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We have investigated the resonance Raman (RR) spectra of the directly linked porphyrin arrays in order to
elucidate the relationship between excitonic interactions and molecular geometry depending on the number
of pigments in the arrays. The RR spectra obtained by photoexcitation at the high-energy exciton Soret bands
in the arrays are mainly composed of Raman modes localized on the constituent porphyrin monomers. In
contrast, the RR spectra of the arrays with photoexcitation at the low-energy exciton split Soret bands reveal
some characteristic Raman bands arising from strong excitonic interactions between the adjacent porphyrins
in the arrays. Based on the RR measurements of the isotope labeled analogues and the normal-mode analysis
of the dimer, it is suggested that the photoexcitation at the high-energy Soret band produces an electronically
excited state largely localized within a monomer unit and that at the low-energy exciton split Soret band the
excited state is in a way delocalized throughout the array. Normal mode calculation revealed that some of the
RR bands of Z2 arise from vibrational splitting by dimeric interactions. Phonon-like behaviors were observed
for some Cm-Cm stretching modes of the arrays, which is ascribed to enhanced polarizability induced by
phenyl group movement. Collectively, our data from RR spectroscopic measurements as well as the normal-
mode analysis provide a picture of the exciton coupling in relation to the molecular structure of the directly
linked linear porphyrin arrays.

I. Introduction

Natural light-gathering arrays have been an ideal target in
biomimetic design for the fabrication of molecular photonic
devices.1-9 As a result of continuing efforts to realize the
mimicry of solar energy harvesting complexes, much improve-
ment has been made in synthesizing and isolating a variety of
covalently linkedmultiporphyrin arrays.10-13 The recent success
in elaborating various porphyrin architectures using several types
of linkers via meso position attachment has brought up the issues
on the interchromophore electronic interactions, of which the
extent is determined by the interconnection length and relative
orientation between the adjacent porphyrin moieties. Recently,
the direct meso-meso connection has been accomplished,
leading to substantially strong dipole-dipole interactions be-
tween the adjacent porphyrin units to exhibit a large exciton
coupling energy of approximately 4300 cm-1.14,15

The meso-meso direct linkage of the porphyrin arrays affords
interesting features. The unshifted and red-shifted Soret excitonic
bands are both originated from the same Soret transitions but
show totally different natures: the former has monomeric
character but the latter dimeric character.16 The RR enhancement
for the two closely lying strong transitions are of interest
especially with respect to the vibronic interaction between them.

The distance between the adjacent porphyrin rings is very close
(ca.. 1.4 Å) even though the center-to-center distance is ca. 8.35
Å. The averageinterporphyrin geometry is kept orthogonal due
to a large steric hindrance caused by the close proximity of the
constituent porphyrin rings. These facts make it possible that
the porphyrin arrays show unusually large excitonic splitting
in the Soret transitions.16 The decreasedinterporphyrin distance
and, consequently, the strong exciton interaction yield the
prospects for the much sought-afterintradimer vibrational
splitting in the resonance Raman spectra.17,18 The basic frame
of the dimer interaction was described theoretically by Fulton
and Gourterman19 and the rules for vibrational splitting were
presented by Adar and Srivastava.20 However, the dimer splitting
could not be observed inµ-oxo and nitrido porphyrin dimers17

and axially bridged porphyrin dimers via direct metal-metal
bonds.18

With these facts in mind, we have sought to probe the RR
spectra of the directly linked porphyrin arrays by photoexcita-
tions at the two Soret excitonic bands. Then, we discuss the
differences in the RR spectra caused by the different electronic
nature between the two excitonic bands. Next, we look for
evidence on the vibrational splitting induced byintradimer
excitonic coupling of the porphyrin units. The dimeric interac-
tion is addressed in relation to the phonon-like behaviors of
the longer arrays. For the above discussion, the normal-mode
analysis is discussed based on the isotope RR experiments to
assign the vibrational modes of the porphyrin arrays.
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II. Experimental Section

Zn(II) 5,15-bis(3,5-dioctyloxyphenyl)porphyrin (Z1) (we
denote the meso-meso-coupled Zn(II) porphyrin arrays as Zn
wheren represents the number of porphyrins), and its meso,
meso-linked porphyrin arrays from dimer (Z2) to Z128 oligomer
were synthesized through repetitive AgI-promoted meso-meso-
coupling reactions.14,15The schematic diagram of the porphyrin
arrays are shown in Figure 1. The analogous phenyl-substituted
porphyrin monomer (Z1′) and dimer (Z2′) were also prepared
(Figure 1c). Their isotope labeled analogues (13C-Z1′ and13C-
Z2′, respectively) in which13C is substituted at the 5,15 meso
positions were synthesized. The recycling GPC-HPLC was
used for product separation. MALDI-TOF mass and1H NMR
spectra were employed for product characterization. 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.

