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This paper reviews selected types of structurally well defined assemblies of porphyrins and
phthalocyanines with strong electronic coupling. Face-to-face, head-to-tail, slipped cofacial, and
non-parallel dimeric motifs constructed by covalent and non-covalent bonds are compared in the
earlier sections. Their molecular orientation, electronic overlap, and absorption and fluorescence
properties are discussed with a view towards the development of artificial photosynthetic systems and
molecular electronics. Complementary coordination dimers are fully satisfactory in terms of structural
stability, orientation factor, n-electronic overlap, and zero fluorescence quenching. In later sections,
several polymeric and macrocyclic porphyrin assemblies constructed by a combination of covalent
bonds and complementary coordination bonds are discussed from the viewpoint of light-harvesting

antenna functions.

1. Introduction

Recent studies on photosynthetic systems using X-ray
crystallography,' cryomicroscopy* and AFM measurements® have
provided clear molecular images of how solar energy is harvested
to initiate photo-induced oxidation-reduction reactions. One
excellent example is seen in the AFM picture of the superstructure
of the photosynthetic bacterium, Rhodospirillum photometricum,
shown in Fig. 1. This has an arrangement that is composed
of complete sets for bacterial photosynthesis: light-harvesting
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complexes I (LH1) and II (LH2), and a reaction centre. Using
crystal structures resolved at the atomic level that have been
elucidated for photosynthetic units, we can design molecular
systems in which light energy is captured from dilute sources
and the singlet excitation energy is transferred to a final acceptor
passing through a long pathway without any dissipation in energy.
This type of antenna structure is most intriguing, especially from
the point of view that bacteriochlorophylls are arranged into
regular forms that are associated with strong electronic coupling.
A similar uniform arrangement of chromophores* is observed
in chlorosome systems. Cyanobacteria® and chloroplasts® provide
different examples of chromophoric arrangements. We can learn
much from the former case, since the regular arrangements of
chromophores with strong electronic coupling in a well-defined
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Fig.1 Molecular organization of a photosynthetic apparatus. (Reprinted
with permission from ref. 3a. Copyright (2004) The National Academy of
Sciences, U.S.A.)

orientation must be the governing principle, on which we reliably
construct artificial systems.

Well-designed molecular assemblies can produce new functions
that are not observed in the corresponding monomer, and changes
in the UV-vis absorption spectra from excitonic coupling,’
efficient energy transfer,® photo-induced electron transfer,’ charge
transport,' and non-linear optics'' are of particular interest. It is
our aim to extract construction principles for assembling close-
lying m-electronic systems with strong electronic coupling and
no fluorescence quenching. These molecular assemblies could be
used as materials for excited energy transport and electron—hole
transport systems.

In this article, we review several covalent and non-covalent
organizations that are composed of porphyrins and phthalo-
cyanines. We have focused on slipped cofacial porphyrin and
phthalocyanine dimers. Their molecular orientation, electronic
overlap, and absorption and fluorescence properties are discussed
with a view towards the development of artificial antenna systems
and molecular electronics.

2. Methodologies used to construct dimers and larger
aggregates

The construction of dimers that have a strong electronic in-
teraction is the first step needed to obtain larger assemblies,
and various covalent and non-covalent approaches have been
reported so far.”? Face-to-face and slipped cofacial dimers linked
by alkyl chains have been synthesized using porphyrin molecules.*®
Although covalent linkages are the most reliable method used
to connect two chromophores, the controlled placement of
a molecule in an exact orientation is not an easy task. As
reported by Hunter and Sanders,” the electrostatic repulsion
between two n-conjugated molecules located near to one another
tends to give a predominantly slipped arrangement. The degree
of molecular slipping depends on the rigidity and the length
of the connecting groups and on the substituents on the m-
conjugated molecules. Face-to-face porphyrin dimers connected

by two alkyl chains'® and one rigid pillar, such as biphenylene,
anthracene, dibenzothiophene, and dibenzofuran are discussed
later on. 1,2-Phenylene-linked bisporphyrins give an open-mouth
cofacial orientation.” The efficient synthesis of a series of 4,5-
indenylene-linked porphyrin dimers by cobalt-mediated [2 + 2 +
2] cycloaddition of ethynylene-linked bisporphyrins and 1,6-
heptadiyne has been reported recently.'® The p-oxodimer and
double-decker porphyrins and phthalocyanines have a face-to-face
orientation."”

Many head-to-tail dimers that have a strong electronic coupling
have been constructed by direct linkages and connections through
conjugate bridges. Porphyrin dimers linked directly at the meso—
meso positions' are described later on. Other porphyrins linked di-
rectly at the meso—f'* and B—B* positions have also been reported.
These directly linked porphyrins can be transformed to form more
conjugated, condensed aromatic systems by further oxidation.*
Bisporphyrins linked through ethynylene,** ethenylene,” and 1,3-
butadiynylene groups,* or others,* and bisphthalocyanines linked
through ethynylene,® ethenylene,” or 1,3-butadiynylene® show
significantly red-shifted absorption bands due to the effect of
conjugation. The degree of electronic interaction depends on the
torsional angle of the two m-conjugated molecules, and methods
have been reported that can be used to control the torsional angle.?®

The covalent approaches discussed above can be extended to
prepare larger oligomers. A porphyrin trimer linked through
4,5-indenylene groups was synthesized by a cobalt-mediated
double cyclization.’ Directly linked,” and ethynylene-** and
1,3-butadiynylene-linked'®*" porphyrin oligomers have been con-
structed as products of a monodispersed distribution of molecular
weights. Their structure—function relationship is useful for evaluat-
ing the coherence length of the singlet excited state and the charge
delocalization length in the oligomers.

The dendritic approach is another method that has been used to
construct multi-chromophoric architectures.® The characteristic
functions of dendrons have been reported for many examples,*
and although the exact control of the molecular orientation is
difficult in these dendritic systems, the hierarchical shell structure
is unique.

