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electron acceptor ligands was compared with those of structural isomers, 2,3,7,8,11,12,17,18-
octaethylhemiporphycenatozinc(ll) (ZnHPc) and 2,3,6,7,12,13,16,17-octaethylporphycenatozinc(II)
(ZnPcn). First, ET process of the supramolecular donor-acceptor dyads of ZnOEP was investigated by
means of the transient absorption spectroscopy mainly. The formation of supramolecular dyads was
confirmed by absorption spectral change, from which the association constant was estimated. The ET
process was confirmed by the observation of radical cation of ZnOEP during the laser flash photolysis.
The ET rates of these dyads are in the order of ZnOEP >ZnHPc > ZnPcn, when the driving forces for ET are
similar to each other. From the free energy dependence of ET rates, the Ay values of OEP and its isomers
were estimated. The estimated Ay value was in the order of ZnOEP<ZnHPc<ZnPcn. This tendency
was reproduced by calculation at B3LYP/6-31G(d) and BHandHLYP/6-31G(d) levels. The origin of this
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tendency was discussed on the basis of the structural change during the ET process.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Porphyrin derivatives have been used as a key pigment to
develop various photofunctional and photoactive materials includ-
ing artificial photosynthesis systems, photocatalyst, photo dynamic
therapy, and so on [1]. Preparation of porphyrin derivatives with
desirable functions has been carried out by various synthetic
methods. Self-assembling by a coordination bond formation to a
central metal ion of porphyrin ring is also a useful method to pre-
pare various functional materials using porphyrin derivatives. To
date, a number of chromophore arrays including porphyrins pre-
pared by the supramolecular method have been reported [2-4].
Donor-acceptor dyads for efficient photo-energy conversion have
been also prepared by means of coordination bonding formation of
porphyrin derivatives [5-22].

Recently, we reported the electron transfer (ET) processes
of supramolecular donor-acceptor dyads of 2,3,6,7,12,13,16,17-
octaethylporphycenatozinc(ll) (ZnPcn) and 2,3,7,8,11,12,17,18-
octaethylhemiporphycenatozinc(ll) (ZnHPc) [23,24], which are
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structural isomers of 2,3,7,8,12,13,17,18-
octaethylporphinatozinc(ll) (ZnOEP) (Fig. 1). These isomers
have a large absorption in the red and near-IR regions because
of their lower symmetry compared to porphyrins [25]. Their
redox properties can be controlled by the selection of metal
ion in the inner cavity like porphyrins [26]. These points are
attractive from the viewpoint of various applications indicated
above. As the electron acceptor of these supramolecular dyads,
we prepared pyromellitic imide and phthalimide derivatives
bearing a pyridine ring (Fig. 1), of which N atom can coordi-
nate to the central Zn ion of these isomers [23,24,27]. From the
observed charge separation (CS) and recombination (CR) rates,
we have indicated the difference in the electronic coupling and
reorganization energy among these isomers, although of which
origin was not clarified. Furthermore, the lack of the ET rates
in the supramolecular donor-acceptor dyads using ZnOEP and
acceptors, which have been employed for dyads using ZnPcn and
ZnHPc, limited detailed analysis of these ET processes. Although
Otsuki et al. reported that free energy dependence of ET rate
between 5,10,15,20-tetraphenylporphyrinatozinc(Il) (ZnTPP) and
coordinated phthalimides [22], the parameters for ET such as
reorganization energy have not been determined. Furthermore,
there are difference in participating molecular orbital (MO) to
ET between ZnTPP and ZnOEP (a;, and ay,, respectively), and
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Fig. 1. Molecular structures of ZnOEP, ZnHPc, ZnPcn, PI, and phthalimides.

the molecular structures of electron acceptors are also different
from ours. Thus, systematic study on ZnOEP using the same set
of electron acceptor ligand as the studies on ZnPcn and ZnHPc
is essential to elucidate of isomeric structure-dependence of ET
behavior.

In the present paper, ET processes of donor-acceptor dyads of
ZnOEP are investigated in order to clear the characteristics of these
porphyrin isomers in ET processes depending on its structure. Dif-
ference in the ET processes of these isomers is discussed on the basis
of the Marcus theory. The MO and structural information obtained
by MO calculation of these isomers gave better understanding of
the different ET behavior of these isomers.

2. Experimental
2.1. Materials

ZnOEP was purchased from Aldrich and used as received. Axial
ligands were prepared as described in the previous papers [23,27].
All spectroscopic studies have been carried out using spectroscopic
grade toluene as solvent.

