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Strongly interacting porphyrin dimers as a form of cofacial or side-to-side linkage have been ideally suited
for investigation on the structure-electronic property relationship in porphyrin dimers. The relative orientation
and interchromophore distance determined by the dihedral angle between the two porphyrin units are key
factors in controlling the interchromophoric interaction. In the present work, directly linked porphyrin dimers
with a systematic change in the dihedral angle between the two porphyrin planes have been investigated by
resonance Raman (RR) and emission spectroscopies. Extremely strong molecular orbital interactions between
the porphyrin units by decreasing the dihedral angle give rise to strongly enhanced interporphyrin charge-
resonance transitions. With a decrease of the dihedral angle, unique RR spectra of the porphyrin dimers were
also observed depending on the excitation wavelengths of 406.7, 457.9, and 488.0 nm. With the aid of
supermolecular MO approaches it was found that the charge-resonance band at ca. 450 nm involves a1u

A f

(1/x2)(egx+egy)B transition. Upon excitation at this transition, the Raman modes involvingν(CRCâ) and
ν(CâCâ) motions such asν38, ν11, andν3 are predominantly enhanced. The MO calculation also revealed a
considerable mixing between the charge-resonance transition and the excitonic transition with a decrease of
the dihedral angle. The fast component in the fluorescence decay (ca. 500 ps) was found to increase in its
contribution as the dihedral angle decreases, which was tentatively interpreted in terms of the vibronic mixing
of the Q-band mixed with the charge-resonance transition.

I. Introduction

Optical and electronic properties of a variety of porphyrin
arrays have aroused much scientific interest owing to their
potential applications as solar cell, molecular photonic and
electronic devices.1-3 The recent success in elaborating various
porphyrin architectures using several types of linkers via meso
position attachment has enabled systematic studies of structure-
property relationships.1-11 Molecular rods may be used to place
two active centers at a known distance apart and connect them
by a medium of known structure. The degree of interaction
between the centers must depend on the electronic structure of
the rod and the structural displacement between them, such as
interchromophore distance and orientation. Recently, it became
possible to synthesize directly meso-meso linked porphyrin
arrays, which exhibit unusually strong exciton splitting in their
Soret bands due to a short center-to-center distance (∼8.35
Å).12,13The directly meso-meso linked linear porphyrin arrays
always have shown predictable changes in optical properties
according to Kasha’s exciton model. Their S2 f S1 internal
conversion rates have been accelerated through opening a ladder-
type deactivation channel arising from the low-energy exciton
split band as a function of the porphyrin array length. Another
distinct feature of this molecular system is that their interchro-
mophoric electronic interactions are nearly free fromπ-conjuga-
tion due to their orthogonal conformation caused by the direct

linkage between the adjacent porphyrin rings. Because not only
the interporphyrin distance but also the dihedral angle are
important in determining electronic interactions in the porphyrin
arrays, it is relevant to investigate how the dihedral angle
between the neighboring porphyrins influences the electronic
nature of the porphyrin arrays.

The electronic properties of the dihedral angle-controlled
diporphyrins14 exhibited new absorption bands appearing at 390
and 450 nm and an excitonic Soret band shifting from 450 to
480 nm with a decrease of the dihedral angle. Based on MO
calculations, the new bands at 390 and 450 nm are characterized
as charge-resonance transitions and the shifted excitonic Soret
band is strongly affected by orbital interactions between the
two porphyrin planes. The weak band at 450 nm is not fully
characterized due to its weakness in intensity. Its position
between the strong excitonic Soret transitions may give rise to
strong vibronic interaction with them. As the charge-resonance
and excitonic transitions are intrinsically different from each
other in their electronic properties, the resonance Raman
spectroscopy can be utilized in discerning the electronic nature
of the transition by monitoring the RR enhancement pattern
depending on the excitation wavelength.15-20 In the present
study, we have performed the RR spectroscopic experiments
to explore the electronic nature of the electronic transitions of
the dihedral angle-controlled diporphyrins. To describe the
mixing between the charge-resonance and excitonic transitions
in a detailed manner, we have also carried out simple super-* Corresponding authors.

11054 J. Phys. Chem. A2002,106,11054-11063

10.1021/jp021439b CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/26/2002



molecular MO approaches. Based on the MO calculations, the
RR enhancement as well as the interaction between the charge-
resonance and excitonic transitions has been addressed.

II. Experiemental Section

Zn(II) 5,15-bis(3,5-dioctyloxyphenyl)porphyrin (Z1), and its
meso,meso-linked porphyrin arrays from dimer (Z2) were
synthesized through repetitive AgI-promoted meso,meso-
coupling reactions.12,13 The dihedral angle controlled dimers
were synthesized by linking the peripheral phenyl group with a
strapping chain of different length (we denote the strapped
porphyrin dimer as SN, N ) 1, 2, 3, 4, 8, and 10;N is the
number of carbon atoms in the chain) (Scheme 1). Recycled
GPC-HPLC was used for product separation. MALDI-TOF
mass and1H NMR spectra were employed for product charac-
terization. The spectroscopic grade tetrahydrofuran (THF) was
used as a solvent for all experiments.

The absorption spectra were recorded by using a Varian Cary
3 spectrophotometer, and fluorescence measurements were made
on a scanning SLM-AMINCO 4800 spectrofluorometer, which
makes it possible to obtain the corrected fluorescence spectra
using Rhodamine B as a quantum counter. Steady-state fluo-
rescence excitation anisotropy spectra were obtained by chang-
ing the detecting polarization in the fluorescence path parallel
or perpendicular to the polarization of the exciting light. Then
anisotropy values were calculated as follows:

whereIVV (or IVH) is the signal intensity when the excitation
light is vertically polarized and only the vertically (or horizon-
tally) polarized portion of fluorescence is detected, denoting
that the subscripts stand for excitation and detection polarization,
respectively. The factorG defined byIHV/IHH corresponds to
the ratio of the sensitivities of the detection system for vertically
and horizontally polarized light.