A non-covalent strategy allows for the formation of various
types of assemblies. Although non-covalent bonds are consid-
erably weaker than covalent bonds,* multiple or complemen-
tary interactions of non-covalent bonds can be used to stabi-
lize a structure.*® Coordination bonds are particularly strong
amongst non-covalent bonds, and their interaction is generally
directional. Complementary coordination of ligand-substituted
zinc porphyrins gives structurally defined coordination dimers.
Pyridyl-,** imidazolyl-,***" pyrazolyl-,*® and amino-substituted
zinc porphyrins® give dimer, trimer, tetramer, and further as-
semblies, respectively. Some of these compounds are stable in
concentrations below the micromolar level, and so can be treated
as single molecules. The combination of coordination bonds
and covalent bonds sometimes leads to giant supramolecular
architectures, and examples of these will be discussed in a later
section.

3. Molecular orientation of dimer motifs

How can we distinguish between H-aggregates and J-aggregates?
(Fig. 2) First, we need to consider the orientation factor (x) of the
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Fig. 2 Face-to-face and head-to-tail dimers and their intermediates.

dimers. The orientation factor between any two transition dipoles
in a non-parallel orientation (Fig. 3) is defined by eqn (1)

x* = (cosfr — 3cosbicosb;)’ )

where 0, and 0, are the angles between the line connecting the
centre of the two transition dipoles and each transition dipole
moment, r is the centre-to-centre distance of the dipoles, and 6 is
the angle between the two transition dipole moments. The value
of x is always in the range 0-2.

Or

Fig. 3 Two transition dipoles in a non-parallel orientation.

When two transition dipoles exist in the same plane (an oblique
conformation, see Fig. 4), the value of x is given by eqn (2).

K? = (cosfr — 3cos*0;) ?2)

In the case of a “slipped cofacial” system (Fig. 5), the value of « is
expressed by eqn (3). Two special cases are depicted as the “face-
to-face” and “head-to-tail” cases for # = 90° and 0°, respectively.

K> = (1-3cos’0)? 3)

The interaction of two transition dipoles causes a splitting of the
absorption band, a so-called “excitonic coupling”. The splitting
energy, AE, is expressed by eqn (4)

2|M,\ M, |k

AE “)

where M, and M, are the transition dipole moments for the
transition in molecules 1 and 2, respectively, and r is the centre-

Oblique ) 0

Fig. 4 Two transition dipoles in an oblique orientation.
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Fig. 5 Two transition dipoles in the “face-to-face” (0 = 90°), “slipped
cofacial” (90 > 0/° > 0), and “head-to-tail” (6 = 0°) orientations.

to-centre distance between the two molecules. In the case of a
homodimer, M, and M, are identical. Schematic images of the
splitting energies in the face-to-face, head-to-tail, and oblique
cases are shown in Fig. 6. Excitations to the lower energy state
in the face-to-face orientation and to the higher energy state in the
head-to-tail orientation are not observed as these are forbidden
transitions. Split bands are observed in the oblique case.

el Sl b ) E" /@
H E
: G

Monomer Dimer
Oblique

Monomer Dimer
Face-to-face

Monomer Dimer
Head-to-tail

Fig. 6 Band splittings of face-to-face, head-to-tail, and oblique dimers.

When the angle 0 is changed from 90° to 0° in a “slipped
cofacial” system, the orientation factor varies as shown in Fig. 7.
The data in Fig. 7 indicate that the orientation factor becomes zero
at 0 =54.7°, the so-called “magic angle”. In the larger angle region
(90 > 0/° > 54.7), a blue-shifted band is observed, whereas a red-
shifted band is observed in the smaller angle region (54.7 > 6/° >
0). If the two molecules can rotate independently, then the average
orientation factor of x> = 2/3 (rx = 0.8165) is often used. Such a
case is where two molecules are connected by a flexible alkyl chain.
However, assembly systems tightly fixed by rigid connector(s) must
consider the orientation factor. The UV-vis absorption band is
sensitive to the orientation factor of closely connected molecular
assemblies.

204

Blue shift =——|— Red shift

054

0.0

90 80 70 60 50 40 30 20 10 O

Fig. 7 The orientation factor, x, in a “slipped cofacial” system as a
function of angle, 0.

We will now consider porphyrin dimers. Porphyrins have a large
Soret band (or B-band) occurring around 420 nm (¢ = 5.4 x
10° M~ cm™ (Aex = 424 nm) for ZnTPP in toluene®). Due to the
large transition dipole moment, changes in the Soret band spectra
of porphyrin assemblies are frequently observed. D, symmetric
metalloporphyrins have two orthogonal transition dipoles in the
n-plane, and are degenerate in the monomeric state. In the case
of meso-substituted porphyrins, the transition dipoles are set on
the lines connecting the trans meso—meso positions, B, and B,
as shown in Fig. 8. D,-symmetric metallophthalocyanines also
have two degenerate transition dipole moments along the trans
pyrrole—pyrrole directions.

When two porphyrins are placed in a space, then the first set
of transition dipoles, B, and B,, interact with the second set of
transition dipoles of the other porphyrin, B’ and B,’. (Hereafter,
the prime symbol denotes transition dipole moments belonging
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Fig. 8 Degenerate transition dipoles in D, zinc porphyrins and zinc
phthalocyanines.

to the second molecule.) The observed absorption spectrum is
the sum of the absorption bands resulting from the excitonic
couplings. Therefore, if the orientation of the assembly is not fixed
and has a distribution in space, then a broad Soret band is observed
due to the presence of various types of interactions among B,, B,,
B,, and B,". However, in the case of a slipped cofacial porphyrin
dimer, a relatively simple spectrum is observed, because of only
two interactions occurring between B, and B,’, and B, and B,'.
Various covalently and non-covalently linked dimers are shown
in Fig. 9, along with their corresponding monomers. These are
classified into four types: (1) face-to-face (1H,-D and 1Zn-D),*
(2) pure head-to-tail (2),"® (3) slipped cofacial (4,244 5,42 6,% 7 4
8, 11D,* 12D,¥* 13D*), and (4) non-parallel (14, 16, 18, and
20"¢). Based on experimental and molecular modelling data,* the

5H, : M=2H, R1=Me, Ry=Et*2°
5Niz : M=Ni, R;=Me, Ry=Et422
6Zn; : M=Zn, Ry=Et, R;=Me*>

4Hy; M=2H2P
42Zny: M=zn*d

! Ph_Pho !
N,
‘. Ar
& R
NM
____________________ “ 1IMDMAP®  qpp¥4
14H, : M=2H"32

14zn; : M=zn'32

14Cuz : M=Cy'38  MeOL

7H4 : M=2H, R;=Me, Rp=Et*%®
7Zny : M=Zn, Ry=Me, Ry=Et*2¢
7Cuz : M=Cu, Ry=Me, Rp=Et*?2

15H; : M=2H'32
15Zn : M=zn'3

orientation factor (r), the interplanar distance (b = rsinf)), and the
slip distance (¢ = rcosf) of the dimers, except for the non-parallel
case, can be estimated from the slip angle, 6, and the centre-to-
centre distance, r (see Table 1). The definitions of r, 0, @, and b are
shown in Fig. 10.