The ground-state RR spectra of the porphyrin arrays were
obtained by photoexcitation using six lines (457.9, 476.5, 488.0,
496.5, 501.7, and 514.5 nm) from a continuous wave (cw) Ar
ion laser (Coherent INNOVA 90).21 These lines correspond to
the low-energy exciton split Soret bands of the porphyrin arrays.
Raman scattering signals were collected in 90° scattering
geometry and detected by a 1-m double monochromator (ISA
Jobin-Yvon U-1000) equipped with a thermoelectrically cooled
photomultiplier tube (Hamamatsu R943-02). For excitation at
the high-energy Soret bands of the porphyrin arrays at ca. 415
nm, 416 nm line was generated by the hydrogen Raman shifting
of the third harmonics (355 nm) from a nanosecond Q-switched
Nd:YAG laser. The Raman spectra were recorded by a single
pass spectrometer (ISA Jobin-Yvon HR640) with a gated
intensified charge-coupled device (ICCD, Princeton Instruments
IRY700) detector and a pulse generator (Princeton Instruments
FG100). For depolarization ratio measurement, a polarizer was
placed between the collection lens and monochromator slit. A
scrambler was placed after the polarizer in order to compensate
the grating efficiency for light polarized horizontal and vertical
to the incident polarization. The depolarization ratios for the
Raman bands of CCl4 were measured as a reference. A modified
Pasteur pipet whose end has a tiny capillary tube attached was
used as a Raman cell in order to make sample solution flow to
minimize its consumption and photodecomposition by the cw
laser excitation. Normal mode calculation was carried out using
the semiempirical AM1 method for Z1′ and Z2′. The normal

modes of ZnIITPP also were calculated with the same method
to correlate the current calculation with that in the references.

III. Results

Steady-State UV-Visible Absorption Spectra.The absorp-
tion spectra of the directly linked Zn(II)porphyrin linear arrays
in THF are shown in Figure 2. As the number of porphyrin
units increases in the arrays, the splitting of the Soret bands
becomes more pronounced, exhibiting two well-separated Soret
bands to the blue side of the relatively unperturbed Q-bands.
The most striking feature is the systematic red shift of the lower-
energy Soret band as the number of the porphyrin units in the
arrays increases while the high-energy Soret band remains intact.
The asymptotic feature of the separation of the two Soret bands
is characteristic of excitonic interaction.22 In addition, the
orthogonal arrangement between the adjacent porphyrin units
precludes effectiveπ-electronic conjugation that is anticipated
to shift the Q-bands to near-IR region as in the cases of
butadiyne23 or ethylene11a,b,24bridged porphyrin arrays.

These observations were successfully explained by using a
molecular exciton model.16 In the dimer case each porphyrin
unit provides degenerate orthogonal transition dipoles of Bx and
By (or Bz) for the Soret band, and consequently, four transition
dipoles interact together resulting in two degenerate unshifted,
one red-shifted, and one forbidden transitions (Figure 3). The
unshifted band is due to the By and Bz components, which are
orthogonal to each other as well as to the long axis of the
porphyrin array. Since the interaction between the mutually
orthogonal transitions is zero, the relevant transition appears at
the same position as in the porphyrin monomer. The significantly
broadened features of the unshifted bands of dimer and higher
oligomers at∼416 nm relative to the narrow Soret band of the
monomer is presumably caused by a distribution of conformers
that differ with respect to the torsional angle between the
adjacent porphyrin planes.25 The in-phase arrangement of two
Bx components leads to electrostatic attraction, producing the
red-shifted band. The out-of-phase arrangement of the two
components causes repulsion, producing a blue-shifted band.
However, this band is forbidden according to the selection rule
by Kasha.22 The same rules can be applied to the longer
porphyrin arrays than Z2, which give rise to the same spectral
features with larger splittings.

Overall, the electronic natures of the two Soret bands are
totally different from each other, even though they originate
from the same Soret bands. One of the most important

Figure 1. Molecular structures of the porphyrin arrays.n in Zn is the
number of porphyrin units. Z1′ and Z2′ are the analogues of Z1 and
Z2 with phenyl rings substituted as peripheral groups.

Figure 2. Series of ground-state absorption spectra of the porphyrin
arrays in THF.
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implications is that the unperturbed high-energy Soret band is
composed of the summation of transition dipoles of the
constituent monomer units perpendicular to the long molecular
axis, while the red-shifted exciton split Soret band has an overall
transition dipole parallel to the long molecular axis of the
porphyrin arrays. These unique features of the porphyrin arrays
are likely to play a pivotal role in the RR scattering processes
since the RR enhancement pattern is critically affected by the
nature of the electronic states in resonance with the Raman
excitation lines.

Resonance Raman Spectra of Porphyrin Arrays.The RR
spectra of the porphyrin monomer and a series of porphyrin
arrays with excitations at 435 and 416 nm, respectively, are
depicted in Figure 4a, and those of the porphyrin monomer and
arrays with excitations at their low-energy Soret bands are shown

in Figures 4b and 5. The RR spectrum of Z1 with the Soret
band excitation at 435 nm is similar to the previously reported
one of ZnIITPP (TPP) tetraphenylporphyrin),26 leading to an
enhancement of totally symmetric modes that are mainly derived
from A1g symmetry. Three major RR bands such as theν2 mode
at 1544 cm-1, ν4 mode at 1354 cm-1, and ν6 mode at 1003
cm-1 were observed in the high-frequency region. The Raman
mode assignment of the monomer was made on the basis of
the reported one of NiIITPP27 and summarized in Table 1. It is
noteworthy that the Raman modes related to meso-phenyl groups
in ZnIITPP,26c such as theφ4 (ν(phenyl)) mode at 1600 cm-1

andν1 (ν(CmCph)) mode at 1238 cm-1, were not much enhanced
in the Raman spectrum of Z1. A distinct difference in the
enhancement pattern of the phenyl-related Raman modes is
attributable to the bulky and heavier 3,5-dioctyloxyphenyl group
substitution at meso positions of the constituent porphyrin
monomer, which hinders the rotation of the phenyl ring from
vertical conformation to the porphyrin ring plane. This feature
becomes evident from a large enhancement of theφ4 and ν1

modes in the Raman spectra of Z1′ and Z2′, in which the
peripheral group is the phenyl ring without bulky octyloxy
chains (Figure 6).