Picosecond time-resolved fluorescence experiments were
carried out by using the time-correlated single photon counting
(TCSPC) method.21 The picosecond excitation pulses were
obtained from a cavity-dumped picosecond dye laser (Coherent
702) synchronously pumped by a mode-locked Nd:YAG laser
(Coherent Antares 76-s). The cavity-dumped beam from the dye
laser has 2 ps pulse width and an average power of ca. 40 mW
at 3.8 MHz dumping rate when Rhodamine 6G as the gain dye
was used. The emission was collected at 45° with respect to

the excitation laser beam by 5- and 25-cm focal length lenses,
focused onto a monochromator (Jobin-Yvon HR320), and
detected with a microchannel plate photomultiplier tube
(Hamamatsu R2809U). The signal was amplified by a wideband
amplifier (Philip Scientific), sent to a Quad constant fraction
discriminator (Tennelec), a time-to-amplitude converter (Ten-
nelec), a counter (Ortec), and a multichannel analyzer (Tennelec/
Nucleus), and stored in a computer.

The ground-state resonance Raman spectra of the strapped
porphyrin dimers were obtained by photoexcitation using two
lines (457.9 and 488.0 nm) of a cw Ar ion laser (Coherent
INNOVA 90) and 406.7 nm line of a cw Kr ion laser (Coherent
INNOVA 70K). These lines correspond to the low-energy
exciton split Soret bands and the high-energy Soret band of the
strapped porphyrin dimers. Raman scattering signals were
collected in a 90° scattering geometry. Various Raman detection
systems were used such as a 1-m double monochromator (ISA
Jobin-Yvon U-1000) equipped with a thermoelectrically cooled
photomultiplier tube (Hamamatsu R943-02), a single pass
spectrograph (Acton Research 500i) equipped with a charge-
coupled device (PI LN/CCD-1152E).

III. Results

Steady-State Absorption and Fluorescence Spectra.The
absorption spectra of Z2, SNs and their constituent monomer
(Z1) are shown in Figure 1. BecauseN represents the number
of carbons in the strapping chain, the dihedral angle between
the porphyrin moieties decreases asN decreases. The absorption
spectra of SNs denote unique features in their electronic
structures depending on the dihedral angle. As the dihedral angle
decreases from 90°, theπ-π interaction between the porphyrin
units gradually increases, resulting in new features unpredicted
by the exciton coupling model. The high-energy band at ca.
415 nm gradually splits into the two bands at ca. 390 and 425
nm as the strap length decreases, in which the higher-energy
band at ca. 390 nm exhibits charge-resonance (CR) character
and the lower-energy band at ca. 425 nm excitonic (EX) nature.
The low-energy split band at 450 nm becomes gradually red-
shifted up to 480 nm, and a weak band contributing to the
absorption at around 450 nm can be noticed as the dihedral
angle decreases. The lower-energy band shifted up to 480 nm
was considered to possess excitonic character and the nearby
moderate band at 450 nm to denote a charge-resonance feature.

The systematic changes in the absorption spectra of the dimers
are reflected in their corresponding fluorescence spectra. Figure

SCHEME 1: Molecular Structures of the Porphyrin
Dimers, SNs (whereN is the number of carbons in the
strapping chain)

r )
IVV - GIVH

IVV + 2GIVH

Figure 1. A series of normalized ground-state absorption spectra of
porphyrin monomer (Z1), orthogonal dimer (Z2), and strapped dimers
(SNs) dissolved in THF. EX and CR represents excitonic and charge-
resonance characters, respectively.
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2 shows the fluorescence spectra of SNs with an excitation at
ca. 415 nm. As the strap chain becomes short, the fluorescence
bands become merged into one band to the red side at ca. 660
nm. This band mainly originates from the Q(0,0) band (ca. 630
nm) showing a consistent red-shift as in the absorption spectra.
Fluorescence decay profiles of the strapped porphyrin dimers
at 655 nm were monitored after photoexcitation at their
corresponding Q bands (Figure 3). Gradual decrease of the
fluorescence decay times was observed in going from S10 to
S1. The inset in Figure 3 shows the fluorescence decay profiles
of S10 and S1 and their fitted curves with a single exponential
decay function. This reveals that the decay profile of S1 deviates
from a single exponential decay while that of S10 roughly
follows a single-exponential decay. The decay curves were
successfully fitted with double exponential decay functions for
all strapped dimers, and the resulting time constants are
summarized in Table 1. While the time constant for the slow
component is comparable to the fluorescence lifetime (1.94 ns)
of Z2, the fast component of ca. 400 ps was not detected for
Z2.22 The fast component shows little change in going from
S10 to S3 and becomes slightly slower in S2 and S1. On the
other hand, the time constant for the slow component gradually
decreases from 1.90 to 1.57 ns in going from S10 to S1,
respectively. The relative contribution of the fast component in
fluorescence intensity is about 10% from S10 to S3 but increases
up to 26% in going from S2 to S1.

Steady-state absorption/fluorescence polarization anisotropy
experiments were performed in order to gain further insight into
the relative orientation between absorption and emission dipoles
in the porphyrin dimers (Figure 4). The bottom curve in Figure
4 represents the characteristic anisotropy features of the
orthogonal porphyrin dimer such that the high-energy Soret band
at 415 nm has negative anisotropy values and the low-energy
band at 450 nm has positive values similar to the Q-band region
(the region close to 600 nm). As expected from the absorption
spectrum, the fluorescence excitation anisotropy spectrum of
S10 is similar to that of Z2. The overall pattern of the
fluorescence excitation anisotropy spectra is nearly the same
for all SNs, except that the negative contribution at 415 nm
decreases and the positive maximum at around 460 nm shifts
to red in going from S10 to S1. By the negative anisotropy at
415 nm with a decrease of the strap chain length, it can be
considered that the direction of transition dipole at 415 nm is
not sharply defined in the strapped porphyrin dimers due to the
reduced symmetry fromD4h of porphyrin monomer caused by
severe structural deformation. The positive value at around 460
nm indicates that the transition dipole of the corresponding
absorption band is parallel with that of the lowest excited state
from which fluorescence emits.