The crown ether-substituted phthalocyanine dimer 1-D affords
a face-to-face dimer. The angle, 0, is 6 = 90°, and the alignment

Table 1 Estimation of slip angles, centre-to-centre distances, n-electron
overlapping, and orientation factors

0/deg  r/A a/A b/A K Ref.
1Cu,-D  90° 4,10 — 4.1 1 41
4H, 817  6.904° 0997 6832 094 42
7H, 63.8° 3958 1747  3.551 042 42
7Cu, 65 3.807°  1.632  3.500 046 42
5Ni, 58.3¢  4.566° 2399 3885  0.17 42a
14Cu,  — 6 — 3.9 — 13a
12D 33¢ 6.9 5.79 3.23 111 3547
11D 31¢ 6.73 5.77 33 120 36
13D 25 9.06¢ 8.21 3.83 146 45
2 0° 8461«  — — 2 18h

Estimated from® molecular modelling by Material Studio® (semi-empirical
MO method, AM1), ? ESR, and * single crystal analysis by X-ray.

Fig. 9 Various dimer motifs of porphyrin—porphyrin and phthalocyanine—phthalocyanine homodimers.
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a =rcosb-,

Fig. 10 Definitions of r, 6, a and b.

of the two transition dipole moments is perfect. The interphthalo-
cyanine distance of 1Cu-D was estimated to be 4.1 A. The bis-
porphyrin linked directly at the meso—meso position, 2, has a pure
head-to-tail transition dipole, B.—B,’ aligned along the bond line.
Since the two porphyrin planes cannot be coplanar in this motif,
the excitonic coupling between B, and B,’ is small. In cofacial
bis-B-substituted-porphyrins pillared by dibenzofuranylene (4),
anthracenylene (5 and 6), and biphenylene (7 and 8), rotation along
the connection bond is suppressed, keeping the two porphyrins
coplanar. Even so, the two porphyrins can be slipped, and the
angle depends on the structure of the pillars and the central metal
ion. Compound 4H, has an open-mouth structure and a centre-
to-centre distance of 6.9 A,** indicating that no nt-electron overlap
occurs. In the case of 7H,,** 7Cu,** and 5Ni,,* the two porphyrin
planes are slipped, and their interplanar distances are 3.55, 3.50,
and 3.88 A, respectively. The slip angles of compounds 4-8 are
greater than 54.7°, and a blue shift of the Soret band is expected.
In compounds 11D and 12D, the slip angles were estimated
from molecular modelling to be 31° and 33°, respectively. The
interplanar distances of 11D and 12D were determined to be 3.3
and 3.23 A, respectively, from X-ray crystallography data.’s3* Two
pyrroles of one porphyrin overlap with the other two pyrroles in the
other porphyrin molecule in both compound 11D and compound

Table 2 UV-vis absorption and fluorescence data

12D. The slip angle is decreased to 25° when an ethynyl moiety is
inserted, as in 13D. In this case, the edge of the pyrrole molecules’
n-electrons can still overlap. Structural analysis of 14 was carried
out using NMR and ESR spectroscopy. The metal-metal and
interplanar bond distances were estimated to be 6 and 3.9 A,
respectively. A series of bisporphyrins linked by a 4,5-indenylene
moiety in 16Zn,, 18Zn,, and 20Zn, were classified as having a
non-parallel orientation. The two porphyrins are located outside
the indene moiety, and they can rotate along the connection bond.
Their close positions can induce excitonic coupling and m-electron
overlapping.

4. UV-vis absorption and fluorescence spectra
of dimers

In this section, we discuss the UV-vis absorption and fluorescence
properties of the dimers shown in Fig. 9. Table 2 lists the
characteristic absorption bands, calculated excitonic coupling
energy, and relative fluorescence intensity of dimers with respect
to their corresponding monomers. In slipped cofacial systems, the
observed absorption spectrum of the dimers is the sum of two
interactions, B,~B,” and B,-B,’. As expected from the slip angles
shown in Table 1, 4H,, 5H,, 7H,, 6Zn,, and 8Zn, show blue-shifted
Soret bands as a result of two face-to-face interactions, B,—B,’ and
B,-B,.

The splitting energies depend strongly on the interplanar
distance of the two porphyrins. Thus, they increase in the order:
4H, < 5H, < 7H,; and 6Zn, < 8Zn,. The relative fluorescence
intensity decreases in the same order, 7.e., the larger splitting energy
systems showing the smallest fluorescence intensities. In particular,

Solvent Ao I cm™! AE/cm™'¢ Fluorescence® Ref.

