
DOI: 10.1002/chem.201100493

Intermolecular and Intracomplex Photoinduced Electron Transfer from
Planar and Nonplanar Metalloporphyrins to p-Quinones

Masanori Kanematsu,[a] Panče Naumov,[a, b] Takahiko Kojima,*[c] and
Shunichi Fukuzumi*[a, d]

Introduction

Electron transfer is the most fundamental chemical process
in which an electron moves from one molecule to another,

playing an important role not only in chemistry, but also in
biological processes such as photosynthesis and respira-
tion.[1,2] Electron-transfer reactions commonly involve tran-
sition metal complexes, but there are now many examples of
electron-transfer reactions in organic chemistry.[3–9] Intermo-
lecular rate constants (ket) of outer-sphere electron-transfer
reactions have been well predicted by the Marcus theory of
electron transfer using Equation (1),[10] in which kdiff is the
diffusion rate constant, Z is the collision frequency (normal-
ly taken as 1 � 1011

m
�1 s�1), DGet is the free-energy change of

electron transfer, and l is the reorganization energy of elec-
tron transfer (the energy required to structurally reorganize
the donor, acceptor, and their solvation spheres upon elec-
tron transfer).

ket ¼ ½k�1
diff þ Z�1 expfðl

4
Þ ð1þ DGet=lÞ2

kBT
g��1 ð1Þ

The driving force of electron transfer is given as the dif-
ference between the one-electron reduction potential (Ered)
of an electron acceptor and the one-electron oxidation po-
tential (Eox) of an electron donor, as shown in Equa-
tion (2).[3–9]
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interactions between AqCOO� and the
porphyrin ring. In the case of the
saddle-distorted [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)],
however, the AqCOO� moiety is
nearly perpendicular to the porphyrin
ring. The photodynamics of intracom-
plex photoinduced electron transfer
from the singlet excited state of [Al-ACHTUNGTRENNUNG(TPP)]+ and [Al ACHTUNGTRENNUNG(DPP)]+ to the
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reveal that the electron transfer is adia-
batic in each case.
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DGet ¼ eðEred � EoxÞ ð2Þ

Quantitative analyses of intermolecular electron-transfer
reactions have mostly focused on outer-sphere electron-
transfer processes,[11,12] in which the electronic coupling or
binding energy within the elusive precursor complex is suffi-
ciently weak to be neglected, but still strong enough to
make the electron transfer in the precursor complex adia-
batic so that the electron-transfer rate constant is deter-
mined solely by the driving force of the electron transfer
(�DGet) and the reorganization energy (l) in Equation (1).
Thus, the observed electron-transfer rate is intrinsically in-
sensitive to the interaction and geometry between an elec-
tron donor and acceptor pair in the precursor complex. In
such a case, the l value is the most important factor in de-
termining the electron-transfer reactivity of electron donor
and acceptor molecules besides the one-electron redox po-
tentials.[1–12] There have so far been extensive studies on the
l values of a number of electron-transfer reactions of elec-
tron donor and acceptor molecules.[3,13, 14]

Among numerous electron donor and acceptor molecules,
porphyrins have merited special attention in relation to
their important roles in biological electron-transfer systems
such as photosynthesis and respiration.[1,2,15–17] Artificial pho-
tosynthetic systems composed of porphyrins linked with
electron acceptors by covalent or noncovalent bonds have
been studied extensively and applied to a variety of photo-
functional materials, because of the efficient photoinduced
electron transfer in porphyrin-based compounds.[18–25] In
such porphyrin-based donor–acceptor linked systems, the
electronic coupling between the donor and acceptor mole-
cule is normally insufficient to
make the electron transfer in
the precursor complex adiabat-
ic, and the rate constant is
highly dependent on the geom-
etry and the distance between
the donor and acceptor mole-
cules.[18–25] The electronic cou-
pling generally becomes weaker
in donor–acceptor coordination
complexes linked by noncova-
lent bonding as compared with
those linked by covalent bond-
ing.[21–25] Thus, there has been
no report on adiabatic photo-ACHTUNGTRENNUNGinduced electron transfer in
donor–acceptor coordination
complexes with X-ray crystal
structures.

The electron-transfer reactivity of porphyrins can be
finely tuned by conformational distortion of the porphyrin
ligand, the central metal, and the axial coordination.[26,27]

For example, the rates of photoinduced electron-transfer re-
actions of diprotonated porphyrins that act as electron ac-
ceptors are significantly slowed down by conformational dis-
tortion of the porphyrin ring, which results in a large in-

crease in the reorganization energy of electron transfer.[27]

Such nonplanar conformations of porphyrins are known to
influence not only the photophysical and redox properties
of synthetic porphyrins, but also the biological functions of
various porphyrinoids in metalloproteins.[28, 29] However, the
effects of conformational distortion of the porphyrin ligand
on intermolecular or intramolecular electron-transfer re-ACHTUNGTRENNUNGactions of metalloporphyrins that act as electron donors
have yet to be reported. There has been no systematic study
on the effects of the driving force, the central metal, the
axial ligand, and the conformational distortion of the por-
phyrin ring on the reorganization energies of the intermolec-
ular or intramolecular electron transfer of metalloporphyr-
ins.

Herein, we report the first systematic study on the dynam-
ics of intermolecular electron-transfer reactions of planar
and nonplanar metalloporphyrins using a series of p-benzo-
quinone derivatives as electron acceptors (Scheme 1) to ex-
amine the effects of the driving force, the central metal, the
axial ligand, and the conformational distortion of the por-
phyrin ring on the reorganization energies of electron trans-
fer. Planar and nonplanar AlIII porphyrins with an axial
ligand (PhCOO�), [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] (TPP2�= tetraphe-
nylporphyrin dianion) and [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] (DPP2�=

dodecaphenylporphyrin dianion), were employed to exam-
ine the effects of conformational distortion of the porphyrin
ligand and the axial ligand in comparison with the corre-
sponding ZnII porphyrins, [Zn ACHTUNGTRENNUNG(TPP)] and [ZnACHTUNGTRENNUNG(DPP)], re-
spectively. It should be noted that there have been only a
few reports on the photoinduced electron-transfer reactions
of AlIII porphyrins.[30,31]

The intracomplex photoinduced electron-transfer re-ACHTUNGTRENNUNGactions of [Al ACHTUNGTRENNUNG(TPP)]+ and [AlACHTUNGTRENNUNG(DPP)]+ were also examined
by replacing the PhCOO� axial ligand with anthraquinone-
2-carboxylate (AqCOO�), which can act as an electron ac-
ceptor (Scheme 2). The strong Lewis acidity of the Al3+ ion
enables the formation of strong axial ligand binding of
AqCOO�. The difference in the binding geometries between
[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] and [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)] in Scheme 2

Scheme 1. Structures of metalloporphyrins and p-benzoquinone derivatives.
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is revealed by the X-ray crystal
structures, which have been suc-
cessfully determined in this
study.