Resonance Raman Specra of SNs.Resonance Raman (RR)
spectra of SNs (N ) 1, 2, 3, 4, 8, and 10) and Z2 are shown in
Figure 5. The 457.9 and 488.0 nm Ar+ ion laser lines were

Figure 2. A series of normalized fluorescence spectra of strapped
porphyrin dimers (SNs) in THF with an excitation at 415 nm.

Figure 3. Fluorescence decay profiles of strapped porphyrin dimers
(SNs) in THF observed at 655 nm after photoexcitation at their
corresponding Q-bands. The inset shows the fluorescence decay curves
of S1 and S10 with a single-exponential decay as a guide for eye.

TABLE 1: Fluorescence Decay Lifetimes of SNs Observed
at 655 nm after Photoexcitation at Their Corresponding
Q-bands

fast component slow component

τ1 intensity ratioa τ2 intensity ratio

S1 0.59 26% 1.57 74%
S2 0.46 17% 1.62 83%
S3 0.38 9.9% 1.67 90.1%
S4 0.35 9.1% 1.74 90.9%
S8 0.41 9.9% 1.84 90.1%
S10 0.39 10.7% 1.90 89.3%

a Amplitude ratio between species 1 and species 2.

Figure 4. A series of steady-state fluorescence excitation anisotropy
spectra of strapped porphyrin dimers (SNs) in THF monitored at their
fluorescence maximum positions.
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selected as Raman excitation lines in order to elucidate the
electronic nature of the absorption bands in 430-500 nm region.
The RR spectrum of S10 by photoexcitation with the 457.9 nm
laser line is nearly the same as that of Z2, exhibiting the
dominant enhancement of the Raman bands at 1545, 1352, 1291,
1184, 1070, 1005, 386, and 221 cm-1 and the triple bands at
around 666 cm-1. They all correspond to the totally symmetric
A1 modes under theD2d symmetry point group of the orthogonal
porphyrin dimer Z2. The Raman bands at 1545, 1352, 1070,
1005, and 386 cm-1 in the RR spectrum of S10 are attributed
to theν2, ν4, ν9, ν6, andν8 modes of the porphyrin monomer.23,24

The large enhancement of the triple bands at around 666 cm-1

that originate from CRCmCR bending vibration (φ9 mode) is also
observed. The Raman bands at 1291, 1184, and 221 cm-1 are
assigned to the symmetric combination modes of theν27, ν51,
and ν35 modes of the porphyrin monomer. These spectral
features are characteristic of the directly linked porphyrin dimer
with orthogonal geometry in the case of the low-energy Soret
excitation. In going from S10 to S1, however, the RR enhance-
ment pattern shows systematic changes. The Raman bands at
1023, 1444, 1490, and 1519 cm-1 become gradually stronger,
and the low-frequency bands such as theν8 mode at 387 cm-1

lose their intensities. One may think that the variations in RR
intensities reflect the differences in the absorption bands.
However, the absorption spectra of S2 overlapping with the RR
spectra, for instance, clearly indicate that the self-absorption in
Raman signals does not affect the RR enhancement (Figure 5).

The RR spectra of SNs by photoexcitation with the 488.0
nm laser line reveal totally different features than those by
photoexcitation with the 457.9 nm laser line in going from S10
to S1. They all show nearly the identical RR enhancement
pattern by the 457.9 nm excitation except a large enhancement
of the low-frequency modes below 500 cm-1 and the diminish-
ment of the RR bands at 1023, 1444, 1490, 1519, and 1578

cm-1 with a decrease of the dihedral angle. Most of the RR
bands are attributed to the totally symmetric modes spanning
the A1 symmetry under theD2d point group of the orthogonal
porphyrin dimer Z2 such as the RR bands of S10 by photoex-
citation with the 457.9 nm laser line. They all originate from
the A1g, B2g and Eu modes of the porphyrin monomer. The
overall mode assignments of the RR bands are given in Table
2 based on the normal-mode analysis of Z2.24 A major difference
in the RR enhancement by 457.9 and 488.0 nm excitation is
regarded to arise from the different electronic properties of the
corresponding absorption transitions.

A slight shift in vibrational frequency is observed for some
Raman bands (Table 3). While theν2, ν38, andφ4 modes show
decrease in frequency, theν9 andν35 modes are shifted to higher
frequency with a decrease of the dihedral angle. The other bands
such asν4, ν1, φ9, andν8 modes are relatively less affected by
the dihedral angle change. It is interesting to note that most of
the RR bands shifting to red or blue are contributed by the
ν(CRCâ) and/orν(CâCâ) modes except theν35 mode. Theν35

mode is directly affected by the geometric distortion caused by
the strapping chain. This mode is believed to be one of the direct
probes for geometric parameters related to the phenyl linkage.
The other modes are regarded as reflecting the geometric
changes, especially occurring in porphyrin planes. Considering
the extent of frequency shifts, however, the dihedral angle
change does not seem to significantly affect the vibrational force
constants. The enhancement of the low-frequency Raman modes
below 400 cm-1 by 488.0 nm excitation in going from S10 to
S1 is worthy of being mentioned. Previously we observed the
similar RR enhancement pattern in the low-frequency region
by excitation at the low-energy excitonic Soret bands of the
orthogonal porphyrin arrays as the length of the orthogonal
porphyrin arrays increased.24 These features along with the
invariant RR enhancement pattern from S10 to S1 by the 488.0

Figure 5. Resonance Raman spectra of orthogonal dimer (Z2) and strapped dimers (SNs) in THF from top to bottom by excitation at 457.9 nm
(left column) and those of SNs by excitation at 488.0 nm (right column). The absorption spectra of S2 corresponding to the spectral regions of the
RR spectra of S2 are drawn overlapping to check the influence of self-absorption on Raman intensities.
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nm laser line excitation allow us to confirm that the absorption
band of S1 at 478 nm possesses the excitonic nature. The gradual
enhancement of the Raman bands at 1023, 1444, 1490, and 1519
cm-1 with 457.9 nm excitation in going from S10 to S1 implies
that the electronic nature of the corresponding transition is quite
different from the red-shifted excitonic band at around 480 nm.
The absorption band at around 450 nm is believed to be due to
charge-resonance transition based on the MO calculations.