The RR spectra of Z2, Z3, and Z4 with photoexcitation at
416 nm, which is in resonance with the high-energy Soret bands
in the arrays, resemble that of their constituent porphyrin
monomer except for a slight variation in the enhancement of
some RR bands (Figure 4a). Considering the monomeric features
of the high-energy Soret band, the Raman bands of the porphyrin
arrays by photoexcitation at the high-energy Soret bands are
regarded to originate predominantly from the in-plane porphyrin
ring skeletal modes localized on the monomeric porphyrin ring.
The similarity in the in-plane porphyrin ring skeletal modes
between the constituent monomer porphyrin and its arrays
indicates that the porphyrin macrocycle structure remains intact

Figure 3. Schematic diagram of exciton splitting of the Soret bands
in a porphyrin dimer.

Figure 4. (a) Resonance Raman spectrum of Z1 with the B-band excitation, and those of Z2, Z3, and Z4 with excitations at their high-energy Soret
bands. (b) Raman spectrum of Z1 with 457.9 nm excitation and those of Z2, Z3, and Z4 with excitations at their low-energy exciton split Soret
bands.
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as 3,5-dioctyloxyphenyl substituents are employed to enhance
the solubility of longer arrays.

On the other hand, the overall RR enhancement pattern of
the porphyrin arrays with excitation at the low-energy exciton
split Soret bands become complicated, being distinctly different
from that of monomer (Figure 4b). The unique feature in the
dimer is the appearance of RR bands at around 220, 334, 430,
464, 1179, and 1292 cm-1 in addition to the closely positioned
three Raman bands in the vicinity of 650-680 cm-1. The overall
features of the dimer RR spectra are summarized in Table 2.
Furthermore, this spectral feature constantly appears in the RR

spectra of all the porphyrin arrays, even in Z128 (Figure 5). It
is of interest to observe that the RR bands at 220, 430, and 464
cm-1 gain in their intensities with increasing array sizes. The
RR bands at 334, 464, and 1227 cm-1 in the dimer exhibit a
systematic shift in frequency with an increase in the number of
porphyrin units in the arrays accompanied by a gradual increase
in their relative intensities (Figure 7). The frequency shifts
converge to their limiting values when the number of porphyrin
units reaches around six. The asymptotic frequency shifts of
the RR bands is reminiscent of that of the phonon modes of

TABLE 1: Normal Modes of Porphyrin Monomer, Z1

local coordinate Z1 (obs) Z1′ (obs) 13C-Z1′ (obs) Z1′ (calc) ZnIITPP (calc) NiIITPP (obs)27a

ν18 ν(N-M) B1g 223 223 197 208 277
φ10 ν(Por-Ph)a A1g 299 313 313 327 212 202
ν8 ν(NM) A1g 381 390 389.5 396 396 402
φ9 δ(CRCmCR) + ν6a(Ph) B2g 666 647 645 631 619 639
ν16 δ(Pyr deform)sym B1g 738 788 787.5 784 798 846
ν7 δ(Pyr deform)sym A1g 879 878.5 863 872 889
ν6 ν(Pyr breath) A1g 1003 995 994.5 959 961 1004
ν30 ν(Pyr breath) B2g ∼1003 1001 1001 1081 1031 998
ν17 ν18a(Ph) B1g 1034 1025 1024 1079 1079
ν9 δ(CâH)sym A1g 1064 1068 1068 992 1007 1079
ν1 ν(CmCphenyl) A1g 1205 1260 1246 1290 1310 1235
ν29 ν(Pyr quarter) B2g 1324 1333 1342 1377
ν4 ν(CRCâ)+ν(NCR) A1g 1354 1355 1355 1340 1339 1374
ν3 ν(CmCR)sym A1g 1438 1439 1437 1471 1468 1470
ν2 ν(CRCm) + ν(CâCâ) A1g 1544 1546 1543 1496 1498 1572
φ4 ν8a(Ph) A1g 1594 1599 1599 1605 1611 1599

a Por, Ph, and Pyr indicate porphyrin, phenyl, and pyrrole, respectively. The notations for normal mode classification are adapted from ref 27a.

Figure 5. RR spectra of Z8, Z16, Z64, and Z128 with excitations at
their low-energy exciton split Soret bands.

Figure 6. (a) Raman spectra of Z1 (top) and its13C isotope substituted
analogue (bottom) with 457.9 nm excitation. (b) RR spectra of Z2 (top)
and its 13C isotope substituted analogue (bottom) with 457.9 nm
excitation.
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polymers with an increase of the polymer length.28 On the other
hand, the RR band at 1292 cm-1 is gradually diminished as the
number of porphyrin units increases. Newly observed RR bands
in the dimer at 1179 cm-1 and in the 650-680 cm-1 region
retain their peak positions with increasing array sizes.

The RR spectra of Z1′ and Z2′ and their isotope-substituted
analogues were also measured in order to obtain the Supporting
Information for the normal-mode analysis of Z2 and longer
porphyrin arrays (Figure 6). Theν1 andν2 modes of Z1′ show
large shifts by13C isotope substitution, which is consistent with
that of NiIITPP.27a The frequency shift in the RR spectrum of
Z2 by 13C isotope substitution was found in several bands that
were not observed in the Raman spectrum of Z1. This feature
was utilized in assigning the RR bands of Z2, especially for
the involvement of 5 and 15 meso-carbons connecting peripheral
groups. For instance, the new Raman bands at 1197 and 1294
cm-1 in the RR spectra of Z2′ exhibit conspicuous frequency
shifts by isotope substitution, but the strong triple bands at
around 660 cm-1 do not show any shift.