2.2. Apparatus

The subpicosecond transient absorption spectra were measured
by the pump and probe method using a regeneratively amplified
titanium sapphire laser as reported previously [28]. In the present
study, the sample was excited using a 565-nm laser pulse, which
was generated by an optical parametric amplifier.

The fluorescence decay profiles were measured by the single
photon counting method using a streakscope [29]. The ultrashort
laser pulse was generated by a Ti:sapphire laser. For excitation of
the sample, the output of the Ti:sapphire laser was converted to the
second harmonic oscillation (420 nm) using a harmonic generator.
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Fig. 2. Steady state absorption spectra of ZnOEP (2.8 wM) in toluene (black line,
optical path: 5.0 mm). Spectral changes during the complexation with CIPh was
also indicated (concentration of CIPh: 68.0, 135, 201, 267, 331, 395, 458, 520, 642,
761, 877,990, and 1100 wM). Inset: the Scatchard plot of absorbance at 405 nm.

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

Optimized structures were estimated at the B3LYP/6-31G(d)
and BHandHLYP/6-31G(d) levels using the Gaussian 03 package
[30]. For simplicity of the calculation, alkyl groups of the com-
pounds were reduced to methyl groups. The geometries were
optimized with tight option using tight SCF convergence and an
ultrafine integral grid.

3. Results and discussion

3.1. Electron transfer in supramolecular donor-acceptor dyad of
ZnOEP

The supramolecular donor-acceptor dyad of ZnOEP was
obtained by the ligation of the electron acceptor bearing a pyridine
(Py) ring (Fig. 1), of which N atom can coordinate to the central Zn
ion of ZnOEP. The formation of the dyad was confirmed by absorp-
tion spectral change. In Fig. 2, the absorption spectral change during
the formation of the donor-acceptor dyad of ZnOEP and CIPh in
toluene by stepwise addition of CIPh to ZnOEP was indicated as a
representative. ZnOEP in toluene shows absorption peaks at 405,
533, and 570 nm. The 405nm band is the B band and 533 and
570 nm bands are the Q band. Upon addition of CIPh, absorption
bands attributable to the dyad by coordination bonding appeared at
longer wavelength side of the corresponding bands, i.e., the B- and
Q-bands of the dyad appeared at 414 and 541 and 576 nm, respec-
tively. During the spectral change, isosbestic points were observed
at 372, 409, 518, 535, 558, and 574 nm. The absorption peak posi-
tions of the dyad are the same as those of the Py-coordinated ZnOEP
(Table 1), supporting the formation of supramolecular dyad by axial
ligation of the Py ring of the acceptor. The constant for the formation
of axial-ligated ZnOEP was estimated to be 1920M~! for CIPh-
ZnOEP by applying the Scatchard plot to the absorption change

Table 1
The peak position of the absorption bands (Amax), association constant (K,), and
fluorescence lifetime (7r) of ZNOEP complexes in toluene.

Donor Acceptor Amax/Nm Ka/M—1 Tg/ns

ZnOEP - 405, 533,570 - 2.0 (100%)

ZnOEP P12 414, 542,576 2500 <0.03 (95%), 1.9 (5%)
ZnOEP Cl,Ph 414, 541,576 1860 0.18 (95%), 1.9 (5%)
ZnOEP CIPh 415,542,576 1920 0.51(91%), 2.0 (9%)
ZnOEP MePh 415, 542,576 2050 2.2 (100%)

ZnOEP Py? 415,542,577 2200 2.1 (100%)

2 From Ref. [27].
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Table 2

The driving forces and electron transfer rates of ZnOEP, ZnPcn, and ZnHPc in toluene.
Donor Acceptor  —AGcs/eV? —AGcg/eV? kes/s™1P keg/s™1P
ZnOEP PI 0.83 1.30 1.1 x 10" 2.7 x10°
ZnOEP Cl,Ph 0.24 1.89 5.0 x 10° 2.9x 108
ZnOEP CIPh 0.12 2.01 1.5 x 10° 7.0 x 108
ZnOEP MePh -0.02 2.15 - -
ZnHPc Pl 0.86 1.15 2.8 x 10 3.6 x 10°
ZnHPc Cl,Ph 0.27 1.74 7.6 x 108 -
ZnHPc  CIPh 0.15 1.86 0.7 x 108 -¢
ZnHPc MePh 0.01 2.00 - -
ZnPcn PI 0.69 1.19 6.8 x 10° 2.4 x10°
ZnPcn Cl,Ph 0.10 1.78 2 x 107 -
ZnPcn CIPh -0.02 1.90 - -
ZnPcn MePh -0.16 2.04 - -