1Zn-M CHCl, 677 14771 — — 41
1Zn-D CHCI,? 635 15748 —977 —
1H,-M CHCl, 662 15105 — 1 41

700 14285 —
1H,-D CHCI,? 639 15649 — ~0
9H, MTHF*¢ 402 24875 — 1 42¢
4H, MTHF 396 25252 —-377 1.05
5H, MTHF 395 25316 —441 0.22
7H, MTHF 379 26385 —1510 0.04
10Zn CH,Cl, 405.5 24 660 — 1 43
6Zn, CH,Cl, 392 25510 —849 0.33
8Zn, CH,Cl, 388 25773 —1112 ~0
15H, CH,Cl, 397 25188 — 1 13a
14H, CH,Cl, 387 25839 —651 0.47
15Zn CH,Cl, 402 24875 — 1
14Zn, CH,Cl, 388 25773 —898 0.15
12M-Py CHCl, 427.9 23370 — 1 47
12D CHCl, 4153 24079 —709 ~1

434.2 23031 339
11IM-DMAP CH,Cl, 428.4 23340 — — 36
11D CH,Cl, 413.2 24200 —860 —
13M-Im CHCl, 431.0 23200 140 —

443.5 22548 — — 45
13D CHCl, 434 23041 —494 —
3 THF 413 24213 175 1 185,29
2 THF 416 24038 1.3

451 22173 2040

“Relative to monomer. * CH;CO,K in CHCI; containing 0.1 v/v% of MeOH. ¢ 2-MeTHF.

This journal is © The Royal Society of Chemistry 2007
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none or only a faint fluorescence is observed in 1H,-D and 8Zn,.
Exceptionally, the fluorescence intensity of 4H, was almost same
as that of the corresponding monomer, even though the absorption
band was blue-shifted. The tetraesters 14H, and 14Zn, show
blue-shifted Soret bands, and both fluorescences are significantly
quenched. These results indicate that strong n-electron overlap in
face-to-face dimers produces non-fluorescence decay processes. In
the case of the slipped cofacial dimers 11D and 12D, both blue-
shifted and red-shifted Soret bands are observed from face-to-face
B,~B,’ and slipped cofacial B,—B,’ interactions, respectively (see
Fig. 11). The red-shifted peak is consistent with the slip angle
(<54.7°). In the case of 12D and other imidazolyl-zinc-porphyrin
dimers, no fluorescence quenching was observed with respect to the
corresponding monomers. This remarkable feature is associated
with this motif, even though a significant m-electron overlap
exists. No fluorescence spectrum has been reported for other
complementary coordination dimers, probably because the dimer
structure cannot be maintained under micromolar concentrations
to measure the steady state fluorescence spectra. Because the
imidazolyl-zinc-porphyrin dimer has a very large self-association
constant (K > 10" M~!in CHCL,),” it can be treated safely under
micromolar concentrations. This is another unique property of
this series of complementary coordination dimers. The UV-vis
absorption spectrum of the meso—meso-linked porphyrin 2 also
shows a split Soret band as a red-shifted and a non-interactive
peak. The relative fluorescence of 2 is stronger than that of the
monoporphyrin 3.? Direct connection at the meso—meso position
is useful for expansion of the absorption range without any
associated fluorescence quenching.

A (B)

:Ef eye

B. B
P &"" XZ direction
N face-to-face

b_" ‘Y direction
Slipped cofacial
Fig. 11 A slipped cofacial porphyrin dimer model (A) and its transition
dipole moment (B).

In face-to-face dimers (i.e., H-aggregates), fluorescence quench-
ingis generally observed using various dyes. The mechanism can be
explained as follows. As shown in Fig. 6 for the face-to-face case,
the forbidden state of transition vectors orientated in opposite
directions lies below the allowed state of transition vectors
orientated in the same direction. The higher excited state is rapidly
converted to the lower excited state. Due to the forbidden nature
of the radiative decay from the lower excited state to the ground
state, intersystem crossing or other non-radiative decay processes
dominate, resulting in little or faint fluorescence emissions. In
some cases, fluorescence from the forbidden low excited state
is observed.® Wiirthner recently reported on a fluorescent H-
aggregate of a merocyanine dye, in which the fluorescence from
the forbidden excited state was clearly observed at wavelengths
different from the fluorescence from the residual monomer.* In
this case, the fluorescence from the monomer was very weak, which
is probably due to bond-twisting.

The formation of a rigid H-aggregate suppresses the non-
radiative decay process caused by bond-twisting. In the case of

the face-to-face porphyrin dimers 4-8, a blue-shifted absorption
band is observed only for the Soret band (i.e., the S2 level). In
the S1 area, significant fluorescence quenching occurs for face-to-
face dimers due to the same mechanism as above, although the
forbidden nature of the S1 transition obscures the blue- and red-
shifts. In the complementary coordination dimer 12D, the lower
excited state produced by the transition dipole interaction of B,—
B, is forbidden, whereas that of B,—B,’ is allowed. The former
forbidden state is rapidly converted to the latter allowed state by
an intrachromophoric dipole equilibrium,*® which results in an
intrinsic fluorescence emission. This allows the use of both blue-
and red-shifted absorption bands for light harvesting.

An increase in chromophore size tends to induce random ag-
gregation, which generally produces energy sinks that quench the
fluorescence. Molecular wrapping of single rod-like chromophores
by dendritic substituents has been proposed as an effective method
to prevent random aggregation.’® In supramolecular assemblies,
the continuous growth of the structure avoids the formation of
any energetic heterogeneity, and ensures light-harvesting antenna
functionality.

5. Effect of substitution on the splitting of the
Soret band

As described in the previous section, imidazolyl-zinc-porphyrins
are good motifs showing split Soret bands and strong electronic
coupling without any fluorescence quenching. The shape of the
Soret band changes significantly, depending on the substituent
group on the porphyrin. In this section, the relationship between
the structure and the width of the Soret band splitting and the
shape of the Soret band is discussed.

The structure of several imidazolyl-zinc-porphyrin dimers and
their UV-vis absorption spectra are shown in Fig. 12 and 13,
respectively. The triphenyl-substituted porphyrin 12D shows a
split Soret band at 415.3 and 434.2 nm. These are blue- and
red-shifted from the Soret band of 12M-Py (427.9 nm). The
splitting energies of 12D with respect to the monomer 12M were
calculated to be —709 cm™' for the B,-B,’ interaction (x = 1)
and 339 cm™' for the B,—B,’ interaction (x = 1.1), respectively.
Compound 12D is considered to be a standard dimer in a series
of imidazolyl-zinc-porphyrin dimers, because the magnitudes of
the two transition dipoles, B, and B,, is considered to be similar
and nearly degenerate. The half-bandwidth of the Soret bands
of 12M-Py and pyridine-coordinated zinc tetraphenylporphyrin
(ZnTPP-Py) is almost the same, indicating that 12M-Py has a
pseudo C, symmetry for the m-electronic system of the porphyrin.