Depolarization ratios for the RR bands of Z2 were also
examined to characterize their symmetry properties (Figure 8).
For the RR bands with considerable intensities the depolarization
ratios are given to be around 0.3. Even the RR bands that are
assigned to the totally symmetric modes of the porphyrin
monomer withD4h symmetry show depolarization ratio values
ranging from 0.33 to 0.38. These values are summarized in Table
2.

Normal-Mode Analysis of Dimer. Normal mode calculation
was carried out in the level of AM1 calculation. With the aid
of experimental isotope RR data of the dimer, we try to
determine the origins of vibrational modes with the current
calculation based on the following steps. First, we performed
the normal mode calculation of ZnIITPP of which structure is
similar to NiIITPP and compared it with that of NiIITPP27 to
estimate a correlation factor related to the change of the central
metal and the difference of calculation method. Second, we
compared the normal modes of ZnIITPP with the calculated
normal modes of Z1′ since the normal modes of Z1′ would be
intrinsically distorted from those of ZnIITPP due to the symmetry
reduction. Third, the normal modes of Z2′ were calculated and

TABLE 2: Normal Modes of Porphyrin Dimer, Z2

local coordinate Z2 (obs) Z2′ (obs) 13C-Z2′ (obs) Z2′ (calc) Fa Z1

ν35 ν(Pyr-transl) B2g
b antisym 185 131 [132]c

sym 220 218 218 166 0.34
φ10 ν(por-ph) A1g antisym 300 302 302 328 0.35 299

sym 334 340 340 339 0.35
ν8 ν(NM) A1g both 381 389 389 395 0.36 381
ν33 ν(Pyr rot) B2g antisym 411 421

sym 430 430 429.5 435 0.42
ν49 ν(Pyr rot) A1g antisym 463 498

sym 464 460 459.5 492 0.25
φ9 δ(CRCmCR) + ν6a(Ph) A1g antisym 656 658 658 632 0.30 666

sym 677 678 678 647 0.30
φ9′′ δ(CRCmCR) + ν6a(Ph) Eu both 666 667 667 642 0.33
ν6 ν(pyr breath) A1g both 1009 1004 1002 958 0.33 1003
ν9 δ(CâH)sym A1g antisym 1072 991 1064

sym 1076 1071 1071 994 0.33
ν34 δ(CâH)asym B2g sym 1168 1168 1133 1167

antisym 1177 1150
ν51 δ(CâH)asym Eu sym 1179 1197 1196 1181 0.32

antisym 1216 1216 1186
ν1 ν(CmCphenyl) A1g antisym 1289 1205

sym 1227 1261 1256 1304 0.38
ν27 ν(NCR) + ν(CmCphenyl) B2g antisym 1331

sym 1292 1294 1289 1346 0.28
ν4 ν(pyr half-ring)sym A1g both 1353 1353 1353 1374 0.36 1354
ν2 ν(CâCâ) A1g both 1546 1547 1544 1572 0.34 1544

a Depolarization ratio defined byF ) I⊥/I||. b Symmetry block inD4h symmetry.c Number in bracket is calculated value.

Figure 7. Plot of vibrational frequency shifts of theφ10, ν49, andν1

modes vs number of porphyrin units in the arrays: squares forφ10,
circles forν49, and triangles forν1.

Figure 8. RR spectra of Z2 with excitation at the low-energy exciton
split Soret band. The top and bottom ones correspond to parallel (||)
and perpendicular (⊥) polarizations, respectively.
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compared with those of Z1′. Fourth, the RR experiments of the
porphyrins (Z1′ and Z2′) isotope-labeled at 5 and 15 meso-
carbons were utilized to confirm the assignment at least for the
limited number of Raman bands. These sequential procedures
enabled us to find the origins of normal modes of the dimer. In
fact, the constituent monomer unit in the arrays is DPP-type
(diphenylporphyrin) and hence, its vibrational eigenvectors
corresponding to TPP-type (tetraphenylporphyrin) porphyrin will
be more or less perturbed, and the dimeric interaction in the
dimer also induces further perturbation to the normal modes.
This feature precludes an assignment of the normal modes of
the DPP-type porphyrin dimer based on those of TPP-type
porphyrin monomer. Nevertheless, according to the current
calculation, the individual normal modes of the dimer (Z2) still
maintained the fundamental characters of normal modes of TPP-
type porphyrin monomer that are well-known in the literature.
In all the calculations, we did not include dioctyloxy chains
attached to phenyl meta positions. The geometry of each
monomer unit was proposed to be planar (D2h symmetry)
because no band characteristic of nonplanar porphyrins29 was
observed in our RR spectra of the arrays.