The dynamics of both inter-
molecular and intracomplex
photoinduced electron-transfer
reactions of metalloporphyrins
with p-benzoquinone deriva-
tives (Schemes 1 and 2) were
investigated by laser flash pho-
tolysis measurements. The re-
sulting rate constants of photo-
induced electron transfer were
evaluated in light of the Marcus
theory of electron transfer to
reveal that this is the first ex-
ample of adiabatic photo-ACHTUNGTRENNUNGinduced electron transfer in
electron donor–acceptor coordi-
nation complexes ([Al ACHTUNGTRENNUNG(TPP)-ACHTUNGTRENNUNG(AqCOO)] and [Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(AqCOO)]) with X-ray crystal
structures. The l values, which
were determined in the present
study, are found to depend on
the driving force, central metal,
axial ligand, and conformation-
al distortion of the porphyrin
ring, providing valuable insights
for the rational design of elec-
tron-transfer systems of metal-
loporphyrins.

Results and Discussion

Photoinduced electron-transfer dynamics : Time-resolved
nanosecond transient absorption spectra of metalloporphyr-
ins were measured in the presence of p-benzoquinone deriv-
atives to examine the dynamics of intermolecular photo-ACHTUNGTRENNUNGinduced electron transfer from the triplet excited state of
metalloporphyrins to p-benzoquinone derivatives in deaerat-
ed PhCN at 298 K. Figure 1 a shows the transient absorption
spectral change of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] with p-chloranil
(Cl4Q) as a typical electron acceptor. The T–T absorption
band at 490 nm due to 3[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)]* decays, accom-
panied by the rise of an absorption band at 410 nm due to
Cl4QC�,[32] together with a broad absorption band in the
region of 600–800 nm due to [Al ACHTUNGTRENNUNG(TPPC+) ACHTUNGTRENNUNG(PhCOO)] (Fig-ACHTUNGTRENNUNGures 1 a–c). The assignment of the broad absorption band in
the region of 600–800 nm was made through comparison
with the differential absorption spectrum obtained by the
one-electron oxidation of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] with a strong
one-electron oxidant [RuACHTUNGTRENNUNG(bpy)3]

3+ (Figure 1 d). Thus, elec-
tron transfer from 3[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)]* to Cl4Q to produce

Scheme 2. Structures of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] and [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)].

Figure 1. a) Transient absorption spectra of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] (3.0 � 10�5
m) in the presence of Cl4Q (1.6 �

10�4
m) in deaerated PhCN at 298 K after nanosecond laser excitation at 559 nm. b) Time profile at 410 nm

(dotted line) and 490 nm (black line). c) Transient absorption spectrum of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] (3.0 � 10�5
m) in

the presence of Cl4Q (1.6 � 10�4
m) in deaerated PhCN at 298 K observed 3.5 ms after nanosecond laser excita-

tion at 559 nm. d) Difference absorption spectrum of [Al ACHTUNGTRENNUNG(TPP·+) ACHTUNGTRENNUNG(PhCOO)] generated by the electron-transfer
oxidation of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] (3.0 � 10�5

m) with [Ru ACHTUNGTRENNUNG(bpy)3]
3+ (3.0 � 10�5

m) in deaerated PhCN at 298 K.
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[Al ACHTUNGTRENNUNG(TPPC+) ACHTUNGTRENNUNG(PhCOO)] and Cl4QC� was confirmed. The time
profile indicates that the electron transfer proceeded simul-
taneously with the decay of the triplet excited state of [Al-ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] (Figure 1 b).

The occurrence of electron transfer from 3[Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(PhCOO)]* to Cl4Q was also confirmed by the transient ab-
sorption spectrum of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] (3.0� 10�5

m) in
the presence of Cl4Q (9.9 � 10�4

m) in deaerated PhCN at
298 K (Figure 2 c) in comparison with the differential spec-
trum obtained by the one-electron oxidation of [Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(PhCOO)] with a strong one-electron oxidant [Ru ACHTUNGTRENNUNG(bpy)3]

3+

(Figure 2 d). The transient absorption spectra of [Zn ACHTUNGTRENNUNG(TPP)]
and [Zn ACHTUNGTRENNUNG(DPP)] as well as [AlACHTUNGTRENNUNG(TPP)ACHTUNGTRENNUNG(PhCOO)] and [Al-ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] in the presence of p-benzoquinone deriva-
tives were also measured to confirm the occurrence of elec-
tron transfer from the triplet excited states to the p-benzo-
quinone derivatives (Figures S1 and S2 in the Supporting In-
formation).

The rates of electron transfer from the triplet excited
states of metalloporphyrins to the p-benzoquinone deriva-
tives obeyed pseudo-first-order kinetics. A typical example

is shown in Figure 3. The pseudo-first-order rate constant in-
creased linearly with increasing concentration of methyl-p-
benzoquinone (MeQ), as shown in Figure 3 b. From the
slope of the linear plot depicted in Figure 3 b, the second-
order rate constant (ket) of intermolecular electron transfer
from 3[AlACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)]* to MeQ was determined to be
1.2 � 109

m
�1 s�1. Even though the driving force is small or

slightly negative, the photoinduced electron-transfer re-ACHTUNGTRENNUNGaction is irreversible because back electron transfer to the
ground state is faster than electron transfer from the excited
state.[4,33] Similarly, the ket values of electron transfer from
the triplet excited state of other metalloporphyrins to p-ben-
zoquinone derivatives were determined as listed in Table 1
(Figure S3 in the Supporting Information).

The driving forces (�DG*et) of the photoinduced electron
transfer from the triplet excited state of metalloporphyrins
to the p-benzoquinone derivatives were determined from
the one-electron oxidation potentials of the metalloporphyr-
ins (Eox), the one-electron reduction potentials of the p-ben-
zoquinone derivatives (Ered), and the triplet energies (E(T1))
using Equation (3), in which e is the elemental charge.