When the meso-phenyl substituents along the B, direction
are replaced by aliphatic substituents (22D),* then the coupling
energies of both the B,-B,’ and B,—B,’ interactions increase to
—879 and 349 cm™!, respectively. The intensity of the Soret band
at longer wavelengths increases relative to the intensity of the
short wavelength Soret band. When the last phenyl group in 22D
is further replaced by a ferrocenyl group, then the split Soret bands
become more unsymmetrical (23D).5* The intensity of the longer
wavelength band increases significantly. The coupling energy of
the B.—B,’ interaction increases slightly to 524 cm~', whereas the
coupling energy of the B,—B,’ interaction decreases significantly
to —549 cm™'. The ferrocenyl group is an electron-donating
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12D: R, = R, = Ph*’

22D: R, = Ph,
Ry = =(CHy)30CH,CH=CH, 52
23D: R, = Fc,

R, = -(CH,)30CH,CH=CH, 2

24D: R, = ethynylphenyl 2—<: >

Ry = -(CH,)30CH,CH=CH, %

: ligand (pyridine, imidazole)

12M-Py: R, =R, = Ph
22M-Im: R, = Ph,
Ry = ~(CH,);0CH,CH=CH,

23M-Im: R, = Fg,
Ry = -(CH,)30CH,CH=CH,

24M-Py: R, = ethynylphenyl
R, = -(CH,)30CH,CH=CH,

RS Ry = -(CH),C0,CH,CH=CH,

Fig.12 Various imidazolyl-zinc-porphyrin dimers and the corresponding
monomers.

substituent and the steric requirement for the coplanar orientation
is small compared with six-membered aromatic substituents. The
coplanarity and the electronic coupling interactions between the
ferrocenyl and the porphyrin moieties can increase. Such an
asymmetric substitution generally disrupts the degeneracy of the
two transition dipoles. In fact, the Soret band of the corresponding
monomer 23M-Im is broader than the Soret bands of 12M-Py
and 22M-Im. Such a disruption of the degeneracy becomes more
obvious in the monomeric phenylethynyl-substituted porphyrin,
24M-Py.** Thus, two Soret bands corresponding to B, and B.
are observed at 433.6 and 445.8 nm as low- and high-intensity
peaks, respectively. The Soret and Q(0,0) bands are significantly
red-shifted due to the increase in m-electron conjugation. When the

dimer forms, almost no shift is observed for the B,~B,’ interaction,
and a relatively small red shift (386 cm™') is observed for the
B,—B,’ interaction. The reason for the small coupling energy is
unclear. A possible explanation is that the distance between the
two dipole moments is further increased by an expansion of the
conjugated m-electron system, even though the centre-to-centre
distance between the two porphyrins remains the same. When
another zinc porphyrin is connected through an ethynylene unit,
then Soret bands at longer wavelengths appear at 485 and
493 nm for monomer 25M-Py and dimer 25D, respectively.**
The coupling energy (335 cm™') is relatively small compared
to cases for other dimers. Here again, the expansion of the m-
electron system along the B, direction decreases the coupling
energy of the complementary coordination dimer, although the
magnitude of the transition dipole moment, B,, must be increased.
In the imidazolylethynyl-zinc-porphyrin dimer, 13D, the centre-to-
centre distance becomes longer than that of the imidazolyl-zinc-
porphyrin dimers. The UV-vis absorption spectrum of 13D shows
a broad Soret band instead of split peaks. In contrast to other
imidazolyl-zinc-porphyrin systems, the Soret band is red-shifted
for the dissociated monomer 13M-Py rather than the dimer 13D.
This shift results from a conformational change of the imidazolyl
group, which is oriented perpendicular to the attached porphyrin
in the coordination dimer, and becomes coplanar in the dissociated
monomer.

6. Polymeric and macrocyclic systems using
complementary coordination

The combined use of covalently and non-covalently linked dimer
motifs provides for well-oriented oligomeric and polymeric sys-
tems. The resulting absorption spectra are expanded to capture a
wide wavelength range of visible light, and the excitation energy
can be transferred over a long distance through the chain. The ap-
plication of complementary coordination motifs 12D and 13D to
the meso—meso linked dimer 2 gives 26P*>5 and 27P* (see Fig. 14).
These are dissociated into monomeric species 26M-Py and 27M-
Py in the presence of excess pyridine. In non-coordinating solvents,
such as CHCl;, CH,Cl,, and toluene, polymeric 26P and 27P
are produced spontaneously. The number of assembly units is

Abs,
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12M-Py
. 23M-Im
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T T T s L — -~
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Fig. 13 UV-vis absorption spectra of 12M-Py, 12D, 22M-Im, 22D, 23M-Im, 23D, 24M-Py, 24D, 25M-Py, 25D-Extended, 13M-Py, and 13D. (Key:

dimer = black, monomer = grey.)
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R = heptyl

27M-Py

Fig. 14 Complementary coordination polymers 26P and 27P, and
the unit molecules.

dependent on the concentration. The average number has been
estimated to produce more than a 700-mer for 26P in CHCl; from
gel permeation chromatography (GPC) data, and a 45-mer for 27P
in 5.8 x 10> M CHCI, from the self-association constant.

The absorption spectrum of polymer 26P shows split Soret
bands at 408.5 and 489.5 nm, which are blue- and red-shifted
by —528 and 1357 cm™', respectively, compared to the Soret band
of the corresponding monomer 26M-Py (Fig. 15). Polymeric 27P
also shows split Soret bands at 432 and 490.5 nm, whereas the
dissociated monomer 27M-Py shows split Soret bands at 437 and
473.5nm. The absorption spectrum of both polymers covers a wide
wavelength range of visible light. The fluorescence spectrum of
polymeric 26P does not show any obvious quenching,* indicating
a potential use in light-harvesting antennae. The fluorescence was
quenched efficiently when an acceptor molecule was introduced at
the terminal position.*” This means that excitation takes place at
any location in the assembly, and that the energy is transferred to
the terminal acceptor.