We also measured the depolarization ratios of the RR modes
of S10 and S2 as the two extreme cases of the dihedral angle
change. S10 represents almost identical features to Z2, giving
the depolization ratios of around 0.3. In the case of S2, the
depolarization ratios exhibit complicated trends. Some of the
RR bands observed by 488.0 nm excitation exhibit the increased
depolarization ratio values up to ca. 0.5 (Table 2). The increase
of the depolarization ratio is easily expected by the fact that
the Raman tensor is perturbed by symmetry change fromD2d

to D2. The RR bands at 1490, 1519, and 1578 cm-1 enhanced
only by 457.9 nm excitation show largeF values close to 0.75,
while the RR band at 1444 cm-1 (ν3 mode) showsF ≈ 0.5.
The largeF value close to 0.75 implies that these bands can be
attributed to depolarized vibration modes.

In the case of the porphyrin dimer with orthogonal geometry,
the resonance Raman spectrum by photoexcitation at the high-
energy Soret band revealed monomer-like spectral features,
which are caused by a negligible interaction between the Soret
transitions perpendicular to the long molecular axis.22,24 In
strapped porphyrin dimers, however, as the strap length
decreases, the interaction of the Soret transitions becomes
pronounced. To probe the spectral changes caused by the
dihedral angle variation, we also observed the RR spectra of
SNs with photoexcitation at the high-energy Soret band. As
shown in Figure 6 the RR spectra of the SNs obtained by
photoexcitation at 406.7 nm are nearly the same, irrespective
of the dihedral angle change. The RR spectra exhibit spectral
features characteristic of porphyrin monomers such that while
theν2, ν4, ν9, ν6, andν8 modes appear clearly, theν27, ν34, ν51,
and φ9 modes characteristic of the directly linked porphyrin
dimer are not enhanced.

IV. Discussion

Steady-State Absorption Spectra.The direct linkage of two
porphyrin units gives rise to unique properties such as strong
excitonic interactions due to a close proximity. In the case of
the porphyrin dimer, Z2, without a strap chain the porphyrin
planes maintain an averaged orthogonal geometry due to steric
repulsion between the two porphyrins. This feature allows the
successful application of the exciton model to this closely linked
diporphyrin, giving one red-shifted excitonic Soret band (B2

symmetry inD2d point group) and two degenerate monomer-
like Soret bands (E symmetry). However, strong interaction
between closely facing orbitals could not be totally precluded.
This was reflected in the significant broadening of the excitonic
bands22 and the considerable contribution of charge-resonance
character in the low-energy excitonic Soret band.25 When the
dihedral angle was reduced, the latent features of interporphyrin

TABLE 2: Normal Mode Assignment of the RR Bands of Strapped Porphyrin Dimer (S10 and S1)

S10 (cm-1) S1 (cm-1) local coordinate of porphyrin monomera symmetry

∼175 173 ν35 ν(Pyr-transl) phenyl moving B2(B2g)b

221 (0.3)c 226 (0.36)d ν35 ν(Pyr-transl) phenyl moving A1(B2g)
347 (0.31) φ10 ν(Cm-CPh) phenyl moving A1(A1g)
386 (0.30) 387 (0.34) ν8 ν(NM) + δ(CRNCR) + ν(CRCm) A1(A1g)
429 (0.39) ν33 δ(CRCm) + ν(CRCm) + ν(CRCâ) A1(A1g)
656 (0.33) 657 (0.27) φ9 δ(CRCmCR)+ν6a(Ph) A1(A1g)
677 (0.29) 679 (0.27) B2(A1g)
666 (0.31) 666 (0.33) φ9′′ δ(CRCmCR)+ν6a(Ph) A1(Eu)
1005 (0.28) 1005 (0.43) ν6 ν(NCR) + ν(CRCâ) A1(A1g)

1023 ν22 ν(CRCâ) + ν(NCR) + δ(CâH) E(A2g)
1070 (0.31) 1074 ν9 δ(CâH) + ν(CâCâ) A1(A1g)
1166 (0.28) 1166 (0.38) ν34 δ(CâH) + ν(CRCâ) A1(B2g)
1184 (0.26) 1188 (0.30) ν51 δ(CâH) + ν(CâCâ) A1(Eu)
1215 (0.31) 1215 (0.37) ν1 ν(CmCphenyl) + ν(NCR) A1(A1g)
1291 (0.33) 1290 (0.43) ν27 ν(NCR) + ν(CmCphenyl) A1(B2g)
1327 (0.65) 1328 (0.56) ν29 ν(CRCâ) + ν(CâH) A1(B2g)
1352 (0.32) 1351 (0.51) ν4 ν(CRCâ) + ν(NCR) + δ(CRNCR) + δ(CRCm) A1(A1g)
1443 (0.47) 1444 (0.58) ν3 ν(CRCm) + ν(CâCâ) A1(A1g)
1489 (0.72) 1490 (0.71) ν11 ν(CâCâ) + δ(CâH) E(B1g)
1521 (0.51) 1519 (0.59) ν38 ν(CRCm) + ν(CâCâ) + ν(CC)Ph A1(Eu)
1545 (0.30) 1543 (0.54) ν2 ν(CâCâ) A1(A1g)
1584 (0.72) 1578 (0.79) φ4/φ4′′ ν(Cm-CPh) + ν8a(Ph)+ ν(CâCâ) A1(A1g)/ A1(Eu)

a The notations for normal classification are adapted from ref. 23.b Symmetry block inD4h symmetry.c Numbers in parentheses are the depolarization
ratios for S10.d Numbers in parentheses are the depolarization ratios for S2 instead of S1.