2 For the calculation of AGcs and AGeg values of ZnOEP supramolecular dyads,
following parameters were employed. E(ZnOEP-Py/ZnOEP**-Py)=0.61V vs. SCE.
E(A*~/A)=-0.83,-1.44, —1.56,and —1.70V vs. SCE for A =PI, Cl,Ph, CIPh, and MePh,
respectively. AEg¢ =2.13 eV. The ionic radii of cation, phthalimides, and Pl were 5.0,
3.5, and 3.0 A, respectively. The center to center distances for ZnOEP-PI and ZnOEP-
Ph were 9.8 and 8.6 A, respectively. AGs values were reduced by 0.35 eV according
to Ref. [33].

b ET rates of PI-ZnOEP are from Ref. [27]. ET rates of dyads of ZnHPc are from Ref.
[24]. ET rates of dyads of ZnPcn are from Ref. [23].

¢ Not observed.

at 405 nm (inset of Fig. 2) [31]. The estimated value is similar to
that of ZnOEP-Py (Table 1). For other electron acceptors bearing a
Py ring, the formation of supramolecular donor-acceptor dyad was
confirmed by similar manner. Table 1 summarizes the observed
absorption maxima and estimated association constants. These val-
ues are similar to each other.

The fluorescence intensity of pentacoordinated ZnOEP depends
largely on the acceptor-ability of the ligands. For ZnOEP coor-
dinated by the electron acceptors with higher electron acceptor
ability, essentially no fluorescence was observed upon excitation
of the absorption band of ZnOEP, while strong fluorescence was
observed with the dyad coordinated by Py or MePh with low
electron acceptor-ability. This tendency was confirmed by fluo-
rescence lifetime measurement as summarized in Table 1. For the
supramolecular dyads, fluorescence decayed according to two com-
ponents decay, of which shorter component can be attributed to the
coordinated ZnOEP while the longer component can be attributed
to non-coordinated ZnOEP from the same lifetime as ZnOEP. The
fluorescence lifetime became shorter with increase in the elec-
tron acceptor ability of the ligand. This observation suggests the
contribution of ET from the singlet excited state of ZnOEP.

For better understanding of fluorescence lifetime dependent on
the electron acceptor ability of the ligands, the driving forces for the
electron transfer (AGcs and AGcgr) were estimated using Weller’s
equation (Egs. (1)-(3)) [32] using the electrochemical and spectro-
scopic data summarized in the footnote of Table 2.

—AGcs = AEgg — (—AGeR) (1)
—AGcg = Eox — Ereq + AGs (2)
e? 1 1 1 1 1 1 1

86s= g (ot 1) (5) - (3 2) (5)]
(3)

where AEg_q is excitation energy, rp and ra are ionic radii of donor
and acceptor, respectively, r is center-to-center distance, and &s
are g, are dielectric constants of solvent for the rate measure-
ments and redox measurements, respectively. The AGs value was
reduced by 0.35 eV according to Ref. [33]. The estimated AG values
were summarized in Table 2. Although AGcs value of ZnOEP-MePh
dyad is positive, sufficiently negative AGcs values were obtained
for other supramolecular dyads. Furthermore, the fluorescence life-

time became shorter with the increase in — AGcs value, supporting
the CS from the singlet excited ZnOEP.

