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Introduction

Photoexcitation of porphyrin compounds to give high-poten-
tial excited states results in photoinduced chemical and
physical events both in vivo and in vitro.[1] For example,
light-harvesting complexes in the photosynthetic systems of
plants[2] and cyanobacteria are large aggregates of chloro-
phylls, which are MgII–porphyrin derivatives, to accumulate
photon energy for energy and electron transfer. The energy
transfer gives the excitation of the “special pair” in the reac-
tion center,[3] from which electron transfer to plastoquinone
B occurs to form the charge-separated (CS) state with a
high potential (�1.1 eV).[4] Taking advantage of this high
chemical potential, water splitting can proceed to give O2 at
the oxygen-evolving center of the tetranuclear manganese
cluster by abstracting electrons from water.[5] The produc-
tion of adenosine-5’-triphosphate (ATP) is also promoted by
ATP synthase to obtain chemical energy for sustaining life.[6]
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Porphyrin supramolecules have been prepared that model
light-harvesting antenna complexes by self-assembly meth-
ods[7] and dendrimer constructions.[8] These molecules have
been reported to exhibit effective energy transfer and elec-
tron migration. Another application for porphyrin-based su-
pramolecules is the formation of CS states with high poten-
tials by photoinduced electron transfer (PET).[9]

On the other hand, extensive efforts have been devoted
to the development of photofunctional materials based on
the self-assembly of porphyrin compounds. To date, a varie-
ty of porphyrin nanostructures have been reported, which
includes nanorods that exhibit photoconductivity,[10] for the
surface fabrication of electrodes towards the developments
of photovoltaic cells.[11] Recently, Shelnutt and co-workers
have developed a porphyrin nanotube that can form plati-
num nanoparticles on the surface to catalyze photochemical
H2 evolution.

[12]

The self-assembly of porphyrin compounds has also at-
tracted much attention in relation to the development of
functional materials. One method is to construct porous ma-
terials with large channels that can encapsulate guest mole-
cules in the channels with or without molecular recogni-
tion.[13] Molecular recognition over the course of guest en-
capsulation has been reported by Suslick and co-workers.[14]

They have prepared zeolite-like porous materials through
the self-assembly of metalloporphyrins and metal clusters,
which demonstrated molecular recognition based on the
shape and size of the guest molecules. However, porphyrin
supramolecules that encapsulate guest molecules and show
photofunctional capabilities have yet to be developed.
The construction of multicomponent supramolecular as-

semblies provides novel structures and integrated function-
alities, which cannot be realized by each building block
alone. We have developed novel porphyrin supramolecules
by using dodecaphenylporphyrin (H2DPP), which exhibits a
saddle-distorted structure that can be recognized as a
curved surface.[15] The use of H2DPP as a ligand for a Mo

V

center allowed us to access a porphyrin nanotube that con-
tains unstable and unprecedented tetranuclear MoVI-oxo
clusters in its inner space.[15] Supramolecules that are based
on the self-assembly of saddle-distorted H2DPP derivatives
owing to intermolecular interactions can give isolated inner
spaces for the protection of the encapsulated guest mole-
cules from external lethal attack. This structural motif can
contribute towards the stabilization unstable and metastable
species in the cavity, which allows us to observe unprece-
dented characteristics of the molecules. Based on this strat-
egy, we can access novel functionalities of porphyrin-based
multicomponent materials at a molecular level in a well-or-
ganized manner as single crystals.
Herein, we report the formation of a novel porphyrin

nanochannel (PNC; Scheme 1) that consists of porphyrin di-
cations as electron acceptors and hydroquinone derivatives
as electron donors, which are contained in the crystals, to
construct unique donor–acceptor organic materials.[16] These
materials are formed by molecular recognition, which de-
pends on the electronic characteristics and the steric re-

quirements of the guest molecules. We have also revealed
that the PNC that contains electron-donating guest mole-
cules undergoes a PET from the guest molecules to give the
CS states, which results in the formation of cation radicals
of the corresponding guest molecules.

Results and Discussion

Preparation of the PNC without guest molecules : H2DPP
was synthesized by a literature procedure[17] The chloride
salt of doubly protonated H4DPP

2+ was obtained by adding
37% aqueous hydrochloric acid to a solution of H2DPP in
CHCl3. Recrystallization of the crude product from CHCl3
by vapor diffusion of CH3CN gave crystals of a PNC that
contains molecules of water and CHCl3, which can be for-
mulated as [H4DPP]Cl2·0.5 ACHTUNGTRENNUNG(H2O)4·0.5 ACHTUNGTRENNUNG(CHCl3)· ACHTUNGTRENNUNG(CH3CN)2.
This formulation was confirmed by both elemental analysis
and integration of the signals in the 1H NMR spectrum re-
corded in CD2Cl2. This compound acts as a starting material
to form a variety of PNC compounds that are reported in
this paper.
The crystal structure of the PNC that contains water mol-

ecules (PNC–water), [H4DPP]Cl2·0.5 ACHTUNGTRENNUNG(H2O)4·0.5 ACHTUNGTRENNUNG(CHCl3)·
ACHTUNGTRENNUNG(CH3CN)2, was determined by X-ray crystallography. The
structure of [H4DPP]Cl2 and a packing view of the motif
that contains water are shown in Figure 1. The structure of
the motif that contains chloroform is given in the Support-
ing Information. The nanochannel structure arose from the
self-assembly of [H4DPP]Cl2 as a building block and crystal-
lized in the monoclinic C2/c space group with the center of
symmetry at the midpoint of the two of water molecules.
Two channels run into the [110] and [1�10] directions in
the crystal with an angle of about 708 between them. The
porphyrin dication units underwent intermolecular p–p in-
teractions (3.44–3.59 O) among the peripheral phenyl
groups in the direction of the crystallographic c axis. The
[H4DPP]

2+ ion exhibited a larger saddle distortion com-
pared with that of [Mo ACHTUNGTRENNUNG(DPP)(O) ACHTUNGTRENNUNG(H2O)]