1. Porphyrin Monomer (Z1). Most of Raman bands in
Figure 4a,b correspond to the A1g block of porphyrin monomer.
However, a few nontotally symmetric modes (B1g and B2g) of
weak intensities were observed. The B1g and B2g modes show
different features underD2h symmetry for the monomer and
D2d symmetry for the dimer. B2g modes become totally
symmetric Ag modes underD2h symmetry and also produce
totally symmetric A1 modes in Z2. B1g modes inD4h symmetry
become nontotally symmetric modes (B1g) when the symmetry
is degraded toD2h symmetry (Z1). B1g modes cannot build
totally symmetric vibrational modes of Z2 underD2d symmetry
and, thus, disappear in Z2 by photoexcitation at the low-energy
Soret band. That is the reason that B1g modes can gain their
intensities, even if weak, in Z1. The band at 738 cm-1 in the
Raman spectrum of Z1 is assigned to the B1g mode (ν16) because
it appears with considerable intensity in the Raman spectrum
of Z1 but loses its intensity in the RR spectrum of Z2 by the
low-energy Soret excitation. A consistent feature is observed
in the RR spectra of Z1′ and Z2′, where the corresponding band
at 788 cm-1 becomes weak in the dimer. The bands at 223 and
1034 cm-1 are assigned to this symmetry block (ν18 and ν17,
respectively). The 1034 cm-1 band was observed in the dimer
RR spectrum by the high-energy Soret excitation but was
conspicuously diminished in the RR spectrum by the low-energy
Soret excitation that shows dimeric features. The band at 223
cm-1 in the RR spectra of Z1 behaves like a B2g mode since it
gains intensity in the RR spectrum of Z2 by the low-energy
Soret excitation. However, no modes of A1g or B2g symmetry
falling near 223 cm-1 were found from the normal mode
calculation of Z1, but theν18 mode of B1g symmetry was
calculated to appear at 197 cm-1. The ν18 mode is the most
probable candidate in consideration of vibration frequency but
cannot explain an enhancement of the band at 220 cm-1

observed in the RR spectrum of Z2 by the low-energy Soret
excitation. Thus, the 223 cm-1 band in the Z1 Raman spectrum
is assigned to theν18 mode, but the intense band at 220 cm-1

in the Z2 RR spectrum by the low-energy Soret excitation is
assigned to another mode composed of dimeric interaction of
theν35 mode, falling coincidentally at this position (vide infra).

The effect of removing two heavy peripheral groups from
TPP structure is pronounced in theφ10 and ν16 modes that
involve the movement of phenyl groups. The calculated
frequency of theφ10 mode of ZnIIDPP is∼110 cm-1 higher

than that of ZnIITPP, and theν16 mode of ZnIIDPP was
calculated to be∼60 cm-1 lower in frequency than that in ZnII-
TPP. Hence, theφ10 andν16 modes of Z1 are assigned to 299
and 738 cm-1, respectively even though theφ10 andν16 modes
of NiIITPP appear at 202 and 846 cm-1, respectively. Distortion
of eigenvectors of normal modes from NiIITPP occurs in some
modes of Z1 due to the symmetry reduction fromD4h to D2h.
The ν8, ν16, ν7, ν1, andν4 modes correspond to this case. This
prevents the direct assignment of these modes by comparison
of normal mode eigenvectors. The assignment of theν1 andν2

modes is confirmed by the frequency shift of the isotope labeled
porphyrin, 13C-Z1′, since these modes involve the movement
of meso-carbons (i.e.,ν(CmCphenyl) andν(CRCm), respectively).
The band at 1003 cm-1 is a superposition of two modes,ν6

and ν30. The two modes are not resolved in Z1 but they are
well resolved in Z1′ due to a slight difference in peripheral
groups.

The very weak band at 666 cm-1 in the Z1 Raman spectrum
is assigned to theφ9 mode. Theφ9 mode is a probable choice
because it appears at 639 cm-1. The 666 cm-1 band that is very
weak in the Z1 Raman spectrum becomes strong and split into
three bands appearing at 656, 666, and 677 cm-1 in the RR
spectrum of Z2 by the low-energy Soret excitation.

2. Porphyrin Dimer (Z2). Normal mode calculation of Z2′
reveals that a number of vibrations occur in a localized manner
such as vibrations in a single porphyrin ring and in a single
phenyl ring and a smaller number of vibrations occur in a
delocalized manner throughout two porphyrin rings. In the latter
case, eigenvectors of the vibrational modes exhibit that they
are composed of symmetric and antisymmetric combinations
of monomer vibrational modes. The delocalized vibrational
modes are further classified into two cases. One is that the
symmetric and antisymmetric vibrational modes are degenerate
and are expected to occur as one band. The other is that they
are not degenerate but split into two. Interestingly, most of the
vibrations that fall in the A1g block in the porphyrin monomer
yield the degenerate vibrations in Z2′ (Table 2 and Figure 9).
The splitting of the combination modes occurs in the vibrations
of B2g and Eu symmetry. The B2g and Eu modes are not totally
symmetric in porphyrin monomer but become totally symmetric
with A1 symmetry in the porphyrin dimer ofD2d symmetry by
a symmetric combination of monomer vibrations (Figure 10).
Normal mode assignment of Z2 is summarized in Table 2 where
the observed and calculated frequencies of Z2′ and those of
porphyrin monomer are also compared. Our assignment was
compared with that by Bhuiyan et al. for a similar porphyrin
complex30 showing a disagreement for a few bands. Especially,
we can extend the assignment for the low-frequency modes
below 1000 cm-1, which is not available in the literature.