26M-Py 27M-Py

26P 27P

400 500 600 700 400 500 500 700
Wavelength [nm] Wavelength [nm]

Fig. 15 UV-vis absorption spectra of 26M-Py, 26P, 27M-Py, and 27P.
(Key: polymer and dimer = black, monomer = grey.)

When complementary dimer motifs are connected by non-
linear spacers, macrocyclic oligomers are produced spontaneously
under diluted conditions without the formation of polymeric
side products. The size of the macroring is easily controlled by
the angle between the two connecting bonds. In the case of
m-phenylene-linked bis(imidazolyl-zinc-porphyrins), pentameric
and hexameric supramolecular macrorings, C-P5 and C-P6, are
formed® (Fig. 16). To determine the exact assembly number
using mass spectrometry, the macrorings were covalently linked
using a ring-closing metathesis reaction.*®%” The covalently linked
macrorings did not dissociate under the conditions used in the
mass spectrometer, not even when using coordinating solvents,
such as pyridine. Two different sized macrorings were separated
using GPC.

ke \ ~ 200 fs
 } the dipole equifibrum
between Xand ¥

Fig. 16 Supramolecular porphyrin macrorings C-P5, C-P6, C-EP5, and
C-EP6 with reference porphyrins A, B, and C.

The photophysical dynamics of C-P5 and C-P6 were determined
using reference porphyrins A, B, and C through nanosecond
time-resolved fluorescence and fluorescence decay anisotropy, and
femtosecond transient absorption (TA) and transient absorption
anisotropy (TAA).® The fast excitation-energy hopping (EEH)
rates in the rings were also determined using the latter two
methods. The TAA decay reflects the depolarization of the exciton
that is initially localized in weakly coupled multi-chromophores.
The EEH parameters between the two zinc porphyrin monomers
in the cofacial dimer and the cofacial porphyrin dimers in
the macrorings were obtained from the data. Exciton—exciton
annihilation processes occur in light-harvesting antenna systems
under multi-photon absorption conditions. These processes are
also associated with the EEH value.” Pump power-dependent
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transient absorption experiments give related parameters used to
calculate the value of the EEH.

The TAA decay of A shows only a single component with
a time constant of ~200 fs. The fast component originates at
the dipole equilibrium of the zinc porphyrin monomer, and the
EEH originates between the zinc porphyrin monomers in the
cofacial dimer. The TAA decay of B and C was fitted using
two components with time constants of ca. 200 fs and 4.6 ps,
respectively. The faster component was assigned the same value
as that of A, and the slower component was assigned the same
value as EEH between the two zinc porphyrin monomers of B,
and the two cofacial zinc porphyrin dimers of C. In the case of
C-P5 and C-P6, the two decay components were obtained in a
similar manner. The slower time constants of 2.11 ps for C-P5
and 1.62 ps for C-P6 are similar to those obtained for C. These
values were used to calculate the EEH values of the macrorings.
At the same time, the pump power-dependent TA was measured
for C-P5 and C-P6, along with references A and B. The TA decay
of C-P5 and C-P6 was very sensitive to the pump power, whereas
no pump power dependence was observed for references A and B.
This indicates that the exciton—exciton annihilation between the
cofacial dimer units occurred only in ring structures of C-P5 and
C-P6. The EEH processes were analysed based on a Forster-type
energy-transfer model, assuming a migration-limited character of
the exciton—exciton annihilation and a random-walk formalism for
the anisotropy decay. The EEH time was obtained using eqn (5)
and (6), in which N was the number of EEH sites, a was the
angle between the neighbouring transition dipoles, Tuiniaion Was
the slowest exciton—exciton annihilation time, and 7y, Was the
inverse of the nearest neighbour energy-hopping rate.®’

Thopping

Thopping
41 — cos’2n/N)) _ 4(1 — cos™) ®)

7:depolarizalion =

N —1

Tannihilation = T Thopping (6)

For values of N = 5and a = 72° for C-P5,and N =6 and a =
60° for C-P6 in eqn (5) and (6), the values of Typotarizaton = 7.6 ps for
C-P5 and Tuepotarizaiion = 4.9 ps for C-P6, and 7 inituion = 8.3 ps for
C-P5 and 7,ihition = 5.7 ps for C-P6, respectively, were obtained.
It should be noted that both of the time constants obtained from
the two different experiments were the same within a small error
range (i.e., for the EEH times, this was 8.0 & 0.5 ps for C-P5 and
5.3 £ 0.6 ps for C-P6), which validates the treatment.

Two larger macrocycles C-EP5 and C-EP6 were synthesized
to examine further the relationship between the macroring
structure and the EEH times.>® In these motifs, the cofacial
dimer units are connected through a 1,3-bisethynylenephenylene
moiety. Their structural analysis was carried out using 'H NMR
spectroscopy, mass spectrometry, and high-resolution scanning
tunnelling microscopy (HRSTM).®! The simple NMR spectra of
non-metathesized EP-5 and EP-6 indicate that the rotation of the
dimer units along the ethynylene bonds is fast, occurring within
the NMR timescale. This may contribute to a strong electronic
coupling between two cofacial dimer units.

The photophysical dynamics of C-EP5 and C-EP6 were exam-
ined using the same methods as used for C-P5 and C-P6. The EEH
times within the macrorings of C-EP5 and C-EP6 were determined

to be 21 ps for C-EP5 and 12.8 ps for C-EP6. A comparison of
these data with those from the m-phenylene-linked macrocycles,
C-P5 (8.0 ps) and C-P6 (5.3 ps), suggests that the EEH time
depends on the distance of the hopping sites. Although in C-
EP5 and C-EP6, both coplanarity and electronic communication
through the ethyne bond were introduced, the apparent EEH times
were increased. The ethyne moiety between the porphyrin and
phenylene brings about a red-shift of the absorption spectra of
C-EP5 and C-EP6 compared to C-P5 and C-P6. In addition, the
Q(0,0) band intensity of C-EP5 and C-EP6 are significantly higher.
These features may play an important role as a second antenna
into which excitation energy can be funnelled from surrounding
higher energy antenna. Since the emission spectra of C-P5 and
C-P6 overlap with the absorption spectra of C-EP5 and C-EP6,
their composite systems may provide an energy cascade system,
such as LH2 and LH1.