+ in the porphyrin

Scheme 1. Schematic representation for the formation of the PNCs.
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nanotube and the size of the channel was estimated to be
1.0P0.7 nm, which was smaller than that (1.0P1.4 nm) of
the porphyrin nanotube. The chloride anions are hydrogen
bonded to the N�H protons that are oriented on the upper
and lower sides of the mean porphyrin plane, as shown in
Figure 1b. The N�H···Cl� distances were determined to be
3.19 to 3.23 O. Although H2DPP is known to exhibit some
conformational flexibility,[18] these hydrogen bonds fix the
conformation of the porphyrin ring so that it retains the
large saddle distortion. The saddle distortion observed for
[H4DPP]

2+ can be shown by displacements of 24 atoms
from the least-square mean plane, as presented in Figure 1c.
In the PNC, acetonitrile molecules are held in the cavity

by p–p interactions with the o-position of two meso-phenyl
groups at a distance of 3.60 O. Four water molecules were
trapped in the channel without interacting with any part of
the porphyrin salt and two of them formed intermolecular
hydrogen bonds to become a pair. The formation of such a
PNC–water complex indicates that the supramolecular struc-
ture is the global minimum of the enthalpy driven self-as-
sembly of [H4DPP]Cl2. The requirement for its formation is
the existence of two acetonitrile molecules at the positions
shown in Figure 1a. Thus, the {[H4DPP]Cl2· ACHTUNGTRENNUNG(CH3CN)2}
moiety is recognized as a skeleton unit of PNC because
other PNCs that contain various guest molecules consist of
the same structural essence concomitant with guest inclusion
as [H4DPP]Cl2· ACHTUNGTRENNUNG(guest)· ACHTUNGTRENNUNG(CH3CN)2, as described below. Based
on the crystal structure of PNC–water, guest molecules are

encapsulated in a certain position in the cavity that is com-
posed of the skeleton unit and the position can be identified
as a guest-inclusion site. The size of the guest-inclusion site
was estimated to have a volume of around 10P9P5 O3,
which suggests that planar, less bulky molecules are favored.
Thermal gravimetric (TG) analysis and differential ther-

mal analysis (DTA) of PNC–water showed a peak in the
range from 386 to 437K owing to an endothermic process,
as depicted in Figure 2. Weight loss during this process was

attributed to the elimination of all the encapsulated guest
molecules, that is, CH3CN, H2O, and CHCl3. The weight loss
was 11.5% and this value was consistent with the sum of
0.5 mol of (H2O)4, 0.5 mol of CHCl3, and 2 mol of CH3CN
from 1 mol of [H4DPP]Cl2·0.5 ACHTUNGTRENNUNG(H2O)4·0.5 ACHTUNGTRENNUNG(CHCl3)· ACHTUNGTRENNUNG(CH3CN)2,
for which the calculated value was 12.1%. This result con-
firmed the formula of PNC–water, in addition to that of ele-
mental analysis. At temperatures above 583K, an exother-
mic peak was observed and was attributed to the thermal
decomposition of [H4DPP]Cl2. This observation suggests
that the nanochannel structure should be stable up to
�373K.
Absorption spectra of H2DPP and [H4DPP]Cl2 were mea-

sured in CH2Cl2. Diffuse reflection spectra were also mea-
sured and converted by using a Kubelka–Munk function
(Figure 3). Absorption maxima of Soret bands in solution
were observed at 468 and 488 nm for H2DPP and
[H4DPP]Cl2, respectively. The redshift in the protonated
form is typical for porphyrins.[19] In the solid states, those
peaks were observed at 462 and 496 nm for H2DPP and
[H4DPP]Cl2, respectively. The redshift of the Soret band in
the solid state relative to that in CH2Cl2 for the [H4DPP]Cl2
is reminiscent of such shifts observed in J aggregation of
porphyrins in solution.[20] Actually, the PNC compounds ex-
hibit p–p interactions among peripheral phenyl groups and
this may cause the bathochromic shift of the Soret band.
The Q bands of H2DPP in CH2Cl2 were observed at 566,

618, and 724 nm, whereas those of [H4DPP]Cl2 were ob-
served at 650 (shoulder) and 712 nm.

Figure 1. a) The crystal packing structure of PNC–water (carbon: gray, ni-
trogen: blue, oxygen: red, chloride: light green). b) An ORTEP drawing
of the [H4DPP]Cl2 moiety (50% probability thermal ellipsoids) and hy-
drogen bonds (dotted lines). c) The displacement of each atom from the
mean porphyrin plane (in units of 0.01 O).

Figure 2. TG analysis (c) and DTA (a) for PNC–water.
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Formation of PNCs that contain guest molecules : Vapor dif-
fusion of CH3CN into solutions of PNC–water and of guest
molecules (20 equiv) in CHCl3 and CH3CN gave PNCs with
the formula [H4DPP]Cl2· ACHTUNGTRENNUNG(guest)· ACHTUNGTRENNUNG(CH3CN)2 in good yields, as
described in the following sections. The crystals obtained
were all in the monoclinic C2/c space group with the center
of symmetry at the middle of the guest molecules. Previous-
ly, we reported that two molecules of acetonitrile were in-
cluded as the guest,[16] however, it was found that water and
chloroform molecules were in fact the guest molecules.
PNCs with hydroquinone derivatives : In the presence of

hydroquinone derivatives (o-, m-, and p-dihydroxybenzene),
tetrafluorohydroquinone, tetrachlorohydroquinone), the
starting PNC (PNC–water) underwent guest exchange over
the course of recrystallization in which the water molecules
were replaced with a series of guest molecules. The com-
pounds that include these guest molecules were denoted
[H4DPP]Cl2· ACHTUNGTRENNUNG(guest)· ACHTUNGTRENNUNG(CH3CN)2.
The crystal structure of the PNC that contains p-hydro-

quinone (PNC–H2Q) was determined and is shown in Fig-
ure 4a. The structure of the skeleton unit is the same as that
of PNC–water in which the water molecules have been re-
placed by hydroquinone. The hydroquinone molecule was
encapsulated as a result of intermolecular p–p interactions
with H4DPP