�DG*et ¼ eðEred � EoxÞ þ EðT1Þ
ð3Þ

The E(T1) values were deter-
mined from the phosphores-
cence spectra of the metallopor-
phyrins as listed in Table 2 (Fig-
ures S4–S6 in the Supporting
Information), where the Eox

values are also given, together
with the one-electron reduction
potentials of the p-benzoqui-
none derivatives. The electro-
static stabilization term is ne-
glected in a highly polar solvent
such as PhCN in Equa-
tion (3).[3,4]

Plots of log ket of photo-ACHTUNGTRENNUNGinduced electron transfer from
3[Zn ACHTUNGTRENNUNG(TPP)]*, 3[Zn ACHTUNGTRENNUNG(DPP)]*,
3[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)]*, and
3[Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)]* to a
series of p-benzoquinone deriv-
atives are shown in Figures 4 a
and 4 b, respectively. Each plot
cannot be fitted with the same
l value using Equation (1), and
the l value increases with the
increasing driving force of the
photoinduced electron transfer.
Such an increase in the l value
suggests that the mean distance
between the porphyrin (donor)
and acceptor molecules increas-
es with increasing driving force

Figure 2. a) Transient absorption spectra of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] (3.0 � 10�5
m) in the presence of Cl4Q (9.9 �

10�4
m) in deaerated PhCN at 298 K after nanosecond laser excitation at 585 nm. b) Time profile at 430 nm

(dotted line) and 500 nm (black line). c) Transient absorption spectrum of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] (3.0 � 10�5
m) in

the presence of Cl4Q (9.9 � 10�4
m) in deaerated PhCN at 298 K observed 1.6 ms after nanosecond laser excita-

tion at 585 nm. d) Difference absorption spectrum of [Al ACHTUNGTRENNUNG(DPPC+) ACHTUNGTRENNUNG(PhCOO)] generated by the electron-transfer
oxidation of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] (4 � 10�6

m) with [Ru ACHTUNGTRENNUNG(bpy)3]
3+ (4 � 10�6

m) in deaerated PhCN at 298 K.
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of the photoinduced electron transfer, because the distance
(RDA) between the donor and acceptor molecules is known
to be inversely proportional to the solvent reorganization
energy (ls), in accordance with Equation (4), in which e is
the electric charge, e0 is the electric constant, rD and rA are
the ionic radii of the donor and acceptor molecules, respec-

tively, and eop and es are the optical and static dielectric con-
stants of the solvent, respectively.[35]

ls ¼
e2

4pe0

1
2rD
þ 1

2rA
� 1

RDA

� �
1

eop
� 1

es

� �
ð4Þ

Figure 3. a) Decay time profiles at 500 nm of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] (3.0 �
10�5

m) in the presence of MeQ in deaerated PhCN at 298 K. b) Plot of
the pseudo-first-order rate constant (kobs) versus MeQ concentration.

Table 1. One-electron reduction potentials (Ered) of electron acceptors
and rate constants (ket) for electron transfer from 3[Zn ACHTUNGTRENNUNG(TPP)]*, 3[Al-ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)]*, 3[Zn ACHTUNGTRENNUNG(DPP)]*, and 3[Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)]* to p-benzo-
quinone derivatives (electron acceptors) in PhCN at 298 K.

Electron Ered
[a] ket [m�1 s�1]

acceptor [V vs. SCE] [ZnACHTUNGTRENNUNG(TPP)] [Al ACHTUNGTRENNUNG(TPP)-ACHTUNGTRENNUNG(PhCOO)]
[Zn ACHTUNGTRENNUNG(DPP)] [Al ACHTUNGTRENNUNG(TPP)-ACHTUNGTRENNUNG(PhCOO)]

Me4Q �0.96 3.2� 108 –[b] –[c] –[c]

Me2Q �0.79 1.4� 109 6.8 � 108 –[c] –[c]

MeQ �0.68 2.3� 109 1.2 � 109 –[c] –[c]

Q �0.61 3.3� 109 1.7 � 109 7.9� 108 1.4� 108

ClQ �0.50 5.0� 109 3.7 � 109 1.1� 109 2.3� 108

Cl2Q �0.29 5.0� 109 3.9 � 109 1.7� 109 4.5� 108

Cl4Q �0.09 6.2� 109 5.6 � 109 3.2� 109 1.8� 109

[a] Determined from cyclic voltammetry in PhCN containing 0.1 m

TBAPF6 at 298 K. [b] Not measured because of the excessively negative
�DGet value. [c] ket values not determined because of the too poor accel-
eration of the decay of the triplet excited states.

Table 2. One-electron oxidation potentials (Eox), and energies of singlet
excited states (E(S1)) and triplet excited states (E(T1)) of metallopor-
phyrins.

Metalloporphyrin Eox [V vs. SCE][a] E(S1) [eV][b] E(T1) [eV]

[Zn ACHTUNGTRENNUNG(TPP)] 0.66 1.97 1.58[c]

[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] 0.76 1.96 1.50[c]

[Zn ACHTUNGTRENNUNG(DPP)] 0.35 1.75 1.39[c]

[Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] 0.60 1.87 1.25[c]

[a] Determined from cyclic voltammetry in PhCN containing 0.1m

TBAPF6 at 298 K (Figures S7–S10 in the Supporting Information).
[b] Determined from the absorption and fluorescence spectra in PhCN at
298 K (Figures S11 and S12 in the Supporting Information). [c] Deter-
mined from the phosphorescence spectra in frozen 2-methyltetrahydro-
furan at 77 K.[34]

Figure 4. Dependence of log ket on �DGet for electron transfer from
a) [ZnACHTUNGTRENNUNG(TPP)] (*), [Zn ACHTUNGTRENNUNG(DPP)] (*), b) [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] (&) and [Al-ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] (&) to various electron acceptors in PhCN at 298 K.
The dotted lines are calculated by the Marcus equation [Eq. (1)] with l=

0.50–0.77 eV ([Zn ACHTUNGTRENNUNG(TPP)]), l=1.19–1.61 eV ([Zn ACHTUNGTRENNUNG(DPP)]), l =0.40–
0.77 eV ([Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)]), and l =0.76–1.24 eV ([Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(PhCOO)]). The open square (&) in (b) indicates the rate constant of
electron transfer from 1[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)]* to anthraquinone in PhCN
at 298 K, determined by fluorescence-quenching experiments (Figur-
es S13 and S14 in the Supporting Information).
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The driving-force dependence of the l values of photo-ACHTUNGTRENNUNGinduced electron transfer from the triplet excited states of
metalloporphyrins to p-benzoquinone derivatives is shown
in Figure 5. The l values of all the porphyrins increase line-
arly with the increasing driving force of the photoinduced
electron transfer, as expected from reference [36]. Such an
increase in the l value has been considered as the main
reason why the Marcus inverted region cannot be observed
in intermolecular photoinduced electron-transfer reactions
except for the case in which there is an exceptionally small
reorganization energy of electron transfer.[33,37,38] The mini-
mum l value of TPP (0.50 eV) at �DGet�0 is similar to the
minimum l value of intermolecular photoinduced electron-
transfer reactions of a cofacial zinc porphyrin dimer
(0.50 eV),[36] and also to the reported l value of photo-ACHTUNGTRENNUNGinduced electron transfer in the p complex between a cofa-
cial free-base porphyrin dimer and a sandwiched acridinium
ion (0.54 eV).[39] Thus, a planar porphyrin has a small re-ACHTUNGTRENNUNGorganization energy in photoinduced electron-transfer oxi-
dation when the porphyrin is in close contact with an elec-
tron acceptor at �DGet�0, when the interaction between
the electron donor and acceptor molecules is maximized ac-
cording to the Mulliken theory of charge-transfer com-
plexes. In such a case, the solvent reorganization energy is
minimized, as expected from Equation (4). As the driving
force of photoinduced electron transfer increases, the inter-
action between the electron donor and acceptor molecules
becomes weaker when the RDA value increases to afford a
larger solvent reorganization energy in accordance with
Equation (4).