Several bands were found to include contributions from
phenyl group movements. Theν35 (B2g) andφ10 (A1g) modes
are especially of interest because the phenyl group moves as a
single vibrating unit.27a,31By excitation of the low-energy Soret
transition the band at 220 cm-1 in the RR spectrum of Z2 shows
a gradual increase in intensity as the number of porphyrin units
increases, but by excitation of the high-energy Soret transition
this band becomes very weak. This reflects that the 220 cm-1

band is characteristic of dimer interaction. Therefore this band
is assigned to the symmetric combination band of theν35 mode
of Z1 (Figure 11). The band appearing at 185 cm-1 as a shoulder
of the 220 cm-1 band from Z3 is assigned to the antisymmetric
combination band of theν35 mode of Z1. These modes show
no frequency shift by isotope substitution even if they involve
meso-carbon movement. This can be attributed to the fact that
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meso-carbons move in-phase with the phenyl group and thus
no internal stretching occurs between the meso-carbon and
phenyl group. Similar splitting by antisymmetric and symmetric
combinations ofφ10 (A1g) andφ10′′ (Eu) modes is anticipated,
but only those ofφ10 mode were found in the normal mode
calculation of Z2′. Therefore, the bands at 300 and 334 cm-1

are assigned to the antisymmetric and symmetric combination
bands of theφ10 mode, respectively.

The triple bands at around 660 cm-1 are a characteristic
feature of dimer interaction since they are very weak or not
observed in the RR spectra of Z1 and Z2 by photoexcitation at
the high-energy Soret transition, but become very strong in the
RR spectrum of Z2 by photoexcitation at the low-energy Soret
transition. They are assigned to the combination ofφ9 (A1g)
andφ9′′ (Eu) modes (Figure 10). The combination pair of the
φ9′′ mode is calculated to be degenerate. Even if theφ9 and
φ9′′ modes involve phenyl in-plane vibrations, equivalent
contribution from porphyrin in-plane motions is included
simultaneously. If theφ9 and φ9′′ modes are dominantly
composed of phenyl modes, an enhancement of three bands at
656, 666, and 677 cm-1 is ascribed to increasedπ-π resonance

between phenyl and porphyrin rings. Then, a similar enhance-
ment of theφ10 mode at∼1600 cm-1, which is characteristic
of π-π resonance of phenyl and porphyrin rings, is expected
but it is not the case. The enhancement of these bands is
attributed to the porphyrin in-plane motions and the phenyl
group is regarded to contribute as a single vibrating mass
depending on its internal mode as such as inφ10 mode. The
combination bands ofφ9′′ modes is not truly the combination
of two φ9′′ modes of both porphyrin monomers, but that of one
φ9′′ mode from one porphyrin unit and one out-of-plane mode
(γ(NCRCm)sym) from the other porphyrin unit (Figure 10).

The ν8, ν6, ν4, andν2 modes that fall in the A1g symmetry
block in the porphyrin monomer have different characteristics
from the above-mentioned modes. Normal mode calculation of
Z2 reveals that these modes are composed of symmetric and
antisymmetric combination modes but they are degenerate in
frequency (Table 2). However, it is not the case for all A1g

modes since theν9 and ν1 modes show the splitting of their
combination modes. The other porphyrin in-plane modes such
asν35, ν33, ν34, ν51, andν27 modes of B2g or Eu symmetry show
splitting in calculation. These modes are of importance because
their symmetric combination modes involve the vibration of
meso-meso-carbons linking two porphyrin rings. They cor-
respond to the bands at 220, 334, 430, 464, 1179, and 1292
cm-1 for theν35, φ10, ν33, ν49, ν51, andν27 modes, respectively.
Among them the low-frequency modes are composed of pyrrole
rotation or translational motion in phase with meso-carbon
movement. Especially in the symmetric combination mode of
theφ10 mode, four pyrrole rings undergo translation motion in
phase with the meso-carbon, and hence, each porphyrin unit
behaves as a single vibrating unit, such as the phenyl group in
the φ10 mode of porphyrin monomer. On the other hand, the
meso-meso-carbon stretching of theν51 andν27 modes involves
pyrrole asymmetric half-ring motion in addition to asymmetric
Câ-H motion in which ν(Cm-Cm) vibration is mixed with
CRCmCR bending motion (Figure 10). This internal vibration
near the meso-carbon does not appreciably affect theν(Cm-
Cm) vibration as in the case of theφ10 mode and makes it occur
in the high-frequency region. The assignment ofν49, ν51, and
ν27 modes are further supported by the isotope experiment. The
ν27 mode is easily assigned on the basis of the large shift of the
1294 cm-1 band in the Raman spectrum of Z1′ due to the
ν(CmCphenyl) contribution to this mode. Even though theν51

mode is characterized byδ(CâH)asym, it has considerable
contribution of Cm-phenyl movement, as shown in Figure 10.
This mode is thus assigned to the 1179 cm-1 band (1197 cm-1

in Z2′) that shows an isotope shift in frequency. Theν49, φ9,
andφ9′′ modes that apparently have contribution from the phenyl
group are assigned to the bands that do not show isotope shift.
However, referring to the eigenvectors of the modes, we can
find that Cm and Cphenyl are moving in-phase or their displace-
ments are very small.

IV. Discussion
The resonance Raman scattering theory predicts that the

vibrational modes enhanced via theA-term (or Franck-Condon
scattering) are dominant when the laser frequency is in resonance
with a strongly allowed electronic transition, and the vibrational
modes enhanced via theB-term (or Herzberg-Teller term)
prevail when the laser frequency is in resonance with a weakly
allowed electronic transition in a molecular system where there
is a nearby very strong transition.32 Under theD4h symmetry
of a monomeric porphyrin, in-plane porphyrin skeletal vibra-
tional modes are classified as totally symmetrically polarized
A1g, depolarized nontotally symmetric B1g and B2g and finally

Figure 9. Vibrational eigenvectors of the Raman modes of Z2′ showing
degenerate combination modes. The left are antisymmetric combinations
and the right are symmetric ones.
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anomalously polarized A2g modes.33 It is well established that
for monomeric porphyrins totally symmetric modes are pre-
dominantly enhanced upon photoexcitation at the Soret band.
On the other hand, Q-band excitation of porphyrins yields the
RR spectra mainly composed of nontotally symmetric modes.