2+ (Figure 5a). Hydrogen bonding between the
hydroxyl groups of hydroquinone with the nitrogen atoms of
the acetonitrile molecules was observed in the skeleton
units at a distance of 2.85 O. This hydrogen bonding fixes
the configuration of the two hydrogen atoms of the hydroxyl
groups in the trans orientation and this stereochemistry is
important to determine the electronic structure of the corre-
sponding cation radical derived from PET.
Tetrafluorohydroquinone (H2QF4) was also used as a

guest and added to a solution of [H4DPP]Cl2 in CHCl3/
CH3CN. Vapor diffusion of CH3CN into the solution al-
lowed us to obtain crystals of PNC that contain H2QF4 in
good yield. The crystal structure of PNC–H2QF4 is depicted
in Figure 4b. The H2QF4 molecules are held in the cavity
formed by two b-phenyl groups of adjacent pyrroles at a dis-
tance of 3.52 O as a result of intermolecular p–p interac-
tions. In addition, the hydroxyl group of H2QF4 is directed

towards the two pyrrole nitrogen atoms to exert an OH–p
interaction to connect the C2�N1�C5 (Ca

�N�Ca) region of
the pyrroles at distances of 2.69 to 3.15 O. These OH–p in-
teractions are not found in PNC–H2Q, probably because of
the stronger acidity of H2QF4 compared with that of H2Q,
which results in a change in the direction of the OH groups
in the nanochannel (see Figure 5b). These OH–p interac-
tions also fix the orientation of the hydroxyl groups in the
trans orientation. Thus, the orientation of the guest mole-
cules can be regulated by their electronic characteristics.
Confirmation of the inclusion of the guest molecules ob-

tained from the results of NMR spectroscopy for solutions
of the PNC compounds. For PNC–H2QF4, a

19F NMR spec-
trum was recorded of a solution in CDCl3. Two singlets at
d=�165.37 and �165.35 ppm were observed and these
chemical shifts were in agreement with those of an authentic
sample of H2QF4.

Figure 3. Absorption spectra of solutions of H2DPP (grey c) and
[H4DPP]Cl2 (blackc) in CH2Cl2 and diffuse reflection of H2DPP (grey
a) and [H4DPP]Cl2 (blacka).

Figure 4. Crystal structures of PNC–H2Q (a) and PNC–H2QF4 (b). The
H4DPP

2+ unit is described with a wire frame. Carbon: gray, oxygen: red,
nitrogen: blue, fluorine: yellow, chloride: light green.

Figure 5. The difference of orientation and interactions of the guest mole-
cules and noncovalent interactions (dotted lines) for a) H2Q and
b) H2QF4.
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We also confirmed the inclusion of tetrachlorohydroqui-
none (H2QCl4) in the PNC based on elemental analysis re-
sults, although X-ray crystallographic analysis was unsuc-
cessful for this material. In sharp contrast, tetrabromohydro-
quinone was not encapsulated in the PNC, probably owing
to the larger atomic radius of bromine, which results in
steric hindrance in the guest-inclusion site.

Driving force of guest encapsulation : During guest encapsu-
lation, the guest molecules should interact with [H4DPP]Cl2
in solution. We have previously proposed that the inclusion
of hydroquinone is induced by hydrogen bonding of the hy-
droxyl groups with the Cl� ion of [H4DPP]Cl2, based on the
results of variable-temperature 1H NMR measurements.[16]

However, no inclusion of 1,4-dihydroxy-p-benzoquinone,
which also has two hydroxyl groups, in the PNC was ob-
served and instead PNC–water was formed. Therefore, we
realized that hydrogen bonding of guest molecules with
[H4DPP]Cl2 in solution was not a determining factor for the
formation of a guest-encapsulated PNC architecture.
In the case of benzoquinone derivatives, which are two-

electron oxidized species of the corresponding hydroqui-
nones, no encapsulation was observed for these molecules
under the same conditions. The lack of encapsulation was
confirmed by X-ray crystallography, elemental analysis, and
1H and 19F NMR spectroscopy for the crystals formed by the
recrystallization of [H4DPP]Cl2 with quinones (benzoqui-
none, tetrafluorobenzoquinone, and tetrachlorobenzoqui-
none). These results indicate that electron-donating mole-
cules are encapsulated selectively. Thus, PNC recognizes the
electronic character of guest molecules, rather than specific
functional groups or shapes in the molecules. This selection
rule stems from the cationic character of H4DPP

2+ that
favors electron-rich substrates owing to electrostatic donor–
acceptor interactions, as observed in organic conductors and
semiconductors.[21,22]

When tetrabromohydroquinone (H2QBr4) was employed
as a guest molecule, however, H2QBr4 was not encapsulated
in the PNC. This indicates that steric factors are also impor-
tant for PNC–guest formation. To assess the steric effects of
guest molecules in encapsulation phenomena, we used
xylene isomers as guest molecules. As reference experi-
ments, we confirmed that all of the xylene isomers could be
encapsulated into the PNCs based on elemental analysis and
1H NMR spectroscopy for the crystalline samples obtained
by the recrystallization of [H4DPP]Cl2 in the presence of a
large excess of each isomer. X-ray crystallography on a
single crystal obtained by using p-xylene as the guest mole-
cule revealed that p-xylene molecules were contained within
the PNCs to form PNC–p-xylene, and its crystal structure is
shown in Figure S1a in the Supporting Information. The
skeleton unit is the same as the other PNC compounds de-
scribed above. One b-phenyl group of [H4DPP]

2+ was found
to have weak p–p interactions with the xylene guest mole-
cule at a distance of 3.64 to 3.69 O (Figure S1b in the Sup-
porting Information).

