204
dyad, ZnPe-ZnPor(M), in CHyCI, solution, excited with a g 002
picosecond 600 nm laser pulse. The monomer dyad was i ’
prepared by the addition of excess 1-methylimidazole (Im, 0.1 2 000
M) into the CHCI; solution'® of ZnPc-ZnPor) to break the E 0.02
coordination between ZnPor’s. As was observed in the dimer -
system of ZnPeZnPorD), negative absorption around 700 nm -0.04
due to the bleaching of the ZnPc in the ground state appears 500 600 700 800 900

immediately after the excitation with a response of the laser Wavelength /nm

: : - ; ZnPorM) in a CHCI; solution, excited with a 15 ps fwhm laser pulse
bands in the wavelength regior620 nm and a negative dip at 600 nm. (b) Time-resolved transient absorption spectra of ZnPor

signal _at 780 nm. The positive s_ignals shorter than 620 NM Can z,pco) (solid line) and ZnPorZnPCM) (dotted line) in a CHCl
be assigned to the,S- S; absorptioff* of ZnPc and the negative  solution, observed at 80 ps after the excitation with a 16 ps fwhm, 600
absorption signal at 780 nm is ascribable to the stimulated nm laser pulse.

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 -0.02

0.00

|

1

positive absorption around 850 nm due to ZrnPwas not 8 -0.04F 3
observed in the ZnPeZnPorM) system. as indicated in Figure § 0.06F 3
8b, where the transient spectra of the dimer dyad and the 2 008k H E
monomer dyad at 80 ps after the excitation were plotted. With S -3 3
an increase in the delay time after the excitation, these absorption -0.10 E
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signals decay and a weak transient absorption remains at 6 ns -0.12
after the excitation. The positive absorption around at 6 ns is
ascribed to the < T; transition of the ZnPé? Time / ns

The time profile of the ground state recovery of Z&ZmPor- Figure 9. Time profile of the transient absorbance of ZrRZmPor-

(M) monitored at 710 nm is shown in Figure 9. The solid line (1) monitored at 710 nm. The solid line indicates the calculated curve
is the curve calculated on the basis of the biexponential function py a double exponential function with time constants of 30 and 400

with T = 30 &+ 10 and 40Qt 100 ps. As stated in the previous ps. Inset: an expanded time profile until 800 ps after the excitation.
sections, the solvent polarity dependence of the fluorescence
intensity in ZnPe-ZnPorM) strongly suggested the electron the wavelength regior 700 nm. The time profile was analyzed
transfer quenching process. The transient absorption spectraby the triphasic decay process in the same manner as for the
however, did not indicate the CS state although the decay of dimer dyad. The time constants and amplitude factors for the
the § state was much faster than the decay of the monomer curve in Figure 10 were 30 ps (8%), 400 ps (77%), and 4.5 ns
system without ZnPor. This result strongly implies that the CR (15%), respectively. From the iterative simulation for the time
process is much faster than the production of the CS state. Toprofile, the fast and the second time constant were estimated to
elucidate the dynamic behaviors more precisely, the time profile be 30+ 10 and 406t 30 ps. These time constants were almost
of the fluorescence was also measured by the single-photonidentical to those obtained by transient absorption spectroscopy
timing. (Figure 9). The energy level of the LE state of the ZnPc moiety
Figure 10 shows the fluorescence time profile of the ZaPc  and the CS state at ZnP&nPor(M) are also nearly the same,
ZnPoKM) in CH,Cl, solution, excited with a 417 nm picosecond implying the rapid equilibrium between the LE state and the
laser light and monitoring the emission of the ZnPc moiety in CS state. However, the time profile of the fluorescence for the

o

o
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Ut s RS RN AR AR RS Oxidation and reduction potential&d and Eeq) of self-
Z 500 3 assembled the ZnPhPor dimer unit wef8.63 and—1.52 V
é 400 (vs Ag/AgCl), respectivelyEqx. of Zn'BusPc was obtained as
- +0.4 V. The energy gap of charge recombinatiGcg, from
g 300 the CS state to the ground state of ZrZmPorD) is —1.79
2 200 eV, and the 6-0 transition energy of zinéBusPc, Es, is 1.8
S 100 eV. The energy level diagram estimated by the electrochemical
L e VIR and spectroscopic data of the ZrPnPor system is sum-
0 0'0' = ';';“ 1‘(‘) 1'5 2‘0* marized in Scheme 4 with time constants and quantum yields.
’ "~ Time/ns ' ZnPc-ZnPorP) has large extinction coefficients in the almost