As shown in Figure 5, the l values of planar metallopor-
phyrins without and with an axial ligand ([ZnACHTUNGTRENNUNG(TPP)] and
[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)], respectively) are similar to each other,
but they are 0.27 eV smaller than those of the corresponding
nonplanar metalloporphyrins ([ZnACHTUNGTRENNUNG(DPP)] and [Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(PhCOO)], respectively) when they are compared for the
same driving force of photoinduced electron transfer. Thus,

the l values are not affected by the central metal or by the
axial ligand as long as the electron transfer occurs at the
porphyrin ring. In contrast, the conformational distortion of
the porphyrin ring in DPP2� results in a significant increase
in the bond reorganization energy of the photoinduced elec-
tron-transfer oxidation of metalloporphyrins, as observed in
the photoinduced electron-transfer reduction of diprotonat-
ed porphyrins.[27]

Aluminum porphyrins with anthraquinonecarboxylate axial
ligand : The reactions of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(OMe)] and [Al-ACHTUNGTRENNUNG(DPP)(OH)] with anthraquinone-2-carboxylic acid
(AqCOOH) in CHCl3 afforded [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] and
[Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)], respectively. Both [Al ACHTUNGTRENNUNG(TPP)-ACHTUNGTRENNUNG(AqCOO)] and [AlACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)] were well character-
ized by MALDI-TOF MS and 1H NMR measurements (see
Experimental Section). In the case of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)],
a single crystal was obtained as [AlACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO) ACHTUNGTRENNUNG(H2O)]
to allow us to determine the crystal structure, as shown in
Figure 6, revealing the strong axial coordination of
AqCOO� to the Al3+ ion of AlACHTUNGTRENNUNG(TPP)+ and the intracom-
plex p–p interactions between the porphyrin ligand and the
AqCOO� ligand. The intracomplex p–p interactions were
also observed between the centroid of the phenyl ring with
the carboxyl group of the AqCOO� ligand and the meso
carbon just below the centroid in the porphyrin ring
(3.69 �) in the face-to-face fashion, and the centroid of the
quinone moiety of the AqCOO� ligand and the ortho
carbon of the meso-phenyl group (3.70 �) in the edge-to-
face fashion. The bond length between the carboxylate
oxygen of the AqCOO� ligand and the AlIII center is
1.889(3) �, and that between the oxygen atom of the aqua

Figure 5. Dependence of l on �DGet for electron transfer from planar
metalloporphyrins ([Zn ACHTUNGTRENNUNG(TPP)] and [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)]) (solid line with
black circles), and saddle-distorted metalloporphyrins ([Zn ACHTUNGTRENNUNG(DPP)] and
[Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)]) (solid line with open circles) to various electron ac-
ceptors in PhCN at 298 K.

Figure 6. Crystal structure of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)ACHTUNGTRENNUNG(H2O)]·PhCN from dif-
ferent directions: a) top view; b) side view.
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ligand and the AlIII center is 1.948(3) �. The distance be-
tween the AlIII center and the carboxyl oxygen is compara-
ble to those between AlIII centers and carboxylate oxygen
atoms, which have been reported to be 1.861(3) � for
[Al(5,10,15,20-tetrakis(3,5-di-tert-butyl-phenyl)porphyrina-
to)(3-pyridine-carboxylato)], and 1.894(6) and 1.895(6) �
for [Al(5,10,15,20-tetrakis(3,5-di-tert-butyl-phenyl)por-ACHTUNGTRENNUNGphyrinato)(4-pyridinecarboxylato)].[40]

In the case of the saddle-distorted [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)]
complex, crystallized as [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)ACHTUNGTRENNUNG(H2O)], the
AqCOO� moiety is nearly perpendicular to the porphyrin
ring (Figure 7). There is no intracomplex p–p interaction be-
tween the porphyrin ligand and the AqCOO� ligand. The
AqCOO� moiety�s motion is limited by the steric hindrance
of the phenyl groups.

The coordination of the water molecule found in the crys-
tal structures was assumed to be negligible in PhCN: no ab-
sorption spectral change was observed with the addition of
water to the solutions of [AlACHTUNGTRENNUNG(TPP)ACHTUNGTRENNUNG(AqCOO)] and [Al-ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)] in PhCN. The aqua ligand may be re-
quired for crystallization, as intermolecular hydrogen bond-
ing was observed between the aqua ligand and the PhCN
molecule of crystallization in both cases, and that between
the aqua ligand and the carbonyl oxygen of the adjacent
molecule in [AlACHTUNGTRENNUNG(TPP)ACHTUNGTRENNUNG(AqCOO)ACHTUNGTRENNUNG(H2O)] in the crystals
(O(2)···O(3)’= 2.593(4) � and O(2)···N ACHTUNGTRENNUNG(PhCN)=2.872(5) �
for [Al ACHTUNGTRENNUNG(TPP)-(AqCOO) ACHTUNGTRENNUNG(H2O)]; O ACHTUNGTRENNUNG(aqua)···N ACHTUNGTRENNUNG(PhCN)=

2.785(6) � for [AlACHTUNGTRENNUNG(DPP)-(AqCOO) ACHTUNGTRENNUNG(H2O)]). Thus, we refer
to those complexes as five-coordinate compounds in the fol-

lowing sections in which the complexes are dealt with in
PhCN solutions.

The redox potentials of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] were deter-
mined in PhCN by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV). The one-electron oxidation po-
tential (Eox) and the one-electron reduction potential (Ered)
of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] were determined from the CV and
DPV data in Figure 8 to be 0.75 V and �1.08 V (vs. SCE),
respectively. Similarly, the Eox and Ered values of [Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(AqCOO)] were determined to be 0.55 V and �1.09 V, re-
spectively (Figure 9). On the basis of these redox potentials,
the energy levels of the charge-separated (CS) states were
determined as the difference between the first oxidation and
first reduction potentials ([Al ACHTUNGTRENNUNG(TPPC+)ACHTUNGTRENNUNG(AqCOOC�)]: 1.83 eV;
[Al ACHTUNGTRENNUNG(DPPC+)ACHTUNGTRENNUNG(AqCOOC�)]: 1.64 eV).

Photoinduced electron transfer in [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] and
[Al ACHTUNGTRENNUNG(DPP)ACHTUNGTRENNUNG(AqCOO)]: The energies of the singlet excited
states of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] and [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)]
were determined from the absorption and fluorescence spec-
tra to be 1.96 and 1.88 eV, respectively (Figure 10 and Fig-ACHTUNGTRENNUNGures S15–S17 in the Supporting Information). Because the
energies of the singlet excited states are higher than those

Figure 7. Crystal structure of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)ACHTUNGTRENNUNG(H2O)]·PhCN from dif-
ferent directions: a) top view; b) side view.