To estimate the steric influence on guest encapulation, we
used an equimolar mixture of o-, m-, and p-xylene as the
guest molecules. Recrystallization of [H4DPP]Cl2 from
CHCl3/CH3CN in the presence of a large excess of the mix-
ture gave crystals of PNC that contained xylene molecules.
The crystalline material was dissolved in CDCl3 to measure
its 1H NMR spectrum. The spectrum showed peaks that
were assigned to each isomer of xylenes. Deconvolution of
overlapping peaks was performed by using a 1D NMR pro-
gram[23] . Curve fitting allowed us to determine the ratio of
encapsulated xylene isomers to be 1:1:5 for o/m/p. This
result indicates that the shape of the guest-inclusion site
exerts steric effects to select the guest molecule, which sup-
ports our proposal that the lack of encapsulation of H2QBr4
results from its larger size compared with that of the encap-
sulated hydroquinone derivatives. The ratio observed in the
competitive encapsulation of xylene isomers should be de-
termined kinetically rather than thermodynamically because
all of the isomers could be included intrinsically within the
guest-inclusion site, as described above. Thus, the PNC su-
perstructure exhibits selective encapsulation primarily based
on the electronic characteristics and secondly based on the
shape and size of the guest molecules. Our results indicate
that guest inclusion into the PNC is not mere clathrate for-
mation as reported by Strouse and co-workers[24] and Gold-
berg.[25]

PET from hydroquinones to [H4DPP]Cl2 : As the principal
factor for guest encapsulation, the guest molecules are re-
quired to have electron-donating characteristics. Generally,
neutral porphyrin compounds, which includes free bases and
metal complexes, have been recognized as electron donors
in PET.[26] In contrast, cationic porphyrin complexes have
been reported to act as electron acceptors.[27] The H4DPP

2+

moiety in the PNC is positively charged, and therefore, hard
to oxidize. Hence, it is reasonable to expect that PET can
occur from the guest donor molecules to the electron ac-
ceptor, [H4DPP]Cl2, in the skeleton unit. To prove this ex-
pectation, we measured ESR spectra of PNC–guest crystals
under photoirradiation (l>340 nm) at room temperature.[28]

The infrared region was cut off by using a water filter to
avoid both thermal excitation and decomposition of the
compounds. The observed ESR spectra are shown in
Figure 6 together with spectra obtained from computer sim-
ulations and the hyperfine coupling constants (hfc) used are
also given. The hfc values of hydroquinone cation radicals
were calculated by using density functional theory (DFT)
calculations at the UB3LYP/6-31G* level. The assignment
of the hfc values for the hydroquinone cation radicals in
Figure 6 was made based on the comparison between the
calculated and observed values (see below).
It should be noted that the configuration of both OH

groups of H2Q are fixed in the trans orientation in the PNC
guest-inclusion site as a result of hydrogen bonding with the
acetonitrile molecules (see above). It has been reported that
H2Q

+ C undergoes cis–trans isomerization in solution to give
ESR spectra for a mixture of isomers at <�20 8C in
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CH3NO2.
[29] In addition, the cation radicals of hydroquinone

and catechol are known to be strong acids with pKa values
of �0.8 and �1.65, respectively.[30] In the case of PNC–H2Q
(Figure 6a), there are three sets of hfc values as a result of
two equivalents protons (4.6, 3.6, and 1.6 G). These hfc
values are more in agreement with those calculated for the
trans isomer of H2Q

+ C (4.6, 2.7 and 1.5 G) rather than those
for the cis isomer (4.6, 2.4, and 1.8 G).[31] The largest hfc
value (4.6 G) is assigned to the OH proton and the differ-
ence between two CH protons for the trans isomer is signifi-
cantly larger than that for the cis isomer. In the case of
PNC–H2QF4, the difference between the two aF (hfc of the
F nuclei) values of H2QF4

+ C becomes more pronounced for

the trans isomer (Figure 6b). A similar trend is also ob-
served for PNC–H2QCl4 in Figure 6c, in which there is large
difference between the two aCl (hfc of the Cl nuclei) values
of H2QCl4

+ C, although the large line width does not allow
the accurate determination of the smaller aCl value. Thus,
the ESR signals due to H2Q

+ C and its derivatives indicate
that the configuration of the cation radicals is fixed in the
trans geometry as in the neutral form in the PNC crystal
structure. In the case of PNC–Cat (Cat=catechol (o-hydro-
quinone)), the ESR signal in Figure 6d is assigned to the cat-
echol cation radical based on a comparison between the ob-
served and calculated hfc values. The hydroquinone and cat-
echol cation radicals survive for around two hours at room
temperature without deprotonation after light has been
blocked from the sample. The observation of the cation rad-
icals of guest molecules shown in Figure 6 clearly indicates
the occurrence of PET from guest molecules to H4DPP

2+ in
the PNC–guest crystals. The absence of H4DPP

+ C, which
should also be produced together with cation radicals of
guest molecules during PET, is discussed in the following
sections.

Energetics of PET: To determine the energetics of PET in
the PNC–guest crystals, the redox potentials and excitation
energies of H4DPP

2+ and the guest molecules were deter-
mined by electrochemical and photophysical measurements.
The cyclic voltammogram (CV) of [H4DPP]Cl2 in CH2Cl2
that contained 0.1m tetrabutylammonium perchlorate
(TBAP) as an electrolyte exhibits a quasi-reversible reduc-
tion wave at �0.46 V (vs. SCE), which was assigned to the
two-electron redox couple of H4DPP

2+/H4DPP (see Fig-
ure S5 in the Supporting Information) because the dispro-
portionation of one-electron reduced species of protonated
porphyrins is known to occur rapidly.[32] The redox titration
of [H4DPP]Cl2 with bis(cyclopentadienyl)cobalt(II) (CoCp2)
in CHCl3 allowed us to confirm that the redox process is a
two-electron process (Figure 7) in which two equivalents of
CoCp2 is consumed in the reduction of H4DPP

2+ . The CVs
of the catechol and hydroquinone derivatives exhibits an ir-
reversible oxidation wave because of the facile deprotona-

Figure 6. ESR spectra of cation radicals of the guest molecules in
a) PNC–H2Q, b) PNC–H2QF4, c) PNC–H2QCl4, and d) PNC–Cat in the
crystals at room temperature under photoirradiation (l>340 nm). The
upper traces are the observed spectra and the lower traces are their com-
puter simulations. The hfc values (in gauss) used for the simulations are
indicated on the structures of the cation radicals and those values ob-
tained from DFT calculations are given in parentheses. DHmsl represents
the maximum slope line width used for simulations.