TABLE 3: Vibrational Frequencies of Resonance Raman
Modes of SNs

Raman frequencies (cm-1)

modes Z2 S10 S8 S4 S3 S2 S1

ν35 223 221 220 222 224 225 226
φ10 354 347
ν8 391 386 387 387 386 388 387
ν33 431 429 429 430
φ9 658 656 656 657 657 657 657

679 677 677 678 677 677 679
φ9′′ 668 666 666 667 666 666 666
ν6 1009 1005 1005 1005 1006 1004 1005
ν22 1021 1022 1023
ν9 1074 1070 1071 1073 1073 1073 1074
ν34 1166 1166 1166 1168 1166 1166 1166
ν51 1197 1184 1184 1188 1187 1187 1188
ν1 1215 1215 1216 1216 1216 1215 1215
ν27 1294 1291 1290 1291 1291 1290 1290
ν29 1328 1327 1328 1328 1327 1327 1328
ν4 1355 1352 1351 1352 1352 1351 1351
ν3 1443 1443 1444 1444 1444 1444
ν11 1493 1489 1489 1488 1491 1490 1490
ν38 1523 1521 1521 1521 1521 1519 1519
ν2 1546 1545 1544 1545 1544 1543 1543
φ4/φ4′′ 1587 1584 1584 1580 1580 1578 1578
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MO interactions began to appear. Specifically, the low-energy
exciton Soret band (B2 in D2d group and B1 in D2 group), which
should not be shifted according to the exciton model, was red-
shifted by ca. 30 nm while a new band (B2 in D2d group and B1
in D2 group), assigned as a charge-resonance transition, appeared
at ca. 450 nm. The high-energy Soret band at 415 nm was split
by excitonic interactions, but still remained as one band
overlapped with each other due to weak interactions (E inD2d

group and B2/B3 in D2 group). The new band appearing at 390
nm was assigned as a charge-resonance transition.

The Raman enhancement of vibrational modes is strongly
affected by the electronic transition where the Raman excitation
line lies. The similar RR enhancement pattern of S1 by 488.0
nm excitation to that of Z2 demonstrates that the absorption
band at 480 nm has mostly excitonic character originating from
the low-energy excitonic Soret transition of Z2 at 450 nm.
Different RR enhancement pattern of S1 with photoexcitation
at 457.9 nm reveals that the electronic transition in this region

has different electronic property from the excitonic Soret band,
supporting the assignment of charge-resonance transition. It is
also noteworthy that despite the difference in the RR enhance-
ment by 457.9 and 488.0 nm excitations, the Raman spectrum
of S1 with excitation at 457.9 nm has mostly common features
with that of Z2, indicating that the corresponding transition is
considerably mixed with excitonic character.

Supermolecular MO Approach. To clarify the mixing of
charge-resonance and excitonic transitions we adopted simple
supermolecular MO approaches. The supermolecular MO ap-
proaches have been utilized to describe the optical properties
of various dimer complexes including sandwich porphyrin
complexes, bateriochlorin dimer and the reaction center special
pair. Using eight HOMOs and LUMOs of two porphyrin units,
the MOs of the porphyrin dimer were constructed underD2

symmetry (and also underD2d andD2h) as follows (Figure 7):

For the following description we adopted a new axis convention
in which the longest axis of dimer is denoted asZ-axis, the one
that is perpendicular to theZ-axis and bisecting the dihedral
angle is asY-axis, and the other is asX-axis (Figure 7). Thex-
andy-axes are the same as the conventional ones used for the
MO description of porphyrin monomers.26 Thex′- andy′-axes
are used for an auxiliary purpose. The orbital energy splittings
are calculated by the effective one-electron Hamiltonian (Heff)
and the Hamiltonian used in the configuration interaction isH
) Heff + Σe2/r ij . Only singly excited configurations are
considered in describing the electronic states of the porphyrin
dimer. In deducing the singlet excited states there are 12 dipole-
allowed configurations. Four configurations have B1 symmetry
that spans theZ direction of the dimer, another four configura-
tions have B2 symmetry withY direction, and the remaining
four configurations have B3 symmetry with X direction. In

presenting the most mathematically tractable form of the model,
we follow the calculations on other dimers,27-30 neglect dif-
ferential overlap, and also adopt a cyclic polyene approxima-
tion.27 The calculations are performed in the case ofθ ) 90°

Figure 6. Resonance Raman spectra of strapped porphyrin dimers
(SNs) in THF by excitation at the high-energy Soret band using 406.7
nm line from a Kr ion laser.

Figure 7. Axis definition used for MO description (a), and eight HOMOs and LUMOs of two porphyrin units used for the basis constructing the
supermolecular MOs of the porphyrin dimer (b).
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(egx
A + egy

A - egx
B - egy

B)/2 f 2b1 2a 2au
(egx

A - egy
A - egx

B + egy
B)/2 f 2ex 2b3 2b3u

(egx
A - egy

A + egx
B - egy

B)/2 f 2ey 2b2 2b2g

B1 symmetry (Z): 1b1 f 2a 1b2 f 2b3 1af 2b1 1b3 f 2b2

B2 symmetry (Y): 1b1 f 2b3 1b2 f 2a 1af 2b2 1b3 f 2b1

B3 symmetry (X): 1b3 f 2a 1af 2 b3 1b2 f 2a2 1a2 f 2b2
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andθ * 90°. For θ ) 90° the constituent porphyrin planes are
orthogonal to each other and hence the resonance integrals
between the bonding and antibonding MOs are assumed to be
negligible (â ≈ 0). For θ * 90°, all resonance integrals are
assumed to beâ * 0 (Figure 8). Then, even though very
simplified in mathematical treatment, we can obtain functional
expressions predicting six allowed exciton transitions (B- and
Q-bands) and six charge-resonance terms (Tables 4 and 5).

Table 4 illustrates that the excitonic and charge-resonance
characters are well separated whenθ ) 90°. The energies of
CT1 and CT2 transitions are expressed as degenerate. Examining
carefully the CT1Z transition appearing at 450 nm, we can notice
that a charge is transferred from the a1u orbital of porphyrin
unit A to the (egy+egx)/x2 orbital of porphyrin unit B as
depicted in Figure 9. Whenθ becomes less than 90°, the
separation of the two terms cannot be preserved. Mixing of the
excitonic and charge-resonance characters is expressed as simple
equations as shown in Table 5. This illustrates that the excitonic
transition is not only of excitonic character but also of charge-
resonance character and vice-versa. Thus we can still witness
that the RR enhancement of some vibrational modes of S1 by
excitation at the charge-resonance band is similar to that by
excitation at the well-separated excitonic band.