Figure 10. Fluorescence decay of ZnPZnPorg) in CH,Cl, solution gnt|re visible Wavqlength region. Thus, .the visible light energy

excited with 417 nm laser light and monitored=sZ00 nm. The dotted 1S captured effectively by the porphyrin and phthalocyanine

line is the scattering of the 417 nm laser light, and the solid line is the Moieties. The energy captured by the porphyrin part is trans-
result based on the triphasic decay (see text). ferred into the phthalocyanine part almost quantitatively with a
TABLE 1: Oxidation Potential ( Ey,), Reduction Potential time constant of 0.7 ps. Therefore, all of the light energy

(Ereq), 0—0 Transition Energy Gagg ’(Es), and Energy Gaps captured by ZnPezZnPorQ) is converged in the excited

of Charge Separation (-AGcs) and Recombination (~AGcg) phthalocyanine. Subsequently, the excited ZnFZrPorD) is
of ZnPhPor and ZnBu4Pc in CH,Cl, converted into the CS state, ZnPeZnPor~(D), via electron

E./N Ew/N EdeV —AGedeV —AGedeV transfer in a 93% yield, which is estimated by—1 ®g/Dg°,
- - where ® and ®¢° are the fluorescence quantum yields of

%gl;r&f;ép) g 18'23 _,{I’SZ %'g ‘éeo%ir)"a" 1.84 ZnPc-ZnPor) and ZrBusPc (0.40). It is noted that AGer
ZnPhPorfd) A~ +056 —1.52 2.0 verysmall 1.95 andEs are nearly the same, leading the marginal driving force
Zn'BusPc(im) D' +0.56 ND 1.8 (0.14) for charge separation, because the energy gap of the CS and

CR reactions is shared in thg State energy of 1.8 eV. Even

ZnPc-ZnPor(M) system indicated that the fast 30 ps component with such a small energy gap, a rapid electron transfer is
of fluorescence decay has a small contribution, and the main achieved very efficiently. Because of the smallest energy gap
component is the subsequent time constant with 400 ps. Theof —AGcs, the maximum energy level is maintained at the CS
ratio of ca. 1/10 for pre-amplitudes of the fast (30 ps) and the state, from which charge recombination occurs with a time
slow (400 ps) components of ZnPZnPor(M) system matches ~ constant of 51@t 50 ps. The high energy level of the CS state
the indication that the rate constant of CR is faster than that of offers distinct advantages in terms of the eficient utilization of
CS even in the case where the electron transfer process igohotoexcitation energy and depressing of the CR rate by the
responsible for the quenching of the monomer dyad. The CS energy gap law. Actually, because the CR process is more than
and CR time constants corresponding kas(~* and kcgr) ™! 10 times slower than the CS process, enough opportunity arises
were estimated to be 208 20 and 66+ 10 ps, respectively, o use the high energy ion pair as a photovoltaic system.
by the analysis of the time profile of the fluorescence on the  Analysis of kcs and kcr in the Framework of the
basis of the above scheme assuming the equilibrium betweenNonadiabatic ET Reaction. As estimated in the previous
ZnPc* and CS states. section, the energy gap for the CRAGcg (1.79 eV), and 6-0