Figure 7. Redox titration of [H4DPP]Cl2 with CoCp2 in CHCl3 at room
temperature. The absorbance at 489 nm was followed over the course of
the titration.
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tion of the cation radicals. The oxidation potentials of the
catechol and hydroquinone derivatives (Eox) were deter-
mined by using second harmonic ac voltammetry (SHACV)
and the Eox values obtained are listed in Table 1 in which
the HOMO energies were calculated by DFT methods at
the B3LYP/6-31G* level.[33]

The singlet excited-state energy (S1) of [H4DPP]Cl2 was
determined from the fluorescence maximum (731 nm) and
the absorption maximum (712 nm) in argon-bubbled CH2Cl2
was 1.72 eV (Figure S2 in the Supporting Information).[34]

The triplet excited-state energy (T1) was determined from
the phosphorescence (838 nm) at 77 K as 1.48 eV (Figure S3
in the Supporting Information). From the Eox values of the
guest molecules and the Ered value of H4DPP

2+ , the energies
of the charge-separated states were determined to be those
shown in Figure 8. The PET from p-H2Q and o-H2Q to
1
ACHTUNGTRENNUNG(H4DPP

2+)* is thermodynamically feasible, whereas the
PET from H2QF4 and H2QCl4 to

1
ACHTUNGTRENNUNG(H4DPP

2+)* is slightly en-
dergonic in CH2Cl2. The occurrence of PET from H2QF4
and H2QCl4 to

1
ACHTUNGTRENNUNG(H4DPP

2+)* to produce the cation radicals of

guest molecules in Figure 6b and c indicates that the Eox
values of hydroquinones in the PNC–guest crystals may be
shifted in the negative direction owing to hydrogen bonding
with the nitrogen atoms of the acetonitrile molecules in the
skeleton units (see above). In all instances PET from the
guest molecules to the triplet excited state (3ACHTUNGTRENNUNG(H4DPP

2+)*) is
energetically unlikely to occur.

Laser flash photolysis : To gain mechanistic insights into
PET in the PNC, femtosecond laser flash photolysis was per-
formed in the solid state on PNC samples as KBr pellets.[35]

As a reference test, a KBr pellet that did not contain a PNC
sample did not show any absorption over the course of laser
flash photolysis at 355 nm. In contrast, the transient absorp-
tion spectra of PNC–H2Q are shown in Figure 9a. The tran-
sient absorption spectrum observed at 1.5 ps, which has an
absorption maximum at 580 nm and bleaching at 500 nm is
assigned to the singlet excited state, 1ACHTUNGTRENNUNG(H4DPP

2+)*.[36] The
decay of absorption at 620 nm owing to 1

ACHTUNGTRENNUNG(H4DPP
2+)* is ac-

companied by a rise in the absorption at 530 nm (Figure 9b).
The transient absorption spectrum at 25 ps may be assigned
to H4DPP

+ C produced by PET from H2Q to
1
ACHTUNGTRENNUNG(H4DPP

2+)*

(see below). The PET rate constant was determined to be
2.1P1011 s�1 at 298 K. At 2000 ps (2 ns), the transient ab-
sorption spectrum again changes to that owing to the triplet
excited state of the dication, 3 ACHTUNGTRENNUNG(H4DPP

2+)*. The absorption
derived from H2Q

+ C was reported to have an absorption
maximum at 423 nm.[37] Thus, this absorption does not per-
turb the absorption spectra of the porphyrin-derived species
described above.
Assignments of the transient absorptions in Figure 9 were

made by nanosecond laser flash photolysis at 430 nm on
[H4DPP]Cl2 (1.0P10

�5
m) and are shown in Figure 10. In

deaerated benzonitrile, we observed a transient absorption
attributed to the triplet excited state of [H4DPP]Cl2
(3ACHTUNGTRENNUNG(H4DPP

2+)*) with the absorption maximum at 560 nm (Fig-
ure 10a). In the presence of an excess of ferrocene (15 mm),
PET from ferrocene to 3

ACHTUNGTRENNUNG(H4DPP
2+)* occurs to afford

H4DPP
+ C, which exhibits the

absorption maximum at 530 nm
(Figure 10b). In the absence of
ferrocene, 3ACHTUNGTRENNUNG(H4DPP

2+)* decays
slowly over a ten microsecond
timescale, whereas the decay is
significantly enhanced owing to
PET from ferrocene to
3
ACHTUNGTRENNUNG(H4DPP

2+)*, as shown in Fig-
ure 10c. The PET rate constant
was determined to be 2.5P
108m�1 s�1.
A comparison of the transi-

ent absorption spectrum ob-
served at 25 ps after laser exci-
tation at 355 nm in Figure 9a
with that in Figure 10b confirms
that H4DPP

+ C is produced by
PET from H2Q to

1
ACHTUNGTRENNUNG(H4DPP

2+)*.

Table 1. Oxidation potentials of guest molecules and rate constants of
charge separation (kCS), disproportionation (kDIS) and charge recombina-
tion (kCR) for PNC–guest.

HOMO
[eV][a]

Eox (V vs.
SCE)[b]

kCS [s
�1] kDIS+kCR [s

�1]

ACHTUNGTRENNUNG[H4DPP]Cl2 1.26[c]

PNC–H2Q �5.41 1.09 ACHTUNGTRENNUNG(2.1�0.2)P1011 ACHTUNGTRENNUNG(2.2�0.3)P1010
PNC–Cat �5.62 1.20 ACHTUNGTRENNUNG(1.6�0.2)P1011 ACHTUNGTRENNUNG(1.8�0.2)P1010
PNC–
H2QF4

�6.19 1.37 ACHTUNGTRENNUNG(1.3�0.1)P1011 ACHTUNGTRENNUNG(9.4�1.2)P109

PNC–
H2QCl4

�6.31 1.39 ACHTUNGTRENNUNG(1.0�0.1)P1011 ACHTUNGTRENNUNG(9.4�1.2)P109

[a] Calculated at the B3LYP/6-31G* level of theory. [b] Determined by
SHACV performed in dichloromethane at room temperature under N2 in
the presence of TBAP (0.1m). [c] Oxidation potential of 1 ACHTUNGTRENNUNG(H4DPP

2+)*,
which was estimated to be 1.72�0.46=1.26 V.