The RR spectra of the arrays with excitation at the high-
energy Soret bands exhibit predominantly monomeric features
(Figure 4a). This is related to the monomeric character of the
high-energy Soret band with no excitonic interaction due to the
orthogonal geometry.16 Most of the RR bands enhanced by the
high-energy Soret transition are originated from the totally
symmetric modes of porphyrin monomer such asν8, ν6, ν4, and
ν2 modes. Their corresponding eigenvectors exhibit symmetric
and antisymmetric combinations of such modes but the com-
bination modes are degenerate in frequency. This implies that
each vibrating unit behaves independently even if the overall
shape of the eigenvectors forms a symmetric or antisymmetric
combination. Then, the RR process of the arrays by photoex-
citation at the high-energy Soret transition should be described
as occurring locally at each porphyrin unit. In the RR process
by photoexcitation at the high-energy Soret band, the effective
symmetry of the dimer would beD4h (or D2h), such as Z1, even
though the arrays have different symmetry, such asD2d for the
dimer.

The RR spectra of the arrays obtained by excitation at the
low-energy bands reveal new RR bands at 334, 430, 464, 656,
666, 677, 1179, and 1292 cm-1 that were not observed in the
RR spectrum of monomer (Figure 4b). Most of them are
originated from the nontotally symmetric modes of porphyrin
monomer. These modes may derive their intensities from the
B-term scattering because the strong high-energy Soret band is
located very close and its oscillator strength is large. However,

the low-energy exciton split Soret bands are also very intense
compared to the high-energy Soret bands and, accordingly, the
A-term contribution also can substantially contribute to the RR
enhancement. This seems to sustain a delicate balance between
the A- andB-term contributions.34

The depolarization ratio values for the arrays were measured
to obtain further information on the origin of RR enhancement
(Figure 8). For a planar scatter with theD4h symmetry group,
the depolarization ratio,F, is expected to be 0.125 for totally
symmetric A1g modes whereRxx ) Ryy * 0 andRzz ) 0 for the
diagonal polarizability tensor elements.35 The B1g and B2g modes
are depolarized withF ) 0.75. However, for a nonplanar scatter
with the D2d symmetry group, the depolarization value is
expected to be 0e F e 0.75 for totally symmetric A1 modes
whereRxx ) Ryy (*0) * Rzz (*0).36 Most of the depolarization
ratio values of the RR bands of Z2 shown in Figure 7 turn out
to be around 0.33. This is a drastic change in the depolarization
ratios of the RR bands. The change of depolarization ratios,
especially in the RR bands assigned to the A1g modes, seems
to be inconsistent with the monomeric features in the RR
spectrum of Z2 by photoexcitation at the high-energy Soret band.
This implies that different symmetries would be applied to Z2
for the photoexcitations at the two Soret bands. Similar
depolarization ratios for the RR bands of Z2 irrespective of their
inherent symmetry of constituent porphyrin unit (A1g, B2g, or
Eu) reflect that these RR bands correspond to the same symmetry
block or A1 underD2d symmetry and are RR enhanced by the
same mechanism. If we regard the depolarization ratios of∼0.33
to be characterisitic of porphyrin dimer (Z2), theA-term
enhancement mechanism is likely to prevail. For longer arrays,
the depolarization ratio values were measured to be almost the
same as that of Z2.

Figure 10. Vibrational eigenvectors of the Raman modes of Z2′ that show splitting between antisymmetric (left) and symmetric (right) combination
modes of the monomeric Raman modes.
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In a dimeric system, a couple of new vibrational modes could
show up by the combination of vibrational modes from both
monomer units: one is symmetric vibration and the other is an
antisymmetric one.37,38 When the dimeric coupling is weak,
these two vibrations remain degenerate, and concomitantly,
appear as one band, just like the vibrational spectrum of the
monomer. On the other hand, as the dimeric coupling becomes
pronounced, the two vibrations become split into separate
bands.19 Then, the frequency of each vibration appears shifted
from that of monomer. The porphyrin dimers, especially
sandwich complexes that are axially bridged either via direct
metal-metal bonds18 or via single atoms such as oxygen and
nitrogen,17 have been extensively studied by RR spectroscopy
because of their potential utility as a model system for probing
intradimer coupling between closely spaced porphyrin units.
However, the dimer splitting has not been observed in the
sandwich-type porphyrin dimers, especially even in the multiply
metal-metal-bonded porphyrin dimers with a metal-metal bond
distance of∼2.2 Å. In the case of Z2, the distance between the
adjacent porphyrin rings is very close (ca. 1.4 Å) even though
the center-to-center distance is 8.35 Å. Owing to the significantly
reduced distance, theintradimer vibrational splitting via exci-
tonic interactions is expected.