In addition to the effect of mixing between electronic
transitions, the change of the depolarization ratios of the RR
bands with a decrease of the dihedral angle should be addressed.
The totally symmetric A1 modes inD2d symmetry group (A
modes inD2 group) would haveF values of ca. 0.3 such as in
Z2.24 The intermediate value between zero (polarized) and 0.75

(totally depolarized) is caused by the symmetry tensor ofRxx°
) Ryy° * Rzz° and Rxy° ) Ryz° ) Rzx° ) 0. The effect by
symmetry reduction fromD2d to D2 can be illustrated by
representing the tensor components asRxx ) Rxx° - δ andRyy

) Rxx° + δ with -1 e δ/Rxx e 1. With the same parameter
giving F ) 0.3 in D2d symmetry, theF value inD2 symmetry
varies from 0.3 to around 0.45. This explains the increased
depolarization ratios of some RR bands with A1 symmetry up
to 0.5 as shown in Table 2. From the depolarization ratio values
of the 1490 and 1578 cm-1 bands reaching up to 0.71 and 0.79,
respectively, these bands can be assigned as the depolarized
modes, which gain their intensities followed by the symmetry
reduction fromD2d to D2. We could also observe, even if very
weak, similarly large values close to 0.75 in the RR spectrum
of S10 for these bands.

Resonance Raman Enhancement.RR spectroscopy has
been utilized to characterize the different electronic properties
of optical transitions.15-20 Asher and Sauer have worked out
the rules for the vibrational enhancement by excitation within
a particular type of electronic transition, especially for a
porphyrin π-π* transition and a porphyrin-to-metal charge-
transfer transition.15 The Albrecht’s B term depends on the
vibronic coupling integral,〈e|∂H/∂Qa|s〉, which determines the
spatial properties between two excited states. This integral is
described by the transition density,31,32

where〈e|F(r)|s〉 is the transition density33-35 representing the
spatial overlap of|e〉 and|s〉. As Albrecht has pointed out, the
mixed electronic states must lie within the same region of the
molecule for vibronic mixing to occur.

In our case, charge transfer occurs between porphyrin rings,
and the excitonic transitions lying closely are regarded to involve
the vibronic interaction. For coupling of the CT1Z transition (ca.
450 nm) with the nearby strong excitonic transitions, the EX2Z

and EX2Y (or EX2X) are possible. The transition density between
the CT1Z and EX2Z becomes

For coupling between the CT1Z and EX2Y/EX2X

These integrals illustrate that the region of maximum spatial
overlap will occur in the position where the a1u and (egy+egx)/
x2 orbitals are occupied. It is also anticipated that if a proper
symmetry condition is satisfied, for instance, by symmetry
degradation fromD2d to D2, all three excitonic transitions are
possibly coupled with the charge-transfer transition relying on
the magnitude of spatial overlap. Considering that the a1u and

Figure 8. Simplified energy levels of molecular orbitals. The relative
spacing of the energy levels is exaggerated.

Figure 9. MO pictures of the a1u and (egy+egx)/x2 orbitals depicting
charge transfer from porphyrin unit A to porphyrin unit B and vice-
versa.

〈e|∂H/∂Qa|s〉 ) 〈e|G|s〉

) ∫〈e|F(r)|s〉G(r) dr

〈CT1Z|F(r)|EX2Z〉 ≈
-[〈a1u

A(egy+egx)
B|F(r)|a1u

A(egy+egx)
A〉 +

〈a1u
A(egy+egx)

B|F(r)|a1u
B(egy+egx)

B〉 +

〈a1u
B(egy+egx)

A|F(r)|a1u
A(egy+egx)

A〉 +

〈a1u
B(egy+egx)

A|F(r)|a1u
B(egy+egx)

B〉]/4

〈CT1Z|F(r)|EX2Y or EX2X〉 ≈
[〈a1u

A(egy+egx)
B|F(r)|a1u

A(egy-egx)
A〉 (

〈a1u
A(egy+egx)

B|F(r)|a2u
B(egy+egx)

B〉 +

〈a1u
B(egy+egx)

A|F(r)|a2u
A(egy+egx)

A〉 (

〈a1u
B(egy+egx)

A|F(r)|a1u
B(egy-egx)

B〉]/4
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(egy + egx)/x2 orbitals have large electron densities at CR and
Câ, we can differentiate the vibrational modes involving the
vibronic coupling between the charge-resonance transition and
the nearby excitonic transitions. The vibrational modes related
to vibronic coupling would involve the movement of CR and
Câ carbons, for instance,ν(CRCâ) andν(CâCâ).

The Franck-Condon scattering (the Albrect A-term) also
predicts the RR enhancement of the vibrations involving the
CR and Câ movement. Because the charge-resonance mainly
occurs in the porphyrin macrocycle, the maximum change in
the electronic configuration of the excited state vs. the ground
state occurs within the porphyrin macrocycle. Concurrently, the
equilibrium nuclear configuration shows its maximum change
within the macrocycle. This results in different potentials within
the Hamiltonian for the excited state compared to the ground
state. This means that

where

and RR intensity can be derived from the A term.

We have noted the appearance of depolarized RR bands by
457.9 nm excitation. Possible symmetries of the vibrations
giving depolarized Raman tensors are B1, B2, and E inD2d group
(A, B1, and B2/B3 in D2 group, respectively). For the vibronic
coupling integral,〈CT1Z|∂H/∂Qa|EX〉, to be nonzero, the direct
product of the three terms in the integral should have a totally
symmetric component. Since the symmetry of the CT1Z transi-
tion is the B2 in D2d symmetry group, the product with the EX2Z

(B2 symmetry) results in the totally symmetric A1 representation.
Thus, only the A1 vibrational modes are resonantly enhanced.
The product with the EX2Y or EX2X predicts the E symmetry
modes, which makes the coupling integral nonzero. This
argument is supported by the two depolarized RR bands at 1490
and 1578 cm-1. This also reflects that the EX2Y and EX2X

transitions contribute partially to the enhancement of the
depolarized RR bands through vibronic coupling while the EX2Z

transition explains the A1 mode enhancement. As for the A1

mode enhancement, the effect of exciton and charge transfer
mixing, as mentioned above, is not underestimated but regarded
to contribute together.