Figure 8. Energy diagrams for photoexcitation of PNC and the charge-separation states of the PNC–guest mol-
ecules.
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The decay in the absorbance at 530 nm owing to H4DPP
+ C

on the 0 to 2000 ps timescale indicates that H4DPP
+ C decays

by undergoing bimolecular reactions (see the linear second-
order plot in the inset of Figure 11). The bimolecular decay
involves disproportionation of H4DPP

+ C and back electron
transfer from H4DPP

+ C to H2Q
+ C to produce the triplet ex-

cited state, 3ACHTUNGTRENNUNG(H4DPP
2+)* because the triplet excited energy

of H4DPP
2+ is lower than the charge-separated state (see

Figure 8). The disproportionation of H4DPP
+ C may proceed

rapidly through electron hopping between H4DPP
+ C and

H4DPP
2+ in the PNC–H2Q crystals, which results in the for-

mation of H2Q
+ C that remains the stable product (Figure 6).

The charge separation rate constants (kCS) for other
PNC–guest systems have also been determined by femtosec-
ond laser flash photolysis and the results are summarized in
Table 1. Table 1 shows that the kCS value increases as the ox-
idation potentials and HOMO energies of the guest mole-
cules decrease, that is, the easier it is to oxidize the sample
then the faster the charge separation occurs. The decay rate
constants of H4DPP

+ C in these systems, which correspond to
the disproportionation (kDIS) and the charge recombination
(kCR), were also determined and are listed in Table 1. In ad-
dition to evidence from the transient absorption spectrum,
we also confirmed the formation of 3ACHTUNGTRENNUNG(H4DPP

2+)* by time-re-

solved electron spin resonance (TRESR) spectroscopy with
excitation at 585 nm. The simulation allowed us to estimate
the zero-field splitting parameters as D= (�3/2)Ez=
0.93 GHz and 2E=Ex�Ey=0.0 GHz, which are typical
values for the excited triplet states of porphyrins.[38,39] The
population ratio of the sublevel for Px/Py/Pz was 0.0:0.2:0.8.
The deviation of the signal from the simulation may result
from fast excitation hopping over the porphyrin arrays in
the PNC crystals. The absence of a TRESR signal from
H2Q

+ C indicates that the singlet radicals cannot be polarized
in the solid state in which separation and re-encounter of
the radicals, which is required for the radical pair mecha-

Figure 9. Femtosecond laser flash photolysis of PNC–H2Q with excitation
at 355 nm of a KBr pellet containing the PNC sample: a) transient ab-
sorption spectra at 1.5 ps (black), 25 ps (dark grey), and 2000 ps (pale
grey) and b) decay and rise of the absorption at 620 nm (grey) and
530 nm (black).

Figure 10. Transient absorption spectra of a) 3 ACHTUNGTRENNUNG(H4DPP
2+)* ([H4DPPCl2]=

1.0P10�5m in deaerated PhCN) and b) H4DPP
+ C ([H4DPPCl2]=1.0P

10�5m and [Ferrocene]=15 mm in deaerated PhCN). Excitation at
430 nm by using an Nd/YAG laser. c) Rise and decay of the absorption at
530 nm in the absence (*) or presence (*) of ferrocene (15 mm).
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nism,[40] is unlikely to occur. The recombination of the gemi-
nate radical ions yields the observed triplet signal shown in
Figure 12. The observation of the stable H2Q

+ C in the cw

ESR experiments results from the disappearance of
H4DPP

+ C that is produced together with H2Q
+ C through the

disproportionation of H4DPP
+ C (see above).

We can summarize the photodynamics, as shown in
Scheme 2, by using PNC–H2Q as a representative com-
pound. The photoirradiation of PNC–H2Q affords the sin-
glet excited state of the porphyrin dication, 1ACHTUNGTRENNUNG(H4DPP

2+)*,
which can be observed by femtosecond laser flash photoly-
sis. The excited singlet state of
the porphyrin accepts one elec-
tron from the H2Q guest mole-
cule to give the corresponding
radical cation by PET. The oxi-
dation potentials of H2Q and
Cat are 1.09 and 1.20 V, respec-
tively, and these values are
lower than that of 1 ACHTUNGTRENNUNG(H4DPP

2+)*
(1.26 V) to allow the PET pro-
cess to become energetically
feasible. The reduced cation
radical, H4DPP

+ C, undergoes

fast disproportionation based on electron hopping in the
solid state owing to close contacts with other H4DPP

2+ mol-
ecules through intermolecular p–p interactions to give the
original H4DPP

2+ species and the two-electron reduced spe-
cies of H4DPP. In addition, H4DPP

+ C undergoes back elec-
tron transfer (charge recombination) to form 3

ACHTUNGTRENNUNG(H4DPP
2+)*,

the energy of which is lower than that of the charge-separat-
ed state described in Figure 8.
The guest molecules form intermolecular hydrogen bonds

with acetonitrile for H2Q as the guest molecule and the pyr-
role nitrogen atoms for H2QF4 (Figure 13). The pyrrole ni-
trogen is protonated, however, the interaction of the chlo-
ride anion with the pyrrole nitrogen atom through hydrogen
bonding should reduce the positive charge on the nitrogen
to accommodate the intermolecular hydrogen bonds with
H2QF4 by the p electrons of pyrrole. This hydrogen bonding
may lower the oxidation potential of H2QF4, which would
otherwise be impossible to be oxidized by the S1 state of
[H4DPP]Cl2 (1.72 eV). We can assume that similar intermo-
lecular hydrogen bonds operate to reduce the oxidation po-
tential of H2QCl4 that is oxidized to form the corresponding
radical cation. These arguments are strongly supported by
lowering the oxidation potentials by intramolecular hydro-
gen bonding in bis-phenol derivatives.[41]

Conclusion

The self-assembly of the saddle-distorted [H4DPP]Cl2 unit
gives a channel structure that is composed of channels of

Figure 11. Decay profile of the absorption at 530 nm owing to H4DPP
+ C

produced upon photoexcitation of PNC–H2Q at 355 nm in a KBr pellet.
The inset shows the second order plot.

Figure 12. TRESR spectrum of PNC–H2Q as a powder. Experimental
data (a) and its simulation (c) are overlaid. Conditions: magnetic
field=2708–3778 G, n =9.14976 GHz, l=585 nm, OPO laser, micro-
wave=1 mW, room temperature, time delay=1 ms.

Scheme 2. Summary of photochemical events in PNC–H2Q as a represen-
tative.