Interestingly, the EEH times of the hexameric macrorings of
C-P6 and C-EP6 are faster than those of the corresponding
pentameric macrorings of C-P5 and C-EPS. In Forster-type
energy transfer, the rate constant is expressed by eqn (7), in which
n is the refractive index of the solvent, R is the centre-to-centre
distance between the donor and the acceptor, 7 is the fluorescence
lifetime of the energy donor, « is the orientation factor, @ is the
fluorescence quantum yield, and J is the spectral overlap integral.

—-25,.2
g = 8.8 anl(;(,f K CDJ ™

If we assume perfectly planar structures for the pentagons and
hexagons, then the orientation factor, ., is calculated to be x =
1.65 for C-P5 and C-EPS and x = 1.75 for C-P6 and C-EP6. The
centre-to-centre distances between the two cofacial dimer units
were estimated from molecular modelling to be 15.5, 16.1, 19.9,
and 20.7 A for C-P5, C-P6, C-EP5, and C-EP6, respectively. With
respect to the distances between the energy-hopping sites, the
hexamers C-P6 and C-EP6 are less favourable than the pentamers
C-P5 and C-EPS by a factor of 1.04, whereas they are more
favourable by a factor of 1.06 with respect to the orientation factor.
Since the energy transfer rate is affected by the inverse of the sixth
power of the separation distance and is proportional to the square
of the orientation factor, then the decrease in the rate constant
of the hexamers due to the longer distance (1/(1.04)° = 0.79)
seems to dominate over the increase due to the orientation factor
((1.06)* = 1.12). However, both EEH rates of the hexamers C-P6
and C-EP6 are faster than those of the corresponding pentamers,
C-P5 and C-EPS. This suggests that hexameric structures have a
better orientation, which is probably due to the strong electronic
coupling or accumulated hopping.

Other supramolecular porphyrin macrorings can be obtained
by changing the spacer structures.®> When a ferrocenyl group was
used as a spacer, a series of giant macrorings were obtained.®® The
ring sizes were estimated using well-resolved GPC peaks and the
result was finally confirmed by HRSTM.*

Covalently linked C12ZA% and C24ZB® have been synthesized
recently, and their photodynamic properties have been examined
using the same methods as applied to the above macrorings
(Fig. 17). In these motifs, the EEH times among the meso-meso-
linked dimer or tetramer units in C12ZA and C24ZB are very fast
(ca. 240 fs), suggesting that coherent units exist. The EEH times
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Fig. 17 Porphyrin macrorings of C12ZA% and C24ZB.*

between the dimer and the tetramer units were estimated to be 3.6
and 35 ps for C12ZA and C24ZB, respectively. Since the centre-
to-centre distance between the energy hopping sites of C24ZB is
roughly 1.5 times longer than that of C12ZA, then the slower
time constants observed in C24ZB are consistent with the above
explanation (1/(1.5)° = 0.09). Similar to B850, the transition
dipoles in the macrocyclic rings of C-P5, C-P6, C-EP5, C-EP6,
C12ZA, and C24ZB are aligned along the ring axis. The well-
ordered orientation must contribute to the efficient excitation
energy transfer in the rings.

Since the zinc(11) ion is limited to five-coordination, the poly-
merization of the monoporphyrin unit cannot be achieved using a
complementary coordination strategy. Replacement of the zinc(1r)
ion by metal ions permitting six-coordination must consider two
factors: the large stability constant and the zero fluorescence
quenching required to obtain stable assemblies for light-harvesting
functions. The use of Co(111) porphyrin 29 (see Fig. 18) only satisfies
the former condition, and giant J-type assemblies are obtained
without any fluorescence emission.?’

Ph |
N N
Ph N,cé_i*—N \]
N N— Ph

" Ewph

LG 2CIO4

8 = EtOH or H,O

Fig. 18 Complementary coordination dimer 28D, polymer 29P, and the
monomer 28M-Py,.

The absorption spectrum of the dimer 28D (see Fig. 19) shows
a broad Soret band with respect to that of the corresponding
monomer, 28M-Py,. However, the splitting energy of the dimer
28D is smaller than that of imidazolyl-zinc-porphyrin dimers 12D
and 22D.¢*% When 29P is formed, the Soret band appears with
a large split width at 402 and 478 nm.f The difference in energy

T Polymerization of 29 usually accompanies a shorter oligomer, but the
absorption spectrum of long polymer 29P was obtained in the course of
analytical gel permeation chromatography by photodiode array detector.

| 2BM-Py2

| 0P
28D

500 600 700 300 500 800 700
Wavalength [nm] Wavelength [nm]

Fig. 19 UV-vis absorption spectra of 28M-Py,, 28D, and 29P. (Key:
polymer and dimer = black, monomer = grey.)

of the Soret band from the monomer, 28M-Py,, is —2200 and
1755 cm™, indicating that both B,-B,” and B,—B,’ interactions are
accumulated in this system. Compound 29P is a unique example
of a coordination-organized large J-aggregate with a significant
n-electron overlap, and so this compound may be used as a charge
transporter.

7. 2-Pyridinyl-zinc-chlorin and
imidazolyl-zinc-phthalocyanine dimers

In porphyrin assemblies, strong excitonic couplings are observed,
mainly in the Soret band, whereas the coupling energy of the Q-
band is generally small. This result comes from the smaller oscilla-
tor strength of Q-bands. In natural photosynthetic systems, partly
hydrogenated porphyrins such as chlorin and bacteriochlorin are
used in light-harvesting antenna systems.*

Due to the removal of the degeneracy of the two transition
dipoles, the Q(0,0)-band becomes much more intense than that of
porphyrin. However, the complementary coordination dimer of
(2-pyridinyl)-zinc-chlorin, 30D, exhibits only a small red-shift of
the Q-band (70 cm™')™ (Fig. 20).