In assigning the RR modes resonantly enhanced by excitation
at the charge-resonance transition, we can provide a consistent
mode assignment by the fact that the a1u and (egy + egx)/x2
orbitals have large electron densities at CR and Câ, and thus

TABLE 4: MO Description of S Ns whenθ ) 90̊ (D2d)

axis eigenfunctiona energyb symmetry ∆E (eV)c observed (nm)

Z CT1· ) CT1+
+ E - δ B1(B2)d 3.07 (3.03)e 450

CT2· ) CT2-
+ E - δ B1(A2) 3.14 (3.33)

EX1· ) {Qx′
A + Qx′

B}/21/2 E + δ - 2R B1(B2) 1.81 (1.76) 650
EX2· ) {Bx′

A + Bx′
B}/21/2 E + δ + 2R B1(B2) 2.85 (2.70) 450

Y CT1Y ) CT1-
+ E - δ′ E (B2) 2.87 (2.82)

CT2Y ) CT2+
+ E - δ′ E (B2) 3.34 (3.46)

EX1Y ) {Qy′
A + Qy′

B}/21/2 E + δ′ + 2R′ E (B2) 1.82 (1.77) 650
EX2Y ) {By′

A + By′
B}/21/2 E + δ′ - 2R′ E (B2) 3.17 (3.12) 415

X CT1X ) CT1-
- E - δ′′ E (B3) 3.07 (2.80)

CT2X ) CT2+
- E - δ′′ E (B3) 3.34 (3.36)

EX1X ) {Qy′
A - Qy′

B}/21/2 E + δ′′ + 2R′′ E (B3) 1.82 (1.81) 650
EX2X ) {By′

A - By′
B}/21/2 E + δ′′ - 2R′′ E (B3) 3.17 (3.05) 415

a Qx′, Bx′ ) (Bx - By)/x2 ) {a2u(egy - egx) ( a1u(egy + egx)}/2; By′, Qx′ ) (Bx + By)/x2 ) {a2u(egy + egx) ( a1u(egy - egx)}/2; Qx, Bx ) [(a2uegy)
( (a1uegx)]/x2; By, Qy ) [(a2uegx) ( (a1uegy)]/x2; CT1+

+ ) {a1u
A (egx

B + egy
B) + a1u

B (egx
A + egy

A)}/2; CT2-
+ ) {a2u

A (egx
B - egy

B) + a2u
B (egx

A

- egy
A)}/2; CT1-

+ ) {a1u
A (egx

B - egy
B) + a1u

B (egx
A - egy

A)}/2; CT2+
+ ) {a2u

A (egx
B + egy

B) + a2u
B (egx

A + egy
A)}/2; CT1-

- ) {a1u
A (egx

B - egy
B)

- a1u
B (egx

A - egy
A)}/2; CT2+

- ) {a2u
A (egx

B + egy
B) - a2u

B (egx
A + egy

A)}/2. b R ) 1/2(a1u
A(egx

A + egy
A)|a2u

A(egx
A - egy

A))+1/2(a1u
A(egx

A + egy
A)|a2u

B(egx
B-

egy
B));δ)-1/4(a1u

Aa1u
A|(egx

A+egy
A)(egx

A+egy
A))+1/4(a1u

Aa1u
A|(egx

B+egy
B)(egx

B+egy
B))+1/2(a1u

A(egx
A+egy

A)|a1u
A(egx

A+egy
A))+1/2(a1u

A(egx
A+egy

A)|a1u
B(egx

B+egy
B));

R′, R′′ ) 1/2(a1u
A(egx

A-egy
A)|a2u

A(egx
A+egy

A)) (1/2(a1u
A(egx

A-egy
A)|a2u

B(egx
B+egy

B)); δ′, δ′′ ) -1/4(a1u
Aa1u

A|(egx
A-egy

A)(egx
A-egy

A))+1/4(a1u
Aa1u

A|(egx
B-

egy
B)(egx

B-egy
B))+1/2(a1u

A(egx
A-egy

A)|a1u
A(egx

A-egy
A)) ( 1/2(a1u

A(egx
A-egy

A)|a1u
B(egx

B-egy
B)) c Excitation energy obtained by INDO/S-SCI calculations.

d Symmetry notations underD2d symmetry point group.e Transition energies calculated whenθ ) 60°.

TABLE 5: Change of the Transition Property by Dihedral Angle (D2d f D2 Symmetry)

axis D2d D2
a,b observed (nm)