Figure 8. a) Cyclic voltammogram (scan rate: 0.5 Vs�1) and b) differential
pulse voltammogram of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)].

Figure 9. a) Cyclic voltammogram and b) differential pulse voltammo-
gram of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)].
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of the CS state energies, the fluorescence of [Al ACHTUNGTRENNUNG(TPP)-ACHTUNGTRENNUNG(AqCOO)] is significantly quenched as compared to that of
[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] because of electron transfer from the
singlet excited state of [Al ACHTUNGTRENNUNG(TPP)]+ (1[Al ACHTUNGTRENNUNG(TPP)+]*) to
AqCOO�, as shown in Figure 10. Energy transfer from 1[Al-ACHTUNGTRENNUNG(TPP)+]* to AqCOO� is unlikely to occur because the
energy of the singlet excited state of anthraquinone[41] is sig-
nificantly higher than that of 1[Al ACHTUNGTRENNUNG(TPP)+]*. Thus, electron
transfer is the only quenching pathway of 1[Al ACHTUNGTRENNUNG(TPP)+]*.
Similar results were obtained for [AlACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)] (Fig-
ure S17 in the Supporting Information).

The photodynamics of intracomplex electron transfer
from 1[Al ACHTUNGTRENNUNG(DPP)+]* to AqCOO� were examined through
femtosecond laser flash photolysis measurements. The fem-
tosecond transient absorption spectrum of [Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(AqCOO)] in PhCN upon photoexcitation at 455 nm is
shown in Figure 11 a together with the time profile of the
decay of the absorption at 546 nm (Figure 11 b).

The transient absorption spectrum observed 3 ps after the
laser excitation is assigned to the singlet excited state 1[Al-ACHTUNGTRENNUNG(DPP)]+* through comparison with that of [Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(PhCOO)] (Figure S18 in the Supporting Information),
which has a broad absorption around 770 nm. At 200 ps, the
broad absorption at around 700 nm due to 1[Al ACHTUNGTRENNUNG(DPP)]* dis-
appears when the transient absorption spectrum agrees with
that of the triplet excited state of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] (Fig-
ure S19 in the Supporting Information). In the case of [Al-ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)], the conversion from 1[Al ACHTUNGTRENNUNG(DPP)]+* to
3[Al ACHTUNGTRENNUNG(DPP)]+* through intersystem crossing is slow, with a
rate constant of 1.2 �109 s�1 (Figure S18). The decay rate
constant of [3AlACHTUNGTRENNUNG(DPP)* ACHTUNGTRENNUNG(AqCOO)] as determined from
nanosecond laser flash photolysis (Figure S19, Supporting
Information) is 1.1 �106 s�1. This value is nearly the same as
the decay rate constant of [3AlACHTUNGTRENNUNG(DPP)* ACHTUNGTRENNUNG(PhCOO)] to [Al-ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] (1.1� 106 s�1, Figure S20 in the Supporting
Information). The much faster intersystem crossing in [Al-ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)] as compared to [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] indi-
cates electron transfer from 1[AlACHTUNGTRENNUNG(DPP)]+* to AqCOO�. Al-
though the charge-separated state could not be observed be-
cause of rapid back electron transfer to the triplet excited

state [3AlACHTUNGTRENNUNG(DPP)* ACHTUNGTRENNUNG(AqCOO)], electron transfer is the only
pathway for the fast decay of 1[Al ACHTUNGTRENNUNG(DPP)]+*, because energy
transfer to AqCOO� is energetically impossible (vide
supra).

Similar results were obtained for [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)], as
shown in Figure 12. The rate constant of electron transfer
from 1[Al ACHTUNGTRENNUNG(TPP)]+* to AqCOO� is determined from the
decay time profile to be 1.3 � 1010 s�1. In the case of [Al-ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)], intersystem crossing from 1[Al ACHTUNGTRENNUNG(TPP)]+* to
3[Al ACHTUNGTRENNUNG(TPP)]+* is much slower, with a rate constant of 4.0 �
108 s�1 (Figure S21 in the Supporting Information). The
decay rate constants of [3Al ACHTUNGTRENNUNG(TPP)* ACHTUNGTRENNUNG(AqCOO)] and [3Al-ACHTUNGTRENNUNG(TPP)* ACHTUNGTRENNUNG(PhCOO)] are determined to be 2.9 � 103 s�1 and
8.3 � 103 s�1, respectively, from the nanosecond laser flash
photolysis measurements (Figures S22 and S23 in the Sup-
porting Information).

The photodynamics and energetics of [Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(AqCOO)] and [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] are summarized in
Scheme 3. In both cases, efficient electron transfer occurs
from the singlet excited state of Al porphyrins to the anthra-
quinone moiety, followed by rapid back electron transfer to
produce the triplet excited state. The structure of [Al ACHTUNGTRENNUNG(DPP)-

Figure 10. Fluorescence spectra of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO) (solid line) and
[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] (dotted line) in PhCN.

Figure 11. a) Transient absorption spectra of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)] (3.0 �
10�5

m) in PhCN at 3.0 ps (gray line with open circles) and 200 ps (black
line) after femtosecond laser excitation at 455 nm. b) Time profile at
546 nm. c) First-order plot.

Chem. Eur. J. 2011, 17, 12372 – 12384 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 12379

FULL PAPERPhotoinduced Electron Transfer

www.chemeurj.org


ACHTUNGTRENNUNG(AqCOO)] is quite different from that of [Al ACHTUNGTRENNUNG(TPP)-ACHTUNGTRENNUNG(AqCOO)], but the kET values of the two complexes are not
very different. This indicates that intracomplex photo-ACHTUNGTRENNUNGinduced electron-transfer reactions from Al porphyrins to
AqCOO� moieties are adiabatic, because the rate constant
of adiabatic electron transfer does not depend on the struc-
tures and electronic coupling of electron donors and accept-
ors.[10] Rate constants (kET) of adiabatic intramolecular elec-
tron-transfer reactions have been well predicted by the
Marcus theory of electron transfer using Equation (5).[10,42, 43]

kET ¼
kBT

h
exp �ðDGo

ET þ lÞ2
4lkBT

� �
ð5Þ

The resulting rate constants and driving forces of intra-
complex photoinduced electron transfer were substituted
into Equation (5) to determine the reorganization energies
of the electron transfer. The l values of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)]
and [AlACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)] were determined to be 0.86 and
0.98 eV, respectively. As is the case with intermolecular elec-
tron transfer, the l value of the saddle-distorted porphyrin
is larger than that of the planar porphyrin. The rate con-
stants of the back electron transfer from the CS states to
triplet excited states of Al porphyrins or ground states were
calculated from Equation (5). The calculated rate constants
of back electron transfer from the CS states to triplet excit-
ed states of Al ACHTUNGTRENNUNG(TPP) and Al ACHTUNGTRENNUNG(DPP) in Scheme 3 are signifi-
cantly larger than kET, in agreement with the experimental
results shown in Figures 11 and 12. Thus, the observed pho-
todynamics of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] and [Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(AqCOO)] in Figures 11 and 12 can be well understood by
assuming that intracomplex electron transfer is adiabatic, as
in the case of intermolecular electron transfer.