Fig.20 (2-Pyridinyl) chlorin, 30, and the imidazolyl-zinc-phthalocyanine
dimer, 31.
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D,-Metallophthalocyanine has two degenerate transition
dipoles along the axis connecting the two trans benzopyrroles,
but the intensity of the Q(0,0)-band is much larger than that of
porphyrin. The molar extinction coefficient (e =2 x 10° M~ cm™
(677 nm in toluene) for Zn'BuPc) is large enough to induce a
significant excitonic coupling. We recently succeeded in synthe-
sizing B-substituted imidazolyl-zinc-phthalocyanines 31.”" Similar
to the imidazolyl-zinc-porphyrins, 31 affords the complementary
coordination dimer 31D. In this case, two structural isomers,
oblique and parallel, were observed in the '"H NMR spectra using
a non-symmetrical disposition of the imidazolyl substituent. The
absorption spectrum of the dimer mixture shows split Q-bands
at 669.5 and 699 nm with respect to the absorption spectrum of
the monomer (679 nm). The apparent splitting energies are —209
and 421 cm™', respectively. In contrast to the porphyrin dimer, the
shift of the Soret band, occurring around 350 nm, is negligible.
The fluorescence quantum yield of the dimer is almost the same as
that of the monomer, indicating once again that complementary
coordination does not quench the fluorescence.

Other phthalocyanine dimers with covalent and non-covalent
linkages have been reviewed previously.”” Covalently linked sys-
tems with direct” connections or through cyclophane-type,’*
shared phenylene,” and ethynylene groups® seem to be potential
candidates for both light-harvesting and charge transport. A
combination of covalent dimers with complementary coordination
motifs may provide phthalocyanine polymers, as in the case of
porphyrins.

8. Porphyrin—phthalocyanine heterodimers

Porphyrin—porphyrin and phthalocyanine-phthalocyanine ho-
modimers have been discussed in the previous sections. Since the
two molecules are identical in these cases, the excitonic interaction
leads to a clear splitting of the Soret or Q-bands. Here, we will
discuss cases involving a closing connection with a porphyrin
and phthalocyanine link.”® Large spectral changes are observed
for various face-to-face porphyrin—phthalocyanine heterodimers
constructed from electrostatic and hydrophobic - interactions
in aqueous or very polar media.”” The shape of the absorption
spectra depends on the nature and the combination of the central
metal ions of the porphyrin and the phthalocyanine. Recently, two
head-to-tail porphyrin—phthalocyanine heterodimers, 32 and 33,
have been reported by our group™ and Torres’ group™ (see Fig. 21).
A direct linkage at the meso- or B-positions of the porphyrin and
the B-position of the phthalocyanine restricts free rotation along
the connecting bond. In the UV-vis absorption spectra of these
heterodimers, the Q(0,0) band of the phthalocyanine moiety is
red-shifted and is broadened significantly when compared to the
Q(0,0) band of monomeric phthalocyanine.

Both energy and electron transfer occur in porphyrin—
phthalocyanine heterodimers. The direction of the energy transfer
always occurs from the porphyrin to the phthalocyanine, but
electron transfer occurs from either side, depending on the redox
potential of the two moieties. Interestingly, although the energy
gap of the charge separation is very small, the electron transfer
occurs smoothly in polar media. We recently examined the photo-
induced charge separation of the porphyrin—phthalocyanine het-
erodimer 32D using ultra-fast transient absorption spectra.®
In this case, electron transfer occurred from the excited zinc

(HsC)sf

C(CH
come  32M C(CHa)s 33 (CHa)s

Fig. 21 Porphyrin—phthalocyanine heterodimers, 32 and 33.

phthalocyanine to the zinc porphyrin. Even if the porphyrin part
is excited selectively, this vectorial electron transfer occurs after a
singlet energy transfer from the excited porphyrin moiety to the
adjacent phthalocyanine part. Since the absorption bands of 32D
cover a wide range of the visible part of the spectrum, any visible
light produces a charge separated state. It is noteworthy that the
energy gap between the charge separated state (1.84 eV) and the
excited phthalocyanine state (1.8 eV) is very small. This means
that a high-energy hole—electron pair is efficiently generated in the
charge separated state. A separation of this high-energy ion pair
in the opposite direction produces both high-lying oxidants and
reductants, as targets for artificial photosynthesis.

9. Outlook

In this article, we have focused on assemblies of porphyrins and
phthalocyanines with strong electronic coupling in well-defined
orientations. Complementary coordination motifs are satisfactory
in every respect in terms of structural stability, orientation factor,
n-electron overlap, and zero fluorescence quenching. The range
of absorption wavelengths can be adjusted and expanded on
by choosing unit molecules and polymeric extensions. In fact,
the entire visible range of the spectrum can be covered by a
combination of meso—meso-linked bisporphyrin polymers, 26P
and 27P, and the phthalocyanine dimer 31D. At the same time, the
one-dimensional porphyrin polymer 26P acts as a singlet energy
transporter. Polymer 26P, which is composed of charge resonance
interacting pairs®' and a meso-meso-linked porphyrin, leads to
an efficient charge separation and charge transporter. A polymer
combining these features may act as a charge transporter.®” In the
final sections, the porphyrin—phthalocyanine heterodimer 32D was
shown to provide a unique reaction centre, in which the excited
singlet energy funnelled from both chromophores is converted to
a high-energy electron-hole pair.

Biomimetic research has succeeded in constructing each func-
tional unit, antenna, and reaction centre. The connectivity, as
illustrated in Fig. 1, remains a challenging target. Here, the source
and drain of the electron are separated from each other by only
the membrane thickness. Therefore, successful achievement of a
biological mimic of photosynthesis depends on a two-dimensional
arrangement of each energy-producing unit. On the other hand,
artificial energy-producing machines may combine the above
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elements and achieve the following tasks successively: (1) light-
harvesting over the entire range of visible light, (2) transport
of excited energy to a reaction centre, (3) charge separation to
produce a high-energy electron-hole pair, and (4) charge transport
to opposite directions to supply the charges for external terminals.
Since the two terminals are separated by long distances to prevent
charge recombination, the object of future work is to overcome
the problem of how to convey the excitation energy, electrons, and
holes over extended electrode distances.
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