Through the symmetry reduction fromD4h to D2d or D2 by
dimerization, nontotally symmetric modes in the monomer unit
could become totally symmetric ones. The modes with A1g, B2g,
and Eu symmetries in the monomer (D4h) become totally
symmetric modes in the dimer (D2d) by a proper combination
of the vibrations of each monomer unit: A1g f A1, B2; B2g f
A1, B2; Eu f A1, B2, E. The symmetric combination of these
modes builds A1 modes and the antisymmetric combination does
B2 modes. The observed new RR bands are assigned to the
totally symmetric A1 modes. The B2 modes that spanxy-
quadratic andz components are both Raman and IR active but
are not RR enhanced by photoexcitation at the low-energy Soret
band. Because of these symmetry properties the observation of
split bands, if any, is not probable in the RR spectrum. The
antisymmetric combination bands of B2 symmetry are expected
to appear in the IR spectrum or in the RR spectrum by
photoexcitation at Q-bands through the Herzberg-Teller vi-
bronic borrowing mechanism. Unfortunately, the RR spectrum
of Z2 by Q-band excitation could not be obtained because of
strong fluorescence. The IR spectrum of Z2 was not helpful
due to too many overlapped bands from porphyrin and phenyl
rings. However, normal mode calculation exhibits the existence
of vibrational splitting of the RR bands: one is the symmetric
combination mode with A1 symmetry and the other is the
antisymmetric combination mode with B2 symmetry (Table 2).
According to the calculation, not all the vibrational modes of
porphyrin monomer show vibrational splitting. The B2g and Eu

modes including a few A1g modes become split by dimeric inter-
action. Theν35, φ10, ν33, ν49, φ9, ν51, andν27 modes correspond
to this case. Most of the A1g modes do not appear to split. The
eigenvectors of the Raman bands originated from the B2g and
Eu modes of porphyrin monomer are perturbed from their
monomeric eigenvectors but those from the A1g modes appear
to maintain the shapes of their monomeric analogues. The latter
seems to be related to the enhancement of only the totally sym-
metric modes by photoexcitation at the high-energy Soret band.

Vibrational splitting in the dimer is directly related to the
buildup of optical phonon modes of the arrays. If there is no
vibrational splitting in the dimer and, accordingly, in the longer
arrays, the vibrational frequencies of the arrays would be the
same as those of the constituent monomer. Then, the optical
phonon modes could not be built up with the constituent internal
vibration modes of monomers. We could find some Raman
bands that show phonon-like characters of polymers.28 As the
number of porphyrin units increases, gradual frequency changes
for a few Raman bands such as theφ10, ν49, andν1 modes were
observed, as shown in Figure 7. The asymptotic feature of the
frequency change is similar to that ofn-paraffins’ limiting
phonon mode withæ ) π vibrations.28 The frequency change
of the Raman modes can be explained in part by the substitution
environment change at meso-position from monomer to longer
arrays.28 However, this could not explain the other Raman bands
that show relatively less frequency shifts such as theφ9, φ9′′,
and ν27 modes even though they involve meso-carbon move-
ments.

The Raman modes that show large frequency shifts are largely
related to the phenyl group movement and the Cm-Cm stretching
vibration. Systematic frequency shifts are likely coupled with
the RR enhancement pattern for the RR spectra of the arrays
with an increase of porphyrin units. The Raman bands in the
low-frequency region are largely enhanced and exceptionally
the ν1 mode shows a similar enhancement as the number of
porphyrin units increases. The enhancement pattern can be
rationalized by the fact that the enhanced RR bands in the low-

Figure 11. Vibrational eigenvectors of theν35 andφ10 modes of Z2′.
The right ones are side views showing phenyl ring movement as a
single vibrating unit.
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frequency region such as theφ10, ν49, φ9, andφ9′′ modes and
theν1 mode include phenyl group movement. The phenyl groups
serving as heavy mass points seem to induce the porphyrin
arrays to be more polarizable as the number of phenyl groups
increases. The large enhancement of polarizability by phenyl
groups and the Cm-Cm stretching of theφ10, ν49, andν1 modes
are regarded to induce the phonon-like behavior of these modes.
With respect to the energy transfer in the arrays, these modes
may play an important role in determining a dominant pathway
of energy transfer.

V. Conclusions
The close proximity and orthogonal arrangement between the

adjacent porphyrins in the arrays exhibit both unshifted Soret
transitions and unusually strong excitonic splitting of the Soret
transitions to the red side. The RR spectroscopy revealed that
by photoexcitation at the high-energy Soret bands in the arrays
the Raman bands totally symmetric with respect to porphyrin
monomer symmetry (D4h) are activated. In contrast, excitation
at the low-energy exciton split Soret bands activates the Raman
bands that are totally symmetric under the symmetry of the
porphyrin dimer (D2d) and the longer arrays. On the basis of
the normal-mode analysis using AM1 method, we assigned the
RR bands characteristic of the dimer in terms of the Raman
modes of porphyrin monomer. Furthermore, some of them are
suggested to be evidences of vibrational splitting of porphyrin
dimer based on the calculation, denoting characteristic features
arising from strong excitonic interactions between the adjacent
porphyrins in the arrays. The dimeric splitting in vibrational
modes builds up the phonon-like vibrations in the arrays for
some Cm-Cm stretching modes that show enhanced polariz-
ability by phenyl movement as the array length increases. To
obtain more direct evidence on the dimeric splitting in the
Raman spectrum, further experiments such as RR measurement
at the Q-band excitation using a Kerr-gating fluorescence
rejection technique are required. Collectively, our investigation
on the RR spectra of the porphyrin arrays combined with the
normal mode calculation of the dimer has definitely promoted
the understanding of the exciton coupling related to the
molecular structures in the directly linked linear porphyrin
arrays, which is expected to be further utilized as potential
candidates for the realization of molecular photonic wires.
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