The CS and CR processes in the supramolecular donor-acceptor
dyads were confirmed by the sub-picosecond transient absorp-
tion spectroscopy. Fig. 3 is the transient absorption spectra of
ZnOEP-Cl,Ph in toluene during the laser flash photolysis using
565 nm femtosecond laser pulse for excitation of ZnOEP moiety of
the supramolecular dyad. In the present transient absorption study,
excess amount (100 equiv.) of the electron acceptor was added to
ZnOEP solution to ensure that photoinduced processes of the pen-
tacoordinated form can be elucidated. Under this condition, >99% of
ZnOEP is in the pentacoordinated form. The absorption spectrum
at 40 ps after the laser excitation can be attributed to the singlet
excited state of ZnOEP. With the decay of the singlet excited state
of ZnOEP, the absorption band attributable to the radical cation of
ZnOEP appeared around 630 nm [34], which showed arising kinetic
trace with the rate equivalent to the fluorescence decay lifetime,
indicating that the charge separated state was generated from the
singlet excited state of ZnOEP. The rate constant for the CS was
estimated from the difference between the reciprocal of fluores-
cence lifetimes of Py-ZnOEP and Cl,Ph-ZnOEP to be 5.0 x 109 s~1,
The decay of the charge separated state can be attributed to the
CR process, of which rate was estimated form the kinetic trace of
the transient absorption at 630 nm to be 2.9 x 108 s—1, which corre-
sponds to 3.4 ns of CS lifetime. Similar transient absorption spectral
change was observed with ZnOEP-CIPh, while ZnOEP-MePh did not
show spectral change due to CS process, which can be rationalized
from the endothermic driving force (Table 2). The rate constants for
the CS and CR observed with the supramolecular donor-acceptor
dyads of ZnOEP were summarized in Table 2. The CS rate con-
stants of ZnOEP-Cl,Ph and ZnOEP-CIPh were smaller than that of
ZnOEP-PI [27]. This observation is explained from the fact that the
—AGcs value of ZnOEP-Pl s the largest among those of ZnOEP dyads
investigated in this study.

3.2. Driving-force dependence of the electron transfer rates

In the previous papers, we have reported the CS and CR rates
of the supramolecular dyads of ZnPcn and ZnHPc with the same
set of the axial ligands which act as electron acceptors [23,24].
The rate constants for CS and CR (kcs and kcg, respectively)
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Fig. 3. Transientabsorption spectra of Cl,Ph-ZnOEP in toluene during the laser flash
photolysis using 565-nm femtosecond pulse for excitation. Spectra were obtained
from 40 to 520 ps (40 ps step) after the laser excitation. Lower panel is kinetic trace
of AO.D. at 630 nm during the laser flash photolysis. Red curve is a fitted curve. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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Fig. 4. Free energy change (—AG) dependence of ET rate (kgr, i.e., kcs (filled mark)
and kcr (opened mark)) of ZnOEP (black circle), ZnPcn (blue triangle), and ZnHPc
(red square) complexes. Parameters for each curve were given in Table 3. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

Table 3

Parameters of Marcus equation (Eqs. (4)-(6) in text).2
Donor V/meV Lv/eV rsleV h{w)leV
ZnOEP 1.6 0.8 0.050 0.15
ZnHPc 1.0 0.9 0.050 0.15
ZnPcn 0.7 1.0 0.050 0.15

2 Parameters for ZnHPc and ZnPcn were determined in Refs. [23,24].

were summarized as well as the driving forces in Table 2. Pre-
viously, we have pointed out that kcs values were in the order
of ZnOEP >ZnHPc>ZnPcn for the supramolecular dyads with PI
although the — AG¢s were similar to each other [23,24]. This ten-
dency was also confirmed with the supramolecular dyads using
Cl,Ph or CIPh as the ligand.

For detailed comparison, the estimated electron transfer rates
(kgr, i.e., kcs and kcg) of ZnOEP, ZnHPc, and ZnOEP supramolecu-
lar dyads were plotted against the driving forces (AG) in Fig. 4. In
the previous papers [23,24], we have analyzed the driving force
dependence of ET rates based on the Marcus theory, Egs. (4)-(6)
[35,36],

T 2
ket =, | ———|V § (e=5(S™/m1))
Y h2k51<BT| | . /

(As + AG + mh(w))?
x eXp (— BckaT ) (4)

_e2( Ly 1 Iyl _ 1
hs=e <2rD+2rA r) (nz 85) (%)
= f)” (6)

In Eq. (4), As is the solvent reorganization energy given by Eq.
(5), Vis the electronic coupling, S is the electron-vibration coupling
constant given by Eq. (6), and (w) is the averaged angular frequency.
In Eq. (5), nis the refractive index. In Eq. (6), Ay is the internal reor-
ganization energy. The Ag value was estimated to be 0.05 eV [23,24].
For ZnPcn and ZnHPc, red and blue curves, respectively, were esti-
mated to reproduce the estimated ET rates using the parameters
listed in Table 3. For the supramolecular dyads of ZnOEP, 1.6 meV
of the V and 0.8 eV of the Ay values were employed to obtain the
black curve in Fig. 4. Thus, the V value of the ET of porphyrin iso-
mers is in the order of ZnOEP >ZnHPc > ZnPcn, while the Ay value
is ZnPcn > ZnHPc > ZnOEP.

Table 4
Calculated internal reorganization energy (unit: meV).