Conclusion

The determination of reorganization energies of intermolec-
ular photoinduced electron transfer from the triplet excited
state of planar and nonplanar metalloporphyrins with and
without axial ligand has allowed us to conclude that the
bond reorganization energies are quite sensitive to the con-
formational distortion of the porphyrin ring, but are rather
insensitive to the type of central metal or the axial ligand.
On the other hand, the solvent reorganization energies in-
crease with increasing driving force of the photoinduced
electron-transfer reactions from the minimum value at
�DGet�0. In the case of Al porphyrins, the axial ligand has
been replaced by an electron acceptor ligand, that is, anthra-
quinonecarboxylate. The X-ray crystal structure of [Al-ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] revealed strong axial coordination and the
existence of intracomplex p–p interactions between the an-
thraquinone moiety and the porphyrin ring. In the case of
the saddle-distorted [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)] complex, however,
the AqCOO� moiety is nearly perpendicular to the porphy-
rin ring. The close proximity between the Al porphyrins and
the AqCOO� moiety in both cases makes the intracomplex

Figure 12. a) Transient absorption spectra of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] (3.0 �
10�5

m) in PhCN at 7.0 ps (gray line with open circles) and 400 ps (black
line) after femtosecond laser excitation at 430 nm. b) Time profile at
527 nm. c) First-order plot.

Scheme 3. Energy diagrams of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] and [Al ACHTUNGTRENNUNG(DPP)-ACHTUNGTRENNUNG(AqCOO)].
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photoinduced electron transfer and the back electron trans-
fer adiabatic: the electron-transfer rate is determined solely
by the driving force and reorganization energy of electron
transfer, and not by geometric differences between the
donor and acceptor moieties. Thus, the present study pro-
vides valuable insights for the rational design of efficient
electron-transfer systems of metalloporphyrins.

Experimental Section

Materials : Chemicals were purchased from commercial sources and used
without further purification, unless otherwise noted. 2,3,5,6-Tetramethyl-
p-benzoquinone (Me4Q), 2,5-dimethyl-p-benzoquinone (Me2Q), 2-
methyl-p-benzoquinone (MeQ), p-benzoquinone (Q), 2-chloro-p-benzo-
quinone (ClQ), 2,5-dichloro-p-benzoquinone (Cl2Q), and p-chloranil (tet-
rachloro-p-benzoquinone; Cl4Q), supplied by Aldrich, were purified by
vacuum sublimation. Benzonitrile (PhCN) was purchased from Wako
Pure Chemical Industries, Ltd. and purified by successive distillation over
P2O5. CH2Cl2, used as a solvent, was distilled over CaH2 before use.
H2TPP was purchased from a commercial source and used without fur-
ther purification. H2DPP was synthesized as reported previously.[44, 45]

Synthesis of porphyrin complexes: [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)],[46] [ZnACHTUNGTRENNUNG(TPP)],[47]

and [Zn ACHTUNGTRENNUNG(DPP)][48] were synthesized on the basis of the procedure report-
ed previously.

[Al ACHTUNGTRENNUNG(DPP)ACHTUNGTRENNUNG(PhCOO)]: Triethylaluminum (1.2 equiv, 0.15 mL, 1.9 m in tolu-
ene) was added to a solution of dodecaphenylporphyrin (H2DPP)
(350 mg, 0.29 mmol) in dry CH2Cl2 (300 mL) under an atmosphere of N2.
The solution was stirred at room temperature for 4 h. The reaction was
quenched with 5 mL of methanol, and the stirring was continued over-
night. The solvent was removed with a rotary evaporator. The residue
was purified by column chromatography on activated alumina using
CH2Cl2 as eluent. H2DPP can be removed as the first fraction, and [Al-ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(OMe)] trapped at the top of the column was collected by using
CH2Cl2/MeOH as the eluent. The solution was evaporated to dryness to
obtain a purple solid (296 mg, 81 % yield). Solid benzoic acid (5 equiv,
47.6 mg, 0.39 mmol) was added to a solution of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(OMe)]
(100 mg, 0.078 mmol) in CHCl3 (50 mL). The resulting solution was
stirred at room temperature for 24 h and then filtered to remove the
excess benzoic acid. Hexane was added to the solution, yielding [Al-ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] as a purple solid. Yield: 91% (97 mg). Elemental analy-
sis calcd (%) for C99H65O2N4Al·C6H14: C 86.63, H 5.47, N 3.85; found: C
86.50, H 5.32, N, 3.91; 1H NMR (CDCl3): d=7.07 (d, J= 7.3 Hz, 1H;
axial phenyl p-H), 7.01 (d, J =7.2 Hz, 8 H; meso-phenyl o-H), 6.82 (t, J =

7.7 Hz, 2H; axial phenyl m-H), 6.75–6.41 (m, 52H; meso-phenyl m-, p-H,
b-phenyl H), 5.99 ppm (d, J=7.1 Hz, 2H; axial phenyl o-H); MALDI-
TOF MS (matrix: dithranol): m/z calcd for C99H65O2N4Al [M]+ : 1368.5;
found: 1368.5; UV/Vis (in PhCN): lmax (e)=455 (3.6 � 105), 585 (1.7 �
104), 634 nm (1.5 � 104

m
�1 cm�1).

[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)]: Solid anthraquinone-2-carboxylic acid (AqCOOH)
(8 equiv, 400 mg, 1.60 mmol) was added to a solution of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(OMe)]
(137 mg, 0.21 mmol) in CHCl3 (250 mL). The solution was stirred at
room temperature for 12 h and then filtered to remove the excess
AqCOOH. The solvent was removed with a rotary evaporator, yielding
[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)] as a purple solid. Recrystallization of the solid from
PhCN/hexane gave purple crystals, which were dried in vacuo at 100 8C
for 12 h. Yield: 90% (171 mg). Elemental analysis calcd (%) for
C59H35O4N4Al·H2O·0.5 PhCN: C 78.16, H 4.14, N 6.56; found: C 78.07, H
4.22, N 6.47; 1H NMR (CDCl3): d=9.09 (s, 8 H; b-phenyl H), 8.18 (d, J=

5.7 Hz, 8H; meso-phenyl o-H), 8.05 (m, 2H; Aq5-, Aq8-H), 7.78–7.72
(m, 12H; meso-phenyl m-, p-H), 7.63 (m, 2H; Aq6-, Aq7-H), 7.34 (d, J =

8.1 Hz, 1H; Aq4-H), 6.14 (s, 1 H; Aq1-H), 5.43 ppm (d, J =8.1 Hz, 1H;
Aq3-H); MALDI-TOF MS (matrix: dithranol): m/z calcd for
C59H35O4N4Al [M]+requires 890.9; found: 890.1; UV/Vis (in PhCN): lmax

(e)= : 320 (1.8 � 104), 426 (3.9 � 105), 561 (1.4 � 104), 601 nm (6.0 �
103

m
�1 cm�1).