Figure 13. Schematic description of specific intermolecular hydrogen bonding for a) PNC–H2Q and b) OH–p
interactions in PNC–H2QF4.
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around one nanometer in diameter. The channels are
formed as the thermodynamic global minimum and are able
to include guest molecules depending on their electronic
characteristics and steric effects. The selectivity of guest en-
capsulation in the channel is dependent upon the electronic
characteristics of the guest molecules, electron-donating
guests are vital, whereas electron acceptors are not encapsu-
lated in the PNC. This feature of guest recognition, based
on the electronic characteristics of the guest, is unique and
provides a new category of molecular organic functional ma-
terials.[42] Concerning the steric effects, the size of the guest
molecules should fit into the guest-inclusion site, which has
a volume of around 10P9P5 O3 and suggests that planar
and less bulky molecules are favored.
PNCs that contain electron-donating molecules undergo

PET to allow us to observe unusually stabilized cation radi-
cals of the guest molecules upon photoirradiation at room
temperature. The electronic structures of the radicals were
determined by ESR spectroscopy in combination with DFT
calculations. PET proceeds via the singlet excited state of
H4DPP

2+ , which accepts one electron from an electron
donor in the encapsulation site and forms H4DPP

+ C that un-
dergoes fast disproportionation to give diamagnetic species,
such as H4DPP

2+ and H4DPP. Photodynamics of this
charge-separation process were revealed by solid-state fem-
tosecond laser flash photolysis. The PET rate constant in-
creases as the oxidation potentials and ionization energies
(EHOMO) of the guest molecules decrease. The PET process
to 1 ACHTUNGTRENNUNG(H4DPP

2+)* proceeds much more efficiently than the in-
tersystem crossing to give the triplet excited state,
3
ACHTUNGTRENNUNG(H4DPP

2+)*, owing to close and secure contact and inevita-
ble intermolecular interactions with the guest molecules in
the PNC. Thus, PNCs can be used as the basis for construct-
ing and developing porphyrin-based photofunctional materi-
als.

Experimental Section

General : Chemicals were purchased
from commercial sources and used
without further purification unless oth-
erwise noted. Toluene was distilled
over sodium-benzophenone ketyl and
was used for the synthesis of H2DPP.
CHCl3, CH3CN, and CH2Cl2 were dis-
tilled over CaH2 before use.

Apparatus : Absorption spectra were
recorded as solutions in CH2Cl2 by
using a Jasco V-570 spectrophotometer
in the range of l=200 to 2000 nm at
room temperature. Diffuse reflection
spectra were measured by using the
same apparatus equipped with a Jasco
ISN-470 60 mmf integrating sphere at-
tachment. The reflectance spectra ob-
tained were converted to absorption
spectra by using the Kubelka–Munk
function F(R8). IR spectra were re-
corded by using a ThermoNicolet

NEXUS 670 FTIR spectrometer in the range of ñ=400 to 4000 cm�1 at
room temperature. Samples were prepared as KBr pellets at a concentra-
tion of 0.5%. 1H and 19F NMR spectra were measured by using JEOL
AL-300 and Bruker DPX 400 spectrometers, respectively. The fluores-
cence spectrum was obtained with a quartz cell (1 cm) at room tempera-
ture for an argon-bubbled solution of H4DPPCl2 in CHCl3 by excitation
at 496 nm by using a Shimadzu RF-5300PC spectrofluorophotometer.
The phosphorescence spectrum was recorded in a quartz tube (3 mm in
diameter) in a liquid nitrogen Dewar. A deaerated 2-methyltetrahydro-
furan vial that contained H4DPP (1.0P10

�5
m) at 77 K was excited at

490 nm by using a Cosmo System LVU-200S spectrometer. Near-IR emis-
sion spectra were measured by using a SPEX Fluorolog t3 fluorescence
spectrophotometer. A photomultiplier (Hamamatsu Photonics, R5509-
72) was used to detect emission in the near-IR region.

Preparation of [H4DPP]Cl2 : The synthesis of H2DPP was performed in
accordance with a literature procedure.[17] Crude [H4DPP]Cl2 was pre-
pared by adding 3% aqueous HCl (100 mL) to a solution of H2DPP
(1.0 g, 0.8 mmol) in CH2Cl2 (500 mL) in a separating funnel. The organic
layer was dried over Na2SO4. The solvent was removed by using a rotary
evaporator and the product was dried in vacuo at 120 8C. The reaction
proceeded quantitatively.

Preparation of PNC–guest : The crystals of PNCs that contain various
guest molecules, such as H2Q, Cat, H2QF4, and H2QCl4, were obtained by
the recrystallization of [H4DPP]Cl2 in the presence of the guest molecule
(20 equiv) from CHCl3/CH3CN (3:1 v/v) by vapor diffusion of CH3CN at
room temperature. In the case of xylene, an excess amount of each
isomer was used as a substrate under the same conditions. The results of
elemental analysis are summarized in Table S1 in the Supporting Infor-
mation.

X-ray crystallography : The crystal structures of PNCs that contain water
and chloroform (PNC–water), hydroquinone (PNC–H2Q), tetrafluorohy-
droquinone (PNC–H2QF4), and p-xylene (PNC–p-xylene) guest mole-
cules were determined by X-ray crystallography. The single crystals were
mounted on glass fibers by using silicon grease. All diffraction data were
collected by using a Rigaku/MSC Mercury CCD diffractometer at
�170 8C by using graphite-monochromated MoKa (l=0.71070 O) by 2q-w
scan. All calculations were performed on a PC by using the CrystalStruc-
ture program package.[43] The structures were solved by direct methods
by using SIR97 and SHELX-97.[44] Crystallographic data for these com-
pounds are summarized in Table 2. CCDC-626215 (PNC–water), -247692

Table 2. Crystallographic data for PNC–water, PNC–H2Q, PNC–H2QF4, and PNC–p-xylene.