Z CT1Z ) CT1+
+

CT1Z ) {(1 + λZ
+)[Qx′

A + Qx′
B] + (1 - λZ

+)[CT1+
+ - CT2-

+]}/2x1 + λZ
+2 450

CT2Z ) CT2-
+

CT2Z ) {(1 + ηZ
-)[-Bx′

A - Bx′
B] + (1 - ηZ

-)[CT1+
+ + CT2-

+]}/2x1 + ηZ
-2 390

EX1Z ) {Qx′
A + Qx′

B}/21/2
EX1Z ) {(1 + λZ

-)[Qx′
A + Qx′

B] + (1 - λZ
-)[CT1+

+ - CT2-
+]}/2x1 + λZ

-2 650

EX2Z ) {Bx′
A + Bx′

B}/21/2
EX2Z ) {(1 + ηZ

+)[- Bx′
A - Bx′

B] + (1 - ηZ
+)[CT1+

+ + CT2-
+]}/2x1 + ηZ

+2 480

Y CT1Y ) CT1-
+

CT1Y ) {(1 + λY
-)[By′

A + By′
B] + (1 - λY

-)[- CT1-
+ + CT2+

+]}/2x1 + λY
-2 450

CT2Y ) CT2+
+

CT2Y ) {(1 + ηY
+)[Qy′

A + Qy′
B] + (1 - ηY

+)[CT1-
+ + CT2+

+]}/2x1 + ηY
+2 390

EX1Y ) {Qy′
A + Qy′

B}/21/2
EX1Y ) {(1 + ηY

-)[Qy′
A + Qy′

B] + (1 - ηY
-)[CT1-

+ + CT2+
+]}/2x1 + ηY

-2 650

EX2Y ) {By′
A + By′

B}/21/2
EX2Y ) {(1 + λY

+)[By′
A + By′

B] + (1 - λY
+)[- CT1-

+ + CT2+
+]}/2x1 + λY

+2 420

X CT1X ) CT1-
- CT1X ) CT1-

-

CT2X ) CT2+
- CT2X ) CT2+

- 390
EX1X ) {Qy′

A - Qy′
B}/21/2 EX1X ) {Qy′

A - Qy′
B}/21/2 650

EX2X ) {By′
A - By′

B}/21/2 EX2X ) {By′
A - By′

B}/21/2 420

a λZ
( ) [2â ( x(4â2+(R-δ)2]/(δ - R), andηZ

( ) [2â ( x(4â2+(R+δ)2]/(δ + R). b λY
( ) [2â ( x(4â2+(R′-δ′)2]/(δ′ - R′), andηY

( )

[2â ( x(4â2+(R′+δ′)2]/(δ′ + R′).

〈gi|eV〉〈eV|gj〉 * δij

A ) ∑
V [〈g|Rσ|e〉〈g|RF|e〉

VeV,gi - Vo + iΓe
]〈gi|eV〉〈eV|gj〉36
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vibrations involvingν(CRCâ) and ν(CâCâ) will be enhanced
significantly. The 1490 and 1578 cm-1 bands are assigned to
originate from theν11 (ν(CâCâ) + δ(CâH)) and φ4′′ (ν(Cm-
CPh) + ν8a(Ph) + ν(CâCâ)) modes of porphyrin monomer,
respectively. The symmetries of theν11 and φ4′′ modes in
porphyrin monomer unit are B1g and Eu underD4h symmetry
group, respectively. The 1578 cm-1 band seems to comprise
the closely lyingφ4 andφ4′′ modes. The other RR bands that
are enhanced by excitation at the charge-resonance transition
are similarly assigned such as the 1519, 1444, and 1023 cm-1

bands to theν38 andν3 modes withν(CRCm) + ν(CâCâ), and
the ν22 mode with ν(CRCâ) + ν(NCR), respectively. For the
assignment of the 1023 cm-1 band, ambiguities still remain due
to the closely lying Raman bands such as theν15 and ν30

modes.23 These Raman bands show high sensitivity to the
charge-resonance character. The diminishment of theν8 mode
at 387 cm-1 involving mostlyν(NM) + δ(CRNCR) + ν(CRCm)
motions is consistent with the other observations because this
mode has very large polarizability as shown by a strong
enhancement by excitation at 488.0 nm. It is consistent that most
of the RR bands of A1 symmetry with considerable intensities
also contain theν(CRCâ) and ν(CâCâ) components. Some of
the RR bands at 1543, 1351, 1188, 1074, and 1005 cm-1 are
assigned to theν2, ν4, ν51, ν9, andν6 modes, which involve the
ν(CRCâ) or ν(CâCâ) vibrations. The enhancement of the triple
RR bands at around 660 cm-1 is attributed to the contribution
of the CR movement since these Raman modes involve the
δ(CRCmCR) vibration at the linking site of the porphyrin dimer.
Nonnegligible enhancement of the 173 and 226 cm-1 bands that
have noν(CRCâ) and ν(CâCâ) components is ascribed to the
phenyl ring rotation caused by the short linking chain. The same
argument can be applied to theν27 mode at 1290 cm-1 having
ν(NCR) + ν(CmCphenyl) vibration.

Fluorescence Decay Behavior.At this point it is necessary
to mention the double exponential decay behavior of the
fluorescence decay (Table 1). The time constants of the two
decay components are different by roughly three times. This
seems to indicate the existence of two different emission states
lying nearly degenerate. A certain CT transition may serve as
an additional decay route for the fast decay component.
However, no CT or CR transitions but only Q-bands exist in
this region. Due to the small oscillator strength, the excitonic
interaction between Q-bands is very weak, resulting in nearly
degenerate states. Examining carefully the trends of the Q-band
energies with a change of the dihedral angle, we notice that the
one with Z-direction is lowest in energy, and the other
degenerate ones withY- andX-directions are a little higher in
energy whenθ ) 90°. As the dihedral angle decreases, the ones
with Z- andY-directions shift to lower energy reaching almost
the degenerate states while the one withX-direction lies higher
than the others. Thus the two Q-states may emit light in a
competitive manner. The Q-state withY-direction can be mixed
with the CT2Y transition as shown in Table 5. If we consider
that the CT2Y transition is largely enhanced with a decrease of
the dihedral angle, there will be some vibronically activated
vibrations. The activated vibrations may play a major role in
accelerating the decay of the Q-state emission withY-direction.

V. Conclusion

The unusual proximity of the porphyrin units through meso-
meso direct linkage and the dihedral angle change between the
porphyrin units exhibit new electronic absorptions due to strong
orbital interactions. New charge-resonance transitions at 390
and 450 nm and a large red shift of the excitonic Soret transitions

at 415 and 450 nm up to 420 and 480 nm are caused by the
increased orbital interactions between the porphyrin planes with
a decrease of the dihedral angle. With the aid of MO calcula-
tions, considerable mixing between the charge-resonance and
excitonic transitions was inferred, which was evidenced by the
excitonic nature of the RR enhancement by excitation at the
charge-resonance transition. It was also found that most orbital
overlap occurs at the CR and Câ positions in the charge-
resonance transition and thus the vibration modes involving the
ν(CRCâ) and ν(CâCâ) motions are dominantly enhanced by
excitation at the charge-resonance transition. The mixing
between electronic states is tentatively proposed to be respon-
sible for the heterogeneity in the fluorescence decay. Col-
lectively, RR spectroscopy was successfully applied to charac-
terize the charge-resonance and excitonic transitions in relation
to the molecular structures in the directly linked porphyrin
dimers.
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