[Al ACHTUNGTRENNUNG(DPP)ACHTUNGTRENNUNG(AqCOO)]: [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(OMe)] (150 mg, 0.12 mmol) was dis-
solved in CH2Cl2/acetone (3:1 v/v) with an aqueous solution of K2CO3

(5 mm, 1 mL), and the mixture was heated under reflux overnight. The
solvent was evaporated, and the crude product was dissolved in CH2Cl2.
After filtration, the filtrate was washed with water in a separating funnel
and then dried over anhydrous sodium sulfate. Evaporation of the sol-
vent gave a solid of [Al ACHTUNGTRENNUNG(DPP)(OH)]. [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)] was prepared
using the same procedure as for [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)], but using [Al-ACHTUNGTRENNUNG(DPP)(OH)] instead of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(OMe)]. Recrystallization of the solid
from CH2Cl2/hexane gave purple crystals, which were used for the ele-
mental analysis. Then, the crystals were redissolved in PhCN, and the ad-
dition of hexane afforded plate-shaped crystals suitable for X-ray crystal-
lographic analysis. Yield: 71% (126.2 mg). Elemental analysis calcd (%)
for C107H67O4N4Al·C6H14: C 85.58, H 5.15, N 3.53; found: C 85.21, H 5.00,
N 3.57; 1H NMR (CDCl3): d=8.23–8.18 (m, 2H; Aq5-, Aq8-H), 7.78–
7.73 (m, 3H; Aq1-, Aq6-, Aq7-H), 7.05 (d, J= 8.1 Hz, 1 H; Aq4-H), 7.03
(d, J =6.9 Hz, 8H; meso-phenyl o-H), 6.74–6.63 (m, 48H; meso-phenyl p-
H, b-phenyl H), 6.45 (d, J= 8.1 Hz, 1 H; Aq3-H), 6.47–6.42 ppm (m, 8H;
meso-phenyl m-H); MALDI-TOF MS (matrix: dithranol): m/z calcd for
C107H67O4N4Al [M]+ : 1499.7; found: 1500.1; UV/Vis (in PhCN): lmax (e)=

455 (3.6 � 105), 585 (1.7 � 104), 634 nm (1.5 � 104
m
�1 cm�1).

X-ray crystallographic measurements : A single crystal of [Al ACHTUNGTRENNUNG(TPP)-ACHTUNGTRENNUNG(AqCOO) ACHTUNGTRENNUNG(H2O)]·PhCN obtained from its PhCN/hexane solution was
mounted in a loop with liquid paraffin. The measurements were per-
formed on a Rigaku Mercury CCD area detector at �150 8C with graph-
ite-monochromated MoKa radiation (l =0.71070 �) up to 2qmax =54.78.
All calculations were performed using the Crystal Structure crystallo-
graphic software package,[49] and structure refinements were made by a
direct method using SIR97.[50] The crystallographic data are summarized
in Table 3. The Flack parameter was obtained as 0.1(2) by using 3442
Friedel pairs to confirm the absolute structure crystallographically.[51]

The diffraction data of [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO) ACHTUNGTRENNUNG(H2O)]·PhCN were collected
at ambient temperature from a small dark violet plate (0.10 � 0.07 �
0.03 mm3), which was obtained from the crystallization solution (PhCN/
hexane), immediately covered with a thin layer of Paratone-N oil and
fixed to a glass rod with epoxy resign. Unlike the unprotected samples,
which suffered from loss of solvent in less than 0.5 h, the protected crys-
tal did not show any signs of degradation during data collection, and
therefore no decay correction was applied. The X-ray diffraction data, up
to 2q =528, were collected by w-scans (0.58 frame width) with an APEX2
diffractometer (Bruker AXS),[52] using MoKa X-rays obtained from a ro-

Table 3. X-ray crystallographic data for [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)-ACHTUNGTRENNUNG(H2O)]·PhCN and [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO) ACHTUNGTRENNUNG(H2O)]·PhCN.

[Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(AqCOO)-ACHTUNGTRENNUNG(H2O)]·PhCN
[Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(AqCOO)-ACHTUNGTRENNUNG(H2O)]·PhCN

formula C66H40AlN5O5 C114H74AlN5O5

fw 1010.05 1620.76
crystal system tetragonal triclinic
space group P41 P1̄
T [K] 123 298
a [�] 13.1233(11) 13.4830(2)
b [�] 13.1233(11) 16.3174(3)
c [�] 28.758(3) 20.1155(4)
a [8] 90 90.1790(10)
b [8] 90 91.8430(10)
g [8] 90 106.7710(10)
V [�3] 4952.7(7) 4234.77(13)
Z 4 2
R1

[a] 0.0478 [I>2.0s(I)] 0.0656 [I>2.0s(I)]
Rw

[b] 0.0993 [I>2.0s(I)] 0.1605 [I>2.0s(I)]
GOF 0.824 1.049
Flack parameter 0.1(2) –

[a] R1=S j jFo j� jFc j j /S jFo j . [b] Rw = [S(w(F2
o�F2

c)
2)/Sw(F2

o)
2]1/2. w =1/

[s2(F2
o)+ (0.0500P)2 +30.0000P, in which P= (max(F2

o,0)+ 2F2
c)/3.
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tating anode source, a confocal multilayer X-ray mirror as the monochro-
mator, and a CCD area detector. The integrated and scaled data were
corrected empirically for absorption effects with SADABS (m=

0.09 mm�1).[53] The small size and the habit of the crystal, the low symme-
try, and the large number of parameters required a longer exposure time
(30 s), and nearly four-fold redundancy was achieved in one day. 54 121
reflections were collected, of which 14836 unique reflections up to the
cutoff limit of 2q=508 with Rint =3.18 % were averaged for refinement.
The structures were solved using direct methods,[54] and refined on Fobs