Energy Gaps for the Electron Transfer Reactions Energy transition energyEs (1.8 eV), are nearly the same, leading to
gaps for the electron transfer AGcs and —AGcg of ZnPhPor the marginal driving force for charge separation. On the factors
dimer, ZnPhPor and ZBusPc monomers in CkCl, were enabling the CS rate constant-e® x 10'°s™1 for such a small
estimated from the-80 transition energy gayEg) between the energy gap for the CS process, we first discuss these electron
lowest excited state and the ground state, the oxidation potentialtransfer rate constants in the ZrP&nPor system within the
(Eox), and the reduction potentiaEgq) as listed in Table 1.  framework of the nonadiabatic electron transfer theory. The
This standard potential did not shift even if 1-methylimidazole Wwell-known expression in the above framework is given in egs
was added. 13-1533%34Here,V is the electronic coupling matrix element,

The driving force—AGcr for intramolecular CR process from
the ZnPor radical anion to the ZnPc radical cation was calculated
from the following equation?

—AGr = Egy — Ejeq. T AGg (10) (ls + AG + nilb )
& expg — Mkt (13)
AGS = m (11) s
— )'V

Here, Rpa is the distance of ion paik and ¢y are dielectric S= Al (14)
constants of the solvent and of the vacuum, respectivelyeand
stands for elementary charge. In the present systeig, was _of1 1 1\/1 1
obtained as-0.134 eV withe = 8.39 (dichloromethane at 298 A= 2r, + 2, R\ « (15)

K) and Roa = 1.2 A. The driving force—AGcs for the
intramolecular CS process from ZnPc to ZnPor was roughly s = ; /aais the electron-vibration coupling constant, is
estimated by eq 12, and these results were summarized in Tablgne reorganization energy associated with the averaged angular
1 frequency @[] and As is the solvent reorganization energy.
Figure 11 shows semilogarithmic plots kifs andkcr against
—AGcs= Eg — AGcg (12) AGcsandAGcr for the ZnPe-ZnPor systems and the calculated
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SCHEME 4: Energy Level Diagram of ZnPc—2ZnPor(D)
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direct detection of the CS state is probably due to the rather

254  ZnPo-znPor*(D) - .. low energy of the §state of Pc {1.8 eV), leading to the
(206V)  g7ps ZnPc’-ZnPor(D) ZnPe (;Zg:\f}; (D) restrictions for the optimization of the redox factor for the energy
S 20 —p—— ——~ _(8eV) = 47ps : gaps in the electron transfer processes. Namely, the large energy
2 454 120 ps gap for the charge separation (CS) decreases the energy gap
§ for the charge recombination (CR). The largest rate for the CS
5 107 510 ps process is expected to be observed at the condition that the
054 energy gap for the CS is around the reorganization energy.
oo ZnPc-ZnPor(D) Because the typical reorganization energy in polar or medium