Compound PNC–water[a] PNC–H2Q PNC–H2QF4 PNC–p-xylene

formula C96.50H70N6O2Cl3.50 C102H68N6O2Cl2 C102H72F4O2Cl2N6 C104H81Cl2N6
Mr 1469.66 1480.60 1560.63 1485.73
crystal system monoclinic monoclinic monoclinic monoclinic
space group C2/c C2/c C2/c C2/c
T [K] �130 �140 �140 �130
a [O] 17.3762(10) 17.510(5) 17.3626(17) 17.445(4)
b [O] 24.7840(10) 24.761(6) 24.4826(19) 24.719(5)
c [O] 19.5076(10) 19.857(5) 19.8048(18) 19.574(4)
b [8] 108.4274(7) 108.711(4) 107.9986(13) 108.938(3)
V [O3] 7970.2(7) 8043.7 8006.7(12) 7984(3)
Z 4 4 4 4
1calcd [g cm

-3] 1.205 1.223 1.295 1.236
m (MoKa) [cm

-1] 1.908 1.37 1.478 1.361
reflns measured 30864 30402 30355
reflns unique 9081 9012 9154 9051
Rint 0.032 0.059 0.094
R[b] 0.0882 0.1028 (I>3.00s(I)) 0.1126
Rw[c] 0.2461 0.238 0.1227 (I>3.00s(I)) 0.2488
R1[c] 0.0830 (I>2.00s(I)) 0.082 (I>2.00s(I)) 0.1028 (I>3.00s(I)) 0.1021 (I>2.00s(I))
GOF 1.101 1.325 1.440 1.459

[a] In this case, populations of two water molecules and one CHCl3 molecule were fixed at 50% for the refine-
ments. The water molecules were refined isotropically. [b] R=S ACHTUNGTRENNUNG(Fo2�Fc2)/SFo2. [b] Rw= [S(w ACHTUNGTRENNUNG(Fo2�Fc2)2)/Sw-
ACHTUNGTRENNUNG(Fo2)2]

1=2 . [c] R1=SkFo j� jFck /S jFo j .
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(PNC–H2Q), -626214 (PNC–H2QF4), and -626216 (PNC–p-xylene) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Electrochemical measurements : All of the measurements were carried
out in CH2Cl2 that contained 0.1m TBAP as an electrolyte at room tem-
perature by using a BAS model ALS-720 instrument with platinum wire
as a counter electrode, glassy carbon as a working electrode, and Ag/
AgNO3 as a reference electrode.

TG analysis and DTA : TG analysis and DTA measurements on PNC–
water were performed by using a Brucker TG-DTA/M56510 instrument
with a heating rate of 10 Kmin�1 in the range from room temperature to
773 K under a flow of dinitrogen.

Laser flash photolysis : Femtosecond laser flash photolysis was conducted
by using a Clark-MXR 2010 laser system and an optical detection system
provided by Ultrafast Systems (Helios). The source for the pump and
probe pulses were derived from the fundamental output of a Clark laser
system (775 nm, 1 mJ per pulse, and fwhm 150 fs) at a repetition rate of
1 kHz. A second harmonic generator introduced in the path of the laser
beam provided 355 nm laser pulses for excitation; 95% of the fundamen-
tal output of the laser was used to generate the second harmonic, where-
as 5% of the deflected output was used for white light generation. Prior
to generating the probe continuum, the laser pulse was fed to a delay
line that provided an experimental time window of 1.6 ns with a maxi-
mum step resolution of 7 fs. The pump beam was attenuated at 5 mJ per
pulse with a spot size of 2 mm in diameter at the sample cell at which it
was merged with the white probe pulse in a close angle (<108). The
probe beam, after passing through the 2 mm sample cell, was focused on
a 200 mm fiber optic cable that was connected to a CCD spectrograph
(Ocean Optics, S2000-UV-vis) for recording the time-resolved spectra
(425–800 nm). Typically, 5000 excitation pulses were averaged to obtain
the transient spectrum at a set delay time. The kinetic traces at appropri-
ate wavelengths were assembled from the time-resolved spectral data.
All measurements were performed by using potassium bromide pellets
that contained PNC at 298 K.

Measurements of transient absorption spectra of the H4DPP radical
cation were performed according to the following procedure: A deaerat-
ed solution that contained H4DPP (1.0P10

�5
m) and ferrocene (4.0P

10�2m) in PhCN was excited by Nd/YAG laser (Continuum, SLII-10,
fwhm 4–6 ns) at 430 nm. Time courses of the transient absorption spectra
were measured by using a continuous Xe lamp (150 W) and an In GaAs
PIN photodiode (Hamamatsu 2949) as a probe light and a detector, re-
spectively. The output from the photodiodes and a photomultiplier tube
was recorded by using a digitizing oscilloscope (Tektronix, TDS3032,
300 MHz). The transient spectra were measured by using fresh solutions
in each laser excitation. All experiments were performed at 298 K.

ESR measurements : ESR spectra were recorded by using a JEOL JES-
ME-LX X-band spectrometer at room temperature with photoirradiation
from a USHIO USH1005D high-pressure mercury arc lamp (1000 W)
equipped with a water filter to remove infrared light and a glass cutoff
filter (l>340 nm). Single crystals were used as a sample of each com-
pound. ESR sample tubes (4.5 mm) charged with the samples were de-
gassed and sealed under Ar. ESR measurements were performed under
nonsaturating microwave power conditions. The amplitude of modulation
was chosen to optimize the resolution and the signal-to-noise (S/N) ratio
of the observed spectra. A Calleo ESR program[45] was used for simula-
tions of ESR spectra to determine the hyperfine coupling constants.

TRESR measurements were carried out by using a JEOL JES-FE2XG
EPR spectrometer at room temperature. Samples were excited by a
Spectra Physics MOPO-710 OPO laser pumped with a Spectra Physics
GCR-170-10 Nd/YAG laser at 585 nm. The TRESR signals from the
ESR unit were integrated by a NF BX-531 boxcar integrator at 1 ms after
the laser excitation.

Theoretical calculations : DFT calculations were performed on an 8CPU
workstation (PQS, Quantum Cube QS8–2400C-064). Geometry optimiza-
tions were carried out by using the B3LYP functional and the 6-31G*
basis set[46,47] with the unrestricted Hartree–Fock (UHF) formalism as im-
plemented in the Gaussian 03 program.[48] Graphical outputs of the com-

putational results were generated by using the GaussView software pro-
gram (version 3.09).[49]
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