2

with SHELXL.[55] All non-hydrogen atoms were assigned anisotropic dis-
placement parameters. To decrease the time cost of the refinement of the
otherwise large number of variable parameters (1173 in the final cycle),
the aromatic protons were set as riding bodies, whereas the water protons
were refined freely. In the structure, the solvent benzonitrile (which is
held only through a hydrogen bond to the coordinated water) and one
part (one phenyl ring) of the polydentate ligand are heavily disordered,
whereas the anthraquinone ligand shows smaller disorder. The treatment
of the disorder necessitated the application of soft isotropic restraints
(ISOR) to all atoms of the disordered phenyl ring (C1B1–C6B1, C1B2–
C6B2) and the carboxylate group (O4, O3, and C35). Moreover, the
ADPs of the atoms from the anchoring C�O bond were constrained to
be similar. One other phenyl ring is strongly and nondiscretely disor-
dered due to the puckering of the ring, indicating a dynamic process, and
the disorder was refined to a 1:1 (0.52:0.48) ratio. One of the water pro-
tons is strongly hydrogen bonded to the nitrogen of the benzonitrile mol-
ecule (d ACHTUNGTRENNUNG(O5···N5)=2.785(6) �, ](O5�H5···N5)=173(4)8), and the other
water proton forms an O5�H···p bond with a neighboring C1D–C6D
phenyl ring (d ACHTUNGTRENNUNG(O5�Ct)=3.87 �). It should be noted that the carboxylate
end of the anthraquinone-carboxylate ligand shows two distinct residual
features close to C22, at appropriate distances corresponding to a dis-ACHTUNGTRENNUNGordered counterpart of C35�O4 from a component that is flipped around
the Al1�O3 bond. However, although the residual peaks were clear, they
were of insufficient intensity to be included in the refinement. The final
cycle of refinement included 14836 reflections, and the 1173 parameters
were refined by using 109 restraints to a goodness-of-fit of 1.049 and
final residuals R1 = 0.0656 and wR2 =0.1605 for I>2s(I).

Spectroscopic measurements : Absorption spectra were measured on a
Hewlett Packard 8453 diode array spectrophotometer at room tempera-
ture. Fluorescence spectra were obtained using an absolute PL quantum
yield measurement system (Hamamatsu photonics, C9920–02). 1H NMR
spectra were measured on a JEOL AL-300 spectrometer and the chemi-
cal shifts (ppm) were determined by using the residual solvent peak as a
reference. MALDI-TOF MS measurements were carried out on a Kratos
Compact MALDI I (Shimadzu).

Phosphorescence measurements : The phosphorescence of N2-saturated
solutions of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)], [Zn ACHTUNGTRENNUNG(DPP)], and [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] in
2-methyltetrahydrofuran in quartz tubes (3 mm in diameter) in liquid ni-
trogen were measured using a SPEX Fluorolog t3 fluorescence spectro-
photometer by excitation at 559, 662, and 634 nm, respectively. A photo-
multiplier (Hamamatsu Photonics model R5509–72) was used to detect
emission in the near-IR region.

Electrochemical measurements : Cyclic voltammetry (CV) and differen-
tial pulse voltammetry (DPV) were carried out on an ALS 630B electro-
chemical analyzer in deaerated PhCN containing 0.1 m [(nBu4)N]PF6

(TBAPF6) as a supporting electrolyte at 298 K. A conventional three-
electrode cell was used, with a platinum working electrode (surface area
of 0.3 mm2) and a platinum wire as the counter electrode. The Pt working
electrode (BAS) was routinely polished with BAS polishing alumina sus-
pension and rinsed with acetone before use. The potentials were mea-
sured with respect to the Ag/AgNO3 (0.01 m) reference electrode. All po-
tentials (vs. Ag/Ag+) were converted to values versus SCE by adding
0.29 V.[56] All electrochemical measurements were performed under
argon at atmospheric pressure.

Laser flash photolysis measurements : Measurements of nanosecond tran-
sient absorption spectra were made according to the following procedure.
Degassed solutions of the metalloporphyrins and electron acceptors in
PhCN were excited by a Panther OPO pumped Nd:YAG laser (Continu-
um, SLII-10, 4–6 ns fwhm) at 556 ([Zn ACHTUNGTRENNUNG(TPP)]), 559 ([Al ACHTUNGTRENNUNG(TPP)-

ACHTUNGTRENNUNG(PhCOO)]), 602 ([Zn ACHTUNGTRENNUNG(DPP)]), and 585 nm ([AlACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)]). The re-
sulting time-resolved transient absorption spectra were then measured
using a continuous Xe lamp (150 W) and a photodiode (Hamamatsu
2949) as the probe light and detector, respectively. The output from the
photodiode and photomultiplier tube was recorded using a digitizing os-
cilloscope (Tektronix, TDS3032, 300 MHz). The solutions were deoxy-
genated by Ar gas purging for 10 min prior to measurements. The rates
of the photoinduced electron-transfer reactions were followed by the
decay of the absorption maximum due to the triplet excited state of
aluminum ACHTUNGTRENNUNG(III) or zinc(II) porphyrins under pseudo-first-order conditions.
Pseudo-first-order rate constants were determined by a least-squares
curve, fit using a microcomputer.

Femtosecond transient absorption spectroscopy experiments on solutions
of [Al ACHTUNGTRENNUNG(TPP) ACHTUNGTRENNUNG(PhCOO)] and [Al ACHTUNGTRENNUNG(DPP) ACHTUNGTRENNUNG(PhCOO)] in deaerated PhCN
were conducted using an ultrafast source (Integra-C,Quantronix Corp.),
an optical parametric amplifier (TOPAS, Light Conversion Ltd.), and a
commercially available optical detection system (Helios, provided by Ul-
trafast Systems LLC). The sources for the pump and probe pulses were
derived from the fundamental output of Integra-C (780 nm, 2 mJ per
pulse, and fwhm = 130 fs) at a repetition rate of 1 kHz. 75 % of the fun-
damental output of the laser was introduced into TOPAS, which has opti-
cal frequency mixers resulting in a tunable range from 285 to 1660 nm;
the rest of the output was used for white-light generation. Prior to gener-
ation of the probe continuum, a variable neutral density filter was insert-
ed in the path in order to generate a stable continuum, then the laser
pulse was fed to a delay line that provided an experimental time window
of 3.2 ns with a maximum step resolution of 7 fs. In our experiments, a
wavelength at 430 or 455 nm of TOPAS output, which is the fourth har-
monic of the signal or idler pulses, was chosen as the pump beam. Be-
cause this TOPAS output consists not only of the desirable wavelength
but also of unnecessary wavelengths, the latter were deviated using a
wedge prism with a wedge angle of 188. The desirable beam was irradiat-
ed at the sample cell with a spot size of 1 mm diameter, where it was
merged with the white probe pulse in a close angle (<108). The probe
beam, after being passed through the 2 mm sample cell, was focused on a
fiber optic cable that was connected to a CCD spectrograph to record
the time-resolved spectra (410–800 nm). Typically, 2500 excitation pulses
were averaged for 5 seconds to obtain the transient spectrum at a set
delay time. Kinetic traces at appropriate wavelengths were assembled
from the time-resolved spectral data.
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