polar environments is ca. 0:3.0 eV, the energy gap for the

fast CS rate also corresponds to the fast CR rate for the electron

curves by eq 13 in CpCl> (n = 1.42,¢ = 8.93 at room  transfer processes in Pc systems. On the other hand, the large
temperaturé®). In this plot, the CS and CR time constants of energy gap for the CR process reduces both the CS and CR
the monomer dyad were respectively set to 200 and 30 ps. Werate constants, leading to the difficulty in the observation of
used a value of 1500 crifor [ [on the basis of the porphyrin  the CS state in the dynamic measurement. The present system
macrocycle &C double-bond frequency, and tig value of overcomes the incompatibility problem by accelerating the CS
0.3 eV, obtained for the CS reaction of the porphyrin-imide process of very small energy gap.
dyad system&! The energy gap dependence of the ET rate g1 pynamics with Stronger Interchromophore Electronic
constants in ZnPeZnPorM) and -O) were analyzed by |nteraction. As discussed in the previous section, the rather
adjusting only theis value with other parameters fixed; the  |5rge electronic interaction between ZnPor and ZnPc and the
results fords = 0.42 eV for ZnPe-ZnPorM) and s = 0.32 decrease in the reorganization energy by the dimerization lead
eV for ZnPc-ZnPorP) are shown by the dotted and solid lines 15 the acceleration of CS and deceleration of CR. In addition,
in Figure 11. Thels value for ZnPe-ZnPor(M) is estimated  the proadening of the absorption spectra in the ground state and
by eq 15 withra = 5.0 A, rp =75 A, andrpa = 11.0 A. The the rapid energy transfer from ZnPor to ZnPc suggest the
4s value for ZnPe-ZnPor) is lower than that for ZnPe presence of other favorable factors enabling the efficient and
ZnPor(M) by approximately 0.1 eV, which was estimated from {55t ¢S kes > ~10'9 even in the marginal driving forcé\Ges
the analogy in the previous paper on the dimer dyad of the . o Namely, the broadened absorption in the ground state of
porphyrin-imide systent,where it was revealed that the dimer ZnPor-ZnPQD), as was shown in Figure 1, strongly suggests
porphyrin delocalizes the cationic state leading to the decreaseyne CT interaction. In addition, the rapid excitation energy
of the reorganization energy and facilitating the rapid CS and ransfer also suggested the strong interaction between the excited
slow CR rates. The present result in Figure 11 strongly suggestSgiates of ZnPc and ZnPor by the direct connection of these
that not only the cation but also the anion radical are delocalized ygieties. The presence of strong interaction through the CT as
over two porphyrinz-orbitals to favor the CS state. well as excited states may lead to the acceleration of the

The parameteV = 16 meV for both ZnPeZnPor(M) and production of the CS state as exciplexes such as pyKgNe-
-(D) indicates that the electronic interaction in the present gimethylaniline and anthraceméN-dimethylaniline in nonpolar
systems is considerably large compared to other intramolecularggyents. In these systems, the charge-separated species are
porphyrin-electron donor/acceptor systefighe largeV value produced with large bimolecular rate constants as comparable
might account for the short BA distance through direct 55 the diffusion-limited rate even though the energy level of
connection. Actually, the/ value of the directly connected  the Cs state estimated by electrochemical data is much higher
porphyrin-imide systerf was reported to be 14 meV and  (han the $ state levePs3” For this rapid production of the
comparable to that for the present system. The above discussionarge-separated state, the strong interaction through the charge
indicates that larg¥ values and smaller reorganization energy resonance and exciton resonance has been considered to take
in the dimer system allow the rapid CS process in the dimer 4, important rolé8 Although the present system does not have
dyad. a geometry as in the exciplex systems in nonpolar solvents

Although several Por/Pc heterodyad systems have been(sandwich-type between twa-planes), the direct connection
reported;” 1% no direct observation of the ET reaction between ot glectron donor and acceptor and the overlap of the emission
Por and Pc has been presented. The reason for the lack of th;f 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) ZrZoPor-
3 (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
b IDI'"I‘e:C‘R‘ \ "] takes place with a 93% efficiency to the ZnPor dimer from the
05 10 ZnPc directly excited or after ENT process. (4) The high free
energy state of the CS species associated with the long lifetime
) -AG/ev is ideal for maximum use of the light energy for photovoltaic
Figure 11. Energy gap dependence lafs and kcB for ZnPor-ZnPc cell application.
dyads. The curves were calculated by eq 13, With 295 K,1, = 0.3 - .
eV, V = 16 meV,Alb0= 0.15 eV, andis = 0.42 (dotted line) and The present results indicate that the strong electronic interac-
tion in the D—A pair and the small reorganization energy in

0.32 eV (solid line) for ZnPorzZnPcM) and ZnPotr-ZnPcD),
respectively. the ET reactions are properties essential to the rapid CS for the

Ker /s

G DimerCs .,
10" N Monomer CR\ @
=Q Monomer CS :
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ZnPc-ZnPor dyad system of small energy gap. The equilibrium
between the LE and CS state of the comparable energy level
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 presenkcs and kcg rate constants with a large
electronic coupling matrix element & = 16 meV could be
interpreted by the nonadiabatic electron transfer theory with
AGcs ~ 0, the excitor-exciton interaction and/or charge

resonance interaction between Por and Pc were suggested. Th

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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