B3LYP/6-31G(d) BHandHLYP/6-31G(d)

An? )"ionb )\VC )‘rna )‘-ionb )‘rVC
ZnOEP 32 30 62 43 62 105
ZnHPc 87 10 97 53 60 113
ZnPcn 133 126 259 162 218 380
Py-ZnOEP 94 13 104 67 72 139
Py-ZnHPc 142 32 174 93 68 161
Py-ZnPcn 195 184 379 255 195 450
PI 255 253 508 313 303 616
Cl,Ph 303 280 583 345 322 667
CIPh 293 294 587 355 335 690
MePh 294 321 615 358 348 705

2 Energy difference between radical ion and neutral geometries with charge zero.

b Energy difference between neutral and radical ion geometries with charge +1
or —1.

¢ Sum of A and Ajop.

For the detailed understanding of the observed differences in V
and Ay values of ET rates of the supramolecular dyads of ZnOEP,
ZnHPc, and ZnPcn, MO and molecular structures were investi-
gated by means of MO calculations [24]. It has been pointed out
that ET rates from the excited porphyrinoids relate to HOMO elec-
tronic densities [37-39]. In the previous paper [24], we showed
that the distribution of the HOMO electron density give a plausible
explanation for the variation in the V value for ET dependent on
porphyrinoids for supramolecular donor-acceptor dyads. That is,
the shorter (longer) distance between the acceptor and the carbon
with the largest HOMO electron density accelerates (decelerates)
ET in supramolecule of ZnOEP (ZnPcn).

According to the Marcus cross relation [35,36,40], reorgani-
zation energy of ET process, D+ A=D**+A*", is the average of
the reorganization energies of following two self-exchange ET
processes: D+D**=D**+D and A+A*~ =A*~ +A. Klimkans and
Larsson indicated that the reorganization energy of self-exchange
ET process is the sum of the energy differences calculated by
An=Eijon(0) —En(0) and Ajop =En(+1 or —1) — E;on(+1 or —1), where
subscripts n and ion indicate geometries optimized for neutral
and radical ion forms, respectively, and the number in the paren-
thesis is the charge [41,42]. Gray and co-workers applied this
method to calculate the reorganization energy of zinc porphyrins
and compared with the experimentally determined value [43].
They indicated that BHandHLYP reproduces the experimentally
determined values. Imahori and co-workers used this method to
calculate the reorganization energy of donor-acceptor dyad of
porphyrin and perylenediimide (PDI) [44]. They showed that reor-
ganization energy of PDI is larger than that of porphyrin.

We applied this calculation method to the present supramolec-
ular systems. Table 4 summarizes the Ap, Ajon, and Ay values for
self-exchange ET estimated with B3LYP and BHandHLYP methods
using 6-31G(d) basis. The estimated Ay values are in the order of
ZnOEP < ZnHPc < ZnPcn both in the cases of B3LYP and BHandHLYP.
This order is maintained also in the pentacoordinated form, which
is assuming that a Py ring is coordinated to the central Znion in each
cases. Larger Ay values of imides than those of the porphyrinoids
are the same tendency as reported by Imahori and co-workers [44].
As shown in the previous papers [23,24,27], in the supramolecular
donor-acceptor dyads investigated in this study, HOMO and LUMO
electron densities are not distributed on the Py ring in each cases,
indicating that the Py ring acts as a spacer. The internal reorga-
nization energy for the ET in the supramolecular dyads should be
the sum of Ay values for self-exchange ET processes of Py coordi-
nated porphyrinoids and acceptors. Thus, the Ay values for the ET
in the supramolecular dyads of ZnOEP, ZnHPc, and ZnPcn are cal-
culated to be 612-719, 682-789, and 887-994 meV, respectively,
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Fig. 5. Difference in the bond length between the neutral and oxidized ZnOEP (left), ZnHPc (center), and ZnPcn (right) coordinated by Py estimated at B3LYP/6-31G(d) level.
Large bond length changes were indicated by larger character size. Unit is A. For simplicity of the calculation, alkyl groups of the compounds were reduced to methyl groups.

Difference in N-Zn-N bond angle was also indicated.

using the Ay values estimated with B3LYP method. These values
are 755-844, 777-866, and 1066-1155 meV, respectively, based
on BHandHLYP method. In both cases, observed order and differ-
ences reproduced experimentally determined Ay values (Table 3)
rather well. The B3LYP gives slightly smaller Ay values, while the
difference in Ay values is similar to the experimentally determined
one. BHandHLYP gives Ay values close to the experimentally deter-
mined for ZnOEP and ZnPcn, while difference between the ZnOEP
and ZnHPc seems to be small.

Since the Ay value is free energy change associated with bond
length change during the ET, the difference in the Ay values of the
supramolecular dyads of ZnOEP, ZnHPc, and ZnPcn were inves-
tigated from the viewpoint of structural change upon oxidation.
In Fig. 5, bond length changes of Py-coordinated ZnOEP, ZnHPc,
and ZnPcn upon one electron oxidation were indicated. In each

cases, the largest bond length change was observed with the bond
between Zn ion and Py ring: the bond became shorter upon oxida-
tion by 0.032-0.049 A, which is in the same order as the Ay values.
Next large bond length change was observed with the bonds con-
necting to the a carbon of the pyrrole ring. This is adequate taking
the large HOMO electron density on this carbon into account. The
changes in the length of the bonds connecting to the o carbon of the
pyrrole ring of ZnOEP are smaller than those of ZnPcn and ZnHPc.
In addition, the length change of the N-Zn bond is in the order of
ZnOEP <ZnHPc < ZnPcn. In each cases, the angle of N-Zn-N became
an acute angle upon oxidation. The change in N-Zn-N angle is
—4.2°,-4.3°, and —5.8° for ZnOEP, ZnHPc, and ZnPcn, respectively,
indicating that Zn ion of ZnPcn is pulled out from the porphyrinoid
plain to larger extent than others upon oxidation probably due to
smaller inner cavity of ZnPcn than others [45] (N-N distance of

Fig. 6. Difference in the bond length between the neutral and reduced PI (upper left), Cl, Ph (upper right), CIPh (lower left) and MePh (lower right) estimated at B3LYP/6-31G(d)
level. Large bond length changes were indicated by larger character size. Unit is A. For simplicity of the calculation, alkyl group of PI was reduced to methyl groups.
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N-Zn-N is 4.086, 4.047, and 4.011 A for tetracoordinated neutral
ZnOEP, ZnHPc, and ZnPcn, respectively). This point will be ratio-
nalized from the calculation on structural change upon oxidation of
tetracoordinated ZnOEP, ZnHPc, and ZnPcn, in which ZnPcn showed
—2.8° of change in N-Zn-N angle while ZnOEP and ZnHPc did not
show angle change keeping planar structure (Supplementary data,
Figure S1). Thus, the size of inner cavity will be the one of the factors
determining the reorganization energy in the case of Zn coordi-
nated porphyrinoids. Consequently, the difference in changes in
the bond length of Py N-Zn ion, bonds around « carbon, and angle
around central Zn ion caused difference in the reorganization ener-
gies of these porphyrin isomers.

The bond length change upon reduction of the acceptors in this
study was indicated in Fig. 6. When compared with the bond length
changes of porphyrinoids in Fig. 5, larger bond length changes were
observed with these acceptors, in accordance with larger Ay values
of the acceptors as listed in Table 4. In the case of PI, larger bond
changes were observed around maleic imide rings, while a benzene
ring of phthalimide showed larger changes in the cases of Cl,Ph,
CIPh, and MePh, supporting larger Ay values of phthalimides. Since
the Ay value of PDI is reported to be 312 meV based on the similar
MO calculation [44], delocalization of negative charge over larger
Tr-conjugation systems seems to lower the Ay value effectively. Fur-
thermore, Cl-C bonds of Cl,Ph and CIPh showed larger bond length
changes upon reduction, which should be the origin of their rather
larger Ay values.

4. Conclusion

In the present paper, we compared the ET processes of
supramolecular donor-acceptor dyads of ZnOEP and its isomers,
ZnHPc and ZnPcn. First, we investigated ET processes of ZnOEP
supramolecular donor-acceptor dyads. The formation of the CS
state was successfully observed with the transient absorption spec-
troscopy. The observed ET rates were compared with those of
two porphyrin isomers. The observed difference in the free energy
change dependence of ET rates was attributed to the difference in
electronic coupling and reorganization energy. The distribution of
HOMO electron density gives reasonable explanation on the differ-
ence in the electronic coupling. The difference in the reorganization
energy was reproduced by MO calculation and a structural factor
giving difference in the internal reorganization energy was pointed
out. Thus, the application of MO theory to the ET study gives bet-
ter insight and is useful to design a molecular system applicable to
efficient light energy conversion